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Brain function is under metabolic control, which in turn determines the equilibrium of homeostatic systems that affect neuronal and glial networks on the molecular, cellular, and systems levels. The collection of articles ranges from molecules and mechanisms involved in regulating homeostasis and neuronal excitability to therapeutic mechanisms tailored to restore homeostatic function. It also features neurological diseases and novel treatment approaches that are based on metabolic and homeostatic interventions. Together, the collection of articles outlines novel strategies to restore brain function in neurology and highlights limitations of conventional pharmacological approaches. We suggest that restoration of molecular and biochemical networks could lead to a new era of therapeutic opportunities.
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Editorial on the Research Topic
 Metabolic Control of Brain Homeostasis



Fundamental metabolic processes determine homeostasis of neuronal and glial networks at the molecular, cellular, and systems levels. Metabolic resilience promotes brain health and has the potential to prevent or reverse brain disease. A renewed and increasing interest in the relationship between metabolism and homeostasis is evident across multiple disciplines and has the potential to spawn new insights and therapeutic targets. The striking lack of effective treatments in disorders such as brain cancer, Alzheimer's disease, epilepsy, and autism spectrum disorder (ASD) highlights the limitations of conventional, discipline-specific pharmacological approaches.

For this Research Topic authors were encouraged to submit basic research on homeostasis and excitability as well as metabolic mechanisms associated with neurological diseases and novel treatment approaches based on metabolic and homeostatic interventions. This special issue features several papers examining molecular mechanisms involved in neural network homeostasis and higher brain function. From an evolutionary perspective, “early” metabolites such as adenosine (a structural component of ATP and RNA) and glycine (the simplest amino acid) assumed multiple functions as structural building blocks of cellular systems, as biochemical metabolites involved in energy and carbon homeostasis, as epigenetic modulators, and finally (i.e., an evolutionarily “late” function) as receptor ligands and signaling molecules. Not surprisingly, dysregulation of those key metabolites is implicated in virtually every neurological condition, whereas therapeutic reconstruction of biochemical homeostasis has potential for disease prevention and cure (Boison). A molecular link to basic biochemical mechanisms is further provided in an original research article that ascribes a specific role of the methionine cycle-associated enzyme enolase phosphatase 1 in apoptotic response mechanisms triggered by oxidative stress (Zhang et al.). The link between metabolic homeostasis and neuronal activity is evident in the relationship between ion homeostasis and energy demand of fast neuronal network oscillations associated with higher brain functions—including sensory perception, attentional selection, and memory formation and requiring timed synaptic excitation and inhibition with glutamate and GABA, respectively (Kann et al.). Fast neuronal network oscillations are characterized by high oxygen consumption and significant changes in the cellular redox state, indicating rapid adaptations in glycolysis and oxidative phosphorylation. A second review article highlights the complex role of glycogen and its role in brain energy and particularly synaptic plasticity (Waitt et al.). Exquisite sensitivity to metabolic stress is essential for adaptation and plasticity and confers vulnerability of higher brain functions to injury and disease.

Advances in sequencing technologies led to the discovery of amino acid-recoding RNA editing in many gene transcripts. In this context, recent advances in A-to-I and C-to-U RNA editing are reviewed. This mechanism points to the systemic relevance of the neurotransmitter receptor for glycine (GlyR) and possible clues to disease mechanisms. C-to-U RNA editing of GlyR-coding transcripts is increased in the hippocampus of patients with intractable temporal lobe epilepsy and can provoke completely different symptoms depending on the neuron type that is affected (Winkelmann et al., 2014; Çalişkan et al., 2016). These recent discoveries provide further evidence for the concept of excitatory/inhibitory “imbalance” in current psychiatric neuroscience (Eichler and Meier, 2008), but we ultimately need to identify susceptible neuron types and, in particular, differentiate among “inhibitory” GABAergic neuron types (Lovett-Barron et al., 2014; Çalişkan et al., 2016; Meier et al.). An excitatory/inhibitory “imbalance” and excess excitability can have many causes: Westmark et al. delineate the homeostatic role of amyloid-β protein precursor (APP) and its metabolites in fragile X syndrome in humans and in the Fmr1KO mouse model. APP seems to serve as a rheostat where too much or too little causes hyperexcitability—suggesting that normalizing APP levels can address aspects of this pathophysiology.

Regarding translational and clinical research, a study of the healthy human brain indicates the existence of specific metabolomic profiles in different brain regions (Cabré et al.). An analysis of post-traumatic brain injury cerebrospinal fluid finds that mortality at 6 months can be predicted by levels of cortisol and BDNF, particularly in younger people, and suggests a regulatory role for cortisol (Munoz et al.). Several articles look at changes mobilized by a metabolic therapy used to treat epileptic seizures for nearly 100 years: the ketogenic diet (Masino, 2017). These studies include strategies to mimic the diet in vitro and in transitional in vitro/in vivo models (Kawamura et al.). In an original research paper, anxiolytic behavioral effects of ketone-based metabolism—mobilized by administering a ketone ester to induce nutritional ketosis—are reported in two rat strains (Ari et al.). A second original paper compared ketosis induced by exogenous ketones vs. a ketogenic diet and found similar biochemical changes but more robust behavioral effects of the diet (Brownlow et al.). Laboratory and clinical evidence is reviewed regarding the prevalence of dysfunctional mitochondria and altered metabolism in ASD alongside current limited but positive data on the role of ketogenic diets and metabolic therapy in reducing ASD symptoms and common comorbidities—potentially via adenosine or other mechanisms (Cheng et al.). An original research article demonstrates that enhancing adenosine in brain through pharmacological blockade of the enzyme adenosine kinase prevents radiation-induced cognitive impairment in rats (Acharya et al.).

Finally, the role of metabolic factors and the promise of metabolic therapy in brain cancer and Alzheimer's disease are implicated directly in several articles: an original research article reveals a critical role of the proneural basic helix-loop-helix transcription factor human achaete-scute homolog 1 (hASH1) in neuroblastoma. This study shows that hASH1 suppresses neuronal differentiation by inhibiting transcription at the retinoic acid receptor element, highlighting hASH1 as a key determinant of neuroblastoma resistance to differentiation therapy (Kasim et al.). Metabolic therapy with a ketogenic diet is highlighted as a multifaceted therapy for glioma, particularly glioblastoma, and clinical and basic research is reviewed indicating that a metabolic approach may both limit tumor growth and augment the efficacy of chemotherapy and radiation (Woolf et al.). Finally, hypometabolism is a hallmark of Alzheimer's disease, and regional glucose hypometabolism is also found in patients at risk for Alzheimer's disease and may be a presymptomatic marker. However, hypometabolism is reversed by administering ketones as an alternative fuel—suggesting that a selective problem with glucose metabolism may underlie the pathophysiology of early onset Alzheimer's disease, and that a metabolic therapy may prevent or delay the disorder (Cunnane et al.).

Taken together, this research topic provides a cross-cutting perspective of the relationship between metabolism and homeostasis and showcases novel metabolic therapies to restore molecular and biochemical networks. The direct and potentially imminent clinical implications of several of these articles will be exciting to follow as the field moves forward. While a range of topics and mechanisms is featured herein, there is room for much more.
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Epilepsy, one of the most prevalent neurological conditions, presents as a complex disorder of network homeostasis characterized by spontaneous non-provoked seizures and associated comorbidities. Currently used antiepileptic drugs have been designed to suppress neuronal hyperexcitability and thereby to suppress epileptic seizures. However, the current armamentarium of antiepileptic drugs is not effective in over 30% of patients, does not affect the comorbidities of epilepsy, and does not prevent the development and progression of epilepsy (epileptogenesis). Prevention of epilepsy and its progression remains the Holy Grail for epilepsy research and therapy development, requiring novel conceptual advances to find a solution to this urgent medical need. The methylation hypothesis of epileptogenesis suggests that changes in DNA methylation are implicated in the progression of the disease. In particular, global DNA hypermethylation appears to be associated with chronic epilepsy. Clinical as well as experimental evidence demonstrates that epilepsy and its progression can be prevented by biochemical manipulations and those that target previously unrecognized epigenetic functions contributing to epilepsy development and maintenance of the epileptic state. This mini-review will discuss, epigenetic mechanisms implicated in epileptogenesis and biochemical interactions between adenosine and glycine as a conceptual advance to understand the contribution of maladaptive changes in biochemistry as a major contributing factor to the development of epilepsy. New findings based on biochemical manipulation of the DNA methylome suggest that: (i) epigenetic mechanisms play a functional role in epileptogenesis; and (ii) therapeutic reconstruction of the epigenome is an effective antiepileptogenic therapy.

Keywords: epilepsy, epileptogenesis, adenosine, adenosine kinase, glycine, glycine transporter 1, epigenetics, DNA methylation

INTRODUCTION

Biological evolution is thought to have started with relatively simple, versatile, and multifunctional metabolites (Miller and Urey, 1959a,b). Adenosine was likely part of the “primordial soup” at the origin of life on Earth (Oro, 1961). Therefore it is not surprising that adenosine is an integral component of ATP, RNA (including poly-A tails), NAD, and other compounds essential for basic biochemistry and mitochondrial bioenergetics. Glycine in turn is the most primitive amino acid, which has additional biochemical functions in carbon metabolism. It is highly likely that the biochemical and epigenetic control of genes through global biochemical regulation preceded the “invention” of transcription factors, which later assumed the role to fine-tune a preexisting primordial biochemistry-based regulatory system. For example, an energy crisis would lower ATP needed for RNA synthesis and increase adenosine, thereby promoting increased DNA methylation as will be discussed in this mini-review in more detail. Both processes would reduce gene transcription globally and conserve energy. Therefore, primordial regulatory networks acting on a global homeostatic level likely preceded the “invention” of gene specific mechanisms that require sophisticated control through transcription factors, which in turn are regulated by G protein coupled receptors (GPCRs) and protein kinase pathways. In contrast, therapy development conventionally starts with the pharmacology of drugs. For example, benzodiazepines were almost discovered by chance in 1957 leading to the subsequent characterization of the “benzodiazepine receptor” in the CNS in 1977. It turned out that the benzodiazepine binding site was in fact an integral part of the GABAA receptor complex (Möhler and Okada, 1977). Drug-driven therapy development led to a major focus on “druggable” GPCRs, ion channels, and protein kinases, which still form the main-stay of CNS therapeutics today. Methods to exploit gene regulation therapeutically are still in its infancy and the therapeutic potential of epigenetic, biochemical, and metabolomic approaches constitutes a new frontier in therapy development. If the basis of the pyramid depicted in Figure 1 is overlooked, it becomes obvious that a traditional pharmacological top-down treatment approach has limitations.


[image: image]

FIGURE 1. The “pyramid of life”. Evolutionary complexity started with key metabolites and biochemical mechanisms, which form the basis of all forms of life. In contrast, conventional drug development follows a top-down approach. GPCR’s, G protein coupled receptors.



THE BIOCHEMISTRY OF EPILEPSY

In the following, I will focus on temporal lobe epilepsy (TLE), the most common form of epilepsy in adult patients, and the most thoroughly studied form of epilepsy in animal models, as well as on two key metabolites, adenosine and glycine, whose homeostasis is known to be affected in the epileptic brain. Adenosine, primarily through activation of adenosine A1 receptors, is an endogenous anticonvulsant and seizure terminator of the brain (Dragunow, 1991; During and Spencer, 1992) that also controls a wide range of cognitive and psychiatric phenotypes (Boison et al., 2012). In human surgical specimens, as well as in rodent models of TLE, overexpression of adenosine kinase (ADK) and resulting adenosine deficiency associate with astrogliosis and constitute a pathological hallmark of TLE (Riban et al., 2002; Gouder et al., 2004; Fedele et al., 2005; Boison, 2008; Li et al., 2008, 2012; Aronica et al., 2011, 2013). Consequently, therapeutic adenosine augmentation effectively suppresses seizures in a wide range of rodent models of epilepsy (Huber et al., 2001; Zuchora et al., 2001; Gouder et al., 2003; Anschel et al., 2004; Vianna et al., 2005; Li et al., 2007b, 2008; Wilz et al., 2008; Boison, 2009, 2012a; Boison and Stewart, 2009; Van Dycke et al., 2010). A focus of this mini-review however is the underappreciated biochemical adenosine receptor (AR) independent effects of adenosine that are tightly linked to the control of DNA methylation and that are under the control of ADK, an enzyme which also has a specific isoform expressed in the nucleus of cells (Boison, 2013). The cytoplasmic isoform of the enzyme is thought to regulate the homeostatic pool of adenosine thereby determining the level of AR activation (Boison and Aronica, 2015), whereas the nuclear isoform of the enzyme strongly affects DNA methylation status (Williams-Karnesky et al., 2013). Interestingly, ADK undergoes biphasic expression changes during epileptogenesis in modeled TLE (Gouder et al., 2004; Li et al., 2008; Boison, 2013), which form the basis of the ADK hypothesis of epileptogenesis: Acute insults to the brain such as traumatic brain injury (Clark et al., 1997), seizures (During and Spencer, 1992; Gouder et al., 2004), or a stroke (Pignataro et al., 2008) lead to an acute surge in adenosine associated with transient downregulation of ADK within the first 2 to 3 h after the injury (Gouder et al., 2004; Pignataro et al., 2008). This acute phase is followed by a “latent period” of epileptogenesis, which occurs during the first few days or weeks after an insult in rodent models, or weeks and months in humans. During this latent period, inflammatory processes are activated that lead to microglial and astroglial activation (Nabbout et al., 2011; Vezzani et al., 2011; Devinsky et al., 2013). Astrogliosis is associated with increases in ADK expression and consequential development of adenosine deficiency. We have previously shown that seizures originate in areas of astrogliosis with overexpression of ADK (Li et al., 2008, 2012), that seizure onset during epileptogenesis temporally coincides with the emergence of astrogliosis and overexpressed ADK (Li et al., 2007a), that overexpression of ADK as such is sufficient to generate partial seizures (Li et al., 2007a, 2008), and that overexpression of ADK triggers hypermethylation of DNA (Williams-Karnesky et al., 2013). Since therapeutic adenosine augmentation restores normal DNA methylation levels and prevents epilepsy progression long-term (Williams-Karnesky et al., 2013) increased ADK and increased DNA methylation status might form a vicious cycle implicated in the progression and maintenance of epilepsy. Therefore, dysregulation of ADK appears to play a significant role in the processes that turn a normal brain into an epileptic brain.

In the hippocampal formation, glycine can exert opposing effects that depend on the activation of presynaptic (Kubota et al., 2010; Winkelmann et al., 2014) vs. postsynaptic glycine receptors (GlyRs; Aroeira et al., 2011). It has recently been demonstrated (Chen et al., 2014) that low concentrations of glycine (10 μM) exert pro-convulsive effects, whereas higher glycine concentrations (100 μM) attenuate recurrent epileptiform discharges. The pro-convulsive actions of presynaptic GlyRs expressed on glutamatergic synapses (Winkelmann et al., 2014) is further supported by findings showing that the expression of edited GlyR encoding mRNAs are increased in the human epileptic hippocampus (Eichler et al., 2008) and that GlyR RNA editing regulates glycine affinity (Meier et al., 2005). These findings suggest that glycine homeostasis plays a crucial role in maintaining the balance between increased and decreased neuronal excitability. Hippocampal glycine is largely regulated by its reuptake transporter, glycine transporter 1 (GlyT1), found in both excitatory neurons and astrocytes (Tsai et al., 2004; Aragón and López-Corcuera, 2005; Cubelos et al., 2005; Eulenburg et al., 2005; Martina et al., 2005; Betz et al., 2006). Consequently, the genetic deletion of GlyT1 increased synaptic glycine availability (Gomeza et al., 2003). Engineered mice with a genetic deletion of GlyT1 in forebrain were characterized by a decrease in hippocampal glycine uptake, an increase in hippocampal NMDAR function, and a wide spectrum of pro-cognitive effects (Yee et al., 2006; Möhler et al., 2008, 2011). Therefore, GlyT1 is considered a promising target for the treatment of cognitive symptoms in schizophrenia and several compounds have been tested in phase II and III clinical trials (Black et al., 2009; Singer et al., 2009; Möhler et al., 2011). A recent study (Shen et al., 2015) provided the first comprehensive analysis of GlyT1 dysregulation in chronic TLE. GlyT1 expression during epileptogenesis was characterized as a biphasic response with initial downregulation of GlyT1 after epileptogenesis-precipitating seizures followed by sustained pathological overexpression of GlyT1 in chronic epilepsy as demonstrated in two mechanistically different models of TLE in mice and rats (Shen et al., 2015). It was further demonstrated that human TLE is likewise associated with increased levels of GlyT1. Conversely, the pharmacological suppression of GlyT1 or the genetic ablation of GlyT1 in the hippocampus provided robust reduction of both acute as well as chronic seizure activity in three different model systems (Shen et al., 2015). Therefore, glycinergic regulation of network excitability is altered in epilepsy and GlyT1 presents a rational therapeutic target for the treatment of epilepsy. Pathological overexpression of GlyT1 in progressive epilepsy also implies altered interactions of GlyT1 with the transmethylation pathway (Figure 2), a novel hypothesis further discussed below.
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FIGURE 2. S-adenosylmethionine (SAM) dependent transmethylation pathway, which is under the control of adenosine and glycine. Adenosine and glycine are regulated by adenosine kinase (ADK) and glycine transporter 1 (GlyT1), respectively. DNMT, DNA methyltransferase; GNMT, glycine N-methyltransferase.



THE EPIGENETICS OF EPILEPSY

The role of epigenetics in epilepsy development is a new and emerging research area (Garriga-Canut et al., 2006; Qureshi and Mehler, 2010; Kobow and Blümcke, 2012; Lubin, 2012; Henshall and Kobow, 2015). The fact that epigenetic changes might play a significant role at least in TLE is important because in contrast to genetic mutations, epigenetic changes are potentially reversible. The knowledge of epigenetic mechanisms implicated in the development of epilepsy provides a conceptual and mechanistic framework for the future development of epigenetic therapies tailored to prevent epilepsy (antiepileptogenic) or its progression (disease modifying). Currently used antiepileptic therapies fail to address the underlying causes of epilepsy and do not halt epileptogenesis (Löscher and Brandt, 2010). Epileptogenesis is characterized by a progressive increase in frequency and severity of spontaneous recurrent seizures (SRS). Several mechanisms are implicated in the epileptogenic cascade including neuro-inflammatory responses, neuronal cell loss, mossy fiber sprouting, aberrant connectivity, and gliosis coupled with adenosine dysfunction (Dudek et al., 2002; Seifert et al., 2010; Vezzani et al., 2011; Aronica et al., 2012; Boison, 2012b). One potential unifying factor behind many of the pathological changes in epileptogenesis may be epigenetic modifications, which are likely further potentiated by epileptogenesis itself (Qureshi and Mehler, 2010; Kobow and Blümcke, 2011). Epigenetic modifications, which alter gene transcription without modifying the underlying DNA sequence, are plastic and can respond rapidly in response to environmental cues, an important endogenous mechanism for the control of gene expression. Changes in histone acetylation and methylation, as well as changes in DNA methylation have been shown to occur in mature cells in the central nervous system (CNS; Ma et al., 2009; Feng et al., 2010). Importantly, these changes occur regularly and rapidly. Even a single episode of neural synchronization exceeding 30 s in the hippocampus induces DNA methylation-dependent alterations in transcription of immediate-early genes and initiates a cascade of transcription factors contributing to long-term circuit alterations (Nelson et al., 2008). Therefore, epigenetic modifications offer new therapeutic alternatives to interfere with epileptogenesis.

THE METHYLATION HYPOTHESIS OF EPILEPTOGENESIS

Although several epigenetic mechanisms such as histone modifications that involve the addition or removal of methyl or acetyl groups might be implicated in epileptogenesis (Henshall and Kobow, 2015), recent evidence points to a critical role of DNA methylation changes for the development and progression of epilepsy, which will be discussed in the following. Altered DNA methylation in the brain has been implicated in psychiatric, neurodegenerative, and neurological conditions, including epilepsy (Kobow et al., 2009; Ma et al., 2009; Feng et al., 2010; Martin and Wong, 2013; Masliah et al., 2013; Coppieters et al., 2014; Tremolizzo et al., 2014). The methylation hypothesis of epileptogenesis suggests that seizures by themselves can induce epigenetic modifications and thereby aggravate the epileptogenic condition (Kobow and Blümcke, 2011). Specifically, increased activity of DNA methylating enzymes as well as hypermethylation of DNA has been associated with the development of human and experimental epilepsy (Kobow et al., 2009, 2013; Zhu et al., 2012; Williams-Karnesky et al., 2013; Miller-Delaney et al., 2015). Thus, interference with DNA methylation offers novel conceptual opportunities to prevent epilepsy.

BRAIN HOMEOSTASIS AND THE CONTROL OF DNA METHYLATION

DNA methylation status depends on the equilibrium of biochemical enzyme reactions that add methyl groups to cytidine groups in the DNA (5-methylcytidine, 5mC) catalyzed by DNA methyltransferases (DNMTs) and those that convert methyl groups to hydroxymethyl groups catalyzed by Ten-eleven translocation (TET) enzymes in preparation for active DNA demethylation. Here I will focus on those mechanisms that add methyl groups to DNA; those mechanisms are linked to the S-adenosylmethionine (SAM) dependent transmethylation pathway (Figure 2), which is under the control of adenosine and glycine regulated by ADK (Boison et al., 2002; Boison, 2013) and GlyT1 (Gomeza et al., 2003; Yee et al., 2006), respectively. DNA methylation requires the donation of a methyl group from SAM, a process that is facilitated by DNMTs. The resulting product, S-adenosylhomocysteine (SAH) is then further converted into adenosine and homocysteine (HCY) by SAH hydrolase (SAHH). Critically, the equilibrium constant of the SAHH enzyme lies in the direction of SAH formation (Kredich and Martin, 1977); therefore, the reaction will only proceed when adenosine and HCY are constantly removed (Kredich and Martin, 1977; Boison et al., 2002). If metabolic clearance of adenosine through ADK is impaired, SAH levels rise (Boison et al., 2002). SAH in turn inhibits DNMTs through product inhibition (James et al., 2002). Based on adenosine’s role as obligatory end product of DNA methylation, we conclude that an increase in ADK and the resulting decrease in adenosine, as seen in chronic epilepsy (Li et al., 2008; Masino et al., 2011), would drive increased global DNA methylation in the brain. This process may be amplified, because adenosine is an inhibitor of ADK (Boison, 2013). Therapeutic adenosine augmentation may thus effectively reverse pathological DNA hypermethylation and thereby prevent epilepsy progression. The recent discovery of glycine-N-methyltransferase (GNMT) in the hippocampus (Carrasco et al., 2014) suggests that the availability of hippocampal glycine also controls the SAM-dependent transmethylation pathway by competing for methyl-groups. Increased GlyT1 as seen in chronic TLE (Shen et al., 2015) is expected to affect DNA methylation through interference with glycine homeostasis. Interestingly, the methylation of glycine leads to the formation of sarcosine, which is an endogenous inhibitor of GlyT1 (Javitt, 2012). Therapeutic glycine augmentation (e.g., via diet) may thus effectively divert methyl groups to the formation of sarcosine and thereby reduce: (i) pathological DNA hypermethylation; (ii) ameliorate the effects of pathologically overexpressed GlyT1; and (iii) prevent epilepsy progression.

TOWARDS EPIGENETIC THERAPIES FOR EPILEPSY PREVENTION

The antiepileptogenic potential of transient focal adenosine-delivery was tested in a rat model of systemic kainic acid (KA)-induced progressive TLE (Williams-Karnesky et al., 2013). Young male rats (130–150 g) received an acute dose of KA (12 mg/kg i.p.) to trigger status epilepticus (SE). Only rats that exhibited at least 3 h of acute convulsive SE were used further. Rats were subjected to continuous long-term monitoring to quantify seizure activity. Once rats had reached a stable rate of 3–4 SRS per week at 9 weeks post KA, the animals were randomized and each rat received bilateral intraventricular adenosine-releasing silk-implants, silk-only implants, or a corresponding sham treatment. Adenosine releasing implants were designed to transiently deliver a stable dose of 250 ng adenosine per brain ventricle per day restricted to 10 days of drug delivery (Szybala et al., 2009). Twenty four hours after the surgery, continuous video monitoring was initiated, maintained for 4 weeks, and resumed after a 4 week hiatus for an additional 4 weeks. In the control groups seizures continued to increase both in number and severity. In contrast, in recipients of adenosine-releasing implants, seizures were almost completely suppressed after polymer implantation. Remarkably, reduced seizure activity was maintained far beyond expiration of adenosine-release from the polymer for at least 12 weeks following implantation. Even at 12 weeks after implantation, seizure incidence was reduced by more than 70%. Importantly, and in line with prolonged reduction of seizures, mossy fiber sprouting at 21 weeks following KA was significantly attenuated in adenosine-treated rats compared to controls. In line with those profound antiepileptogenic effects, the transient delivery of adenosine restored normal DNA methylation status long-term. These data demonstrate that the transient delivery of adenosine is sufficient to restore normal DNA methylation status and to prevent epilepsy progression long-term (Williams-Karnesky et al., 2013).

CONCLUSIONS AND OUTLOOK

The realization that a transient local dose of adenosine can have long-lasting antiepileptogenic effects based on shifting the transmethylation equilibrium through mass action may offer new therapeutic opportunities for small molecule ADK inhibitors. ADK inhibitors had been in pre-clinical development in the early 2000’s for the indications of seizure management in chronic epilepsy, the control of chronic pain and robust anti-inflammatory effects in chronic conditions (McGaraughty et al., 2005). Although highly efficient in preclinical models, further drug development was halted due to unacceptable side effects related to chronic drug dosing (McGaraughty et al., 2005). The first generation of ADK inhibitors was designed to augment beneficial AR dependent effects of adenosine by raising extracellular levels of adenosine, which are at the same time responsible for wide-spread systemic adverse effects of those agents. Of note, patients with inborn global ADK deficiency develop hepatic encephalopathy and a wide range of neurological symptoms (Bjursell et al., 2011), however it is currently not known whether those symptoms are a primary cause of ADK deficiency in the brain, or secondary to hepatic encephalopathy. Early drug development efforts created a bias for the identification of agents with preferential action on the cytoplasmic isoform of ADK. ADK inhibitors with a higher selectivity for the nuclear isoform of ADK might capitalize on the epigenetic effects of adenosine while minimizing AR-mediated adverse effects. In addition, the short term use of ADK inhibitors, over days as opposed to chronic sustained drug dosing, might be acceptable if long-lasting epigenetically based therapeutic benefits can be achieved. Challenges for drug development remain. It needs to be determined whether new therapeutic agents can enter the brain and whether a higher level of selectivity for specific isoforms of ADK can be achieved. Due to the different distribution of nucleoside transporters within the brain there might be opportunities for the development of cell-type or isoform selective therapies. Glycine modifying therapies might constitute an alternative avenue to affect DNA methylation and potentially epileptogenesis. However, it needs to be determined how the adenosine and glycine systems interact on the epigenetic level. As discussed in this mini-review, understanding the biochemistry of epileptogenesis might light to the development of novel forms of therapeutic intervention.
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Enolase-phosphatase 1 (ENOPH1), a newly discovered enzyme of the methionine salvage pathway, is emerging as an important molecule regulating stress responses. In this study, we investigated the role of ENOPH1 in blood brain barrier (BBB) injury under ischemic conditions. Focal cerebral ischemia induced ENOPH1 mRNA and protein expression in ischemic hemispheric microvessels in rats. Exposure of cultured brain microvascular endothelial cells (bEND3 cells) to oxygen-glucose deprivation (OGD) also induced ENOPH1 upregulation, which was accompanied by increased cell death and apoptosis reflected by increased 3-(4, 5-Dimethylthiazol-2-yl)-2, 5- diphenyltetrazolium bromide formation, lactate dehydrogenase release and TUNEL staining. Knockdown of ENOPH1 expression with siRNA or overexpressing ENOPH1 with CRISPR-activated plasmids attenuated or potentiated OGD-induced endothelial cell death, respectively. Moreover, ENOPH1 knockdown or overexpression resulted in a significant reduction or augmentation of reactive oxygen species (ROS) generation, apoptosis-associated proteins (caspase-3, PARP, Bcl-2 and Bax) and Endoplasmic reticulum (ER) stress proteins (Ire-1, Calnexin, GRP78 and PERK) in OGD-treated endothelial cells. OGD upregulated the expression of ENOPH1’s downstream protein aci-reductone dioxygenase 1 (ADI1) and enhanced its interaction with ENOPH1. Interestingly, knockdown of ENOPH1 had no effect on OGD-induced ADI1 upregulation, while it potentiated OGD-induced ADI1 translocation from the nucleus to the cytoplasm. Lastly, knockdown of ENOPH1 significantly reduced OGD-induced endothelial monolayer permeability increase. In conclusion, our data demonstrate that ENOPH1 activation may contribute to OGD-induced endothelial cell death and BBB disruption through promoting ROS generation and the activation of apoptosis associated proteins, thus representing a new therapeutic target for ischemic stroke.

Keywords: ENOPH1, oxygen-glucose deprivation, cerebral ischemia, blood brain barrier, apoptosis

INTRODUCTION

Ischemic stroke is a leading cause of disability and mortality in humans. Cerebral ischemia initiates a cascade of cytotoxic molecules responsible for the death of neural cells as well as the damage of the blood brain barrier (BBB) at the injury site. The polyamines, such as putrescine, spermindine and spermine, are elevated in the ischemic parenchyma and contribute to ischemic brain damage via enhancing N-methy-D-aspartate receptor-mediated excitotoxicity, generating toxic aldehydes and reactive oxygen species (ROS), and disrupting oxidative metabolism and mitochondrial function (Takano et al., 2005; Kim et al., 2009). The administration of polyamine antagonists prevents the development of ischemic brain damage (Takano et al., 2005; Li et al., 2007).

Enolase-phosphatase 1 (ENOPH1) is a newly identified enzyme of the methionine salvage pathway, a ubiquitous pathway for the reconstitution of methionine, which is required for the synthesis of polyamine (Sauter et al., 2013). A recent study shows that ENOPH1 is widely expressed in the brain and stress exposure increases ENOPH1 protein levels in brain tissue of C57BL/6J mice (Barth et al., 2014). Since ENOPH1 participates in the synthesis of polyamine indirectly via S-adenosyl methionine (SAM; Takano et al., 2005; Li et al., 2007; Kim et al., 2009; Duan et al., 2011), it is logical to speculate a role of ENOPH1 in ischemic brain injury.

BBB disruption is a common event in ischemic stroke, which leads to vasogenic brain edema and hemorrhagic transformation (Sandoval and Witt, 2008; Hawkins et al., 2014). Brain capillary endothelial cells form the backbone of the BBB structure, their death or apoptosis can result in catastrophic failure of BBB’s integrity (ElAli et al., 2011; Wang et al., 2011). We have obtained preliminary data showing that cerebral ischemia induces ENOPH1 mRNA expression in ischemic cerebral microvessels in a rat model of middle cerebral artery occlusion (MCAO; Figure 1). However, the exact role of ENOPH1 in BBB damage remains to be determined.
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FIGURE 1. Middle cerebral artery occlusion (MCAO) induces Enolase-phosphatase 1 (ENOPH1) upregulation in ischemic cerebral microvessels. Rats were subjected to 3 h MCAO before isolating hemispheric cerebral microvessels. The mRNA and protein levels of ENOPH1 in cerebral microvessels from nonischemic (Non-I) and ischemic (I) hemispheric tissue were analyzed by real-time RT-PCR and western blot. (A) Representative photographs of triphenyltetrazolium chloride (TTC) stained 1 mm-thick brain sections showing tissue infarction (pale white region) in the ischemic hemispheres (right). (B) Real-time RT-PCR analysis showed that ENOPH1 mRNA expression was significantly increased in ischemic hemispheric microvessels. *P < 0.05 vs. Non-I; n = 6. (C) Western blot analysis revealed increased levels of ENOPH1 protein in ischemic hemispheric microvessels. Upper panel: representative immunoblots of ENOPH1 and the loading control β-actin; bottom panel: quantitative data of protein band intensity after normalization to β-actin. *P < 0.05 vs. Non-I; n = 6.



In this study, we applied in vitro cultured brain microvascular endothelial monolayer and oxygen-glucose deprivation (OGD) to mimic the BBB and ischemia, respectively, and explored the role of ENOPH1 in ischemic BBB damage. Our data showed that OGD induced a significant increase in the protein levels of ENOPH1 and its downstream molecule aci-reductone dioxygenase 1 (ADI1) in cultured brain endothelial cells, which led to increased ROS generation, endothelial cell apoptosis and increased permeability of endothelial monolayer.

MATERIALS AND METHODS

Rat Model of MCAO

The Laboratory Animal Care and Use Committee of Shenzhen University approved all experimental protocols. Male Sprague Dawley rats (Southern Medical University, Guangzhou, Guangdong, China) weighing 290–320 g were anesthetized with isoflurane (4% for induction, 1.75% for maintenance) in N2O:O2 (70%:30%) during surgical procedures and the body temperature was maintained at 37.5 ± 0.5°C using a heating pad. The rats were subjected to 3 h MCAO using the intraluminal filament technique as previously described (Liu et al., 2009). Briefly, a 4–0 silicone-coated monofilament nylon suture was inserted into the internal carotid artery and advanced along the internal carotid artery to approximately 17–18 mm from the bifurcation, thereby blocking the ostium of the MCA. At the end of 3 h MCAO, rats were sacrificed and the brains were removed for microvessel isolation as described below. For a total number of 12 rats included in this study, successful MCAO was confirmed by 2,3,5-triphenyltetrazolium chloride (TTC) staining of the 1 mm-thick brain coronal section 6 mm away from the tip of the front lobe as we described previously (Liu et al., 2008).

Isolation of Cerebral Microvessels

Isolation of cerebral microvessels was carried out as we described previously (Liu et al., 2009). Briefly, the hemispheric brain tissue was dissected and homogenized in ice cold Phosphate Buffered Saline (PBS). The homogenate was filtered through a 41 μm nylon mesh (Spectrum), and the nylon mesh was washed three times with PBS. Microvessels retained on the mesh were then washed off and pelleted by centrifugation at 4000 g for 10 min at 4°C. The pellets were resuspended in 15% dextran T-500 and then added onto 20% dextran T-500, followed by centrifugation at 25,000 g for 10 min at 4°C. The pellets were collected at the cerebral microvessels and used for measuring ENOPH1 mRNA and protein expression by real time RT-PCR and western blot, respectively.

Cell Cultures

Mouse brain microvascular endothelial cells (bEND3 cells; American Type Culture Collection, VA, USA) were grown as a monolayer in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 μg/ml streptomycin at 37°C in a humidified incubator gassed with 5% CO2 and 95% room air. The cells were grown to confluence on type I collagen-coated 60 mm dishes before exposure to OGD. For the assays, cell cultures were initiated at a density of 5 × 105 cells/ml to have cells in the exponential growth phase. The number of cells was determined with a hemocytometer (Adam MC, Digital bio, Korea).

OGD Treatment

To mimic ischemic condition in vitro, bEND3 cells were exposed to OGD as described previously (Liu et al., 2012). In brief, confluent bEND3 cells were subjected to OGD by replacing the normal growth medium with glucose free medium (DMEM without glucose) pre-equilibrated with 95% N2 and 5% CO2. The cells were then incubated in a humidified airtight chamber (Biospherix Ltd., Lacona, NY, USA) for 1, 3 or 6 h. Control cultures were incubated with normal DMEM medium without FBS at 37°C in 5% CO2/95% air. The cells were collected for further analyses immediately after OGD treatment.

Lactate Dehydrogenase Release Assay

After OGD treatment, cell viability was measured using a CytoTox 96®Non-Radioactive Cytotoxicity Assay Kit (Promega) according to manufacturer’s instruction. Briefly, 50 μl of each sample medium (e.g., pure culture medium for measuring background LDH release, culture media collected from control or OGD-treated cells for measuring experimental LDH release and lysis buffer-treated cells for measuring maximum LDH release) was collected to assay LDH release. The samples were incubated with the reduced form of nicotinamide-adenine dinucleotide and pyruvate for 30 min at room temperature and the reaction was terminated by adding Stop Solution. LDH release was assessed by measuring the absorbance of supernatants at 490 nm. The cell death rate was calculated as follows: cell death rate = (experimental LDH release − background LDH release)/(maximum LDH release-background LDH release) × 100%. The results were presented as fold increase of the control cells.

Knockdown of ENOPH1 with siRNA

bEND3 cells at 60–70% confluence on 6- and 24-well plates were transfected with 100 nM ENOPH1 siRNA (si-ENOPH1, sc-144654, Santa Cruz, CA, USA) or scrambled control siRNA (si-control, sc-37007, Santa Cruz, CA, USA) using siRNA transfection reagent (sc-29528) according to the manufacturer’s instruction. Forty-eight hours after transfection, cells were subjected to OGD treatment. Specific silencing was confirmed by western blot.

ENOPH1 CRISPR Activation Plasmid Transfection

bEND3 cells grown to 60–80% confluence were transfected with the ENOPH1 overexpression plasmid (ENOPH1 CRISPR activation plasmid, Santa Cruz, CA, USA) or control plasmid (control CRISPR activation plasmid, Santa Cruz, CA, USA) using UltraCruz® Transfection Reagent (Santa Cruz Biotech) according to the manufacturer’s instruction. In brief, for each transfection, a 300 μl mixture of 1 μg of plasmid DNA with 10 μl of UltraCruz® transfection reagent in plasmid transfection medium was added to each well. Forty-eight hours after transfection, cells were subjected to OGD treatment and subjected to various assays.

In vitro BBB Model of Endothelial Monolayer

An endothelial monolayer grown on a cell culture insert is widely used for in vitro BBB models. Nunc cell culture inserts (for 24-well plates) with 0.02 μm Anapore membranes (Nunc Inc., Naperville, IL, USA) were coated by incubation with 70 μg/ml type I collagen (Sigma, St. Louis, CA, USA) in 20 mM acetic acid for 1 h at 25°C. The inserts were then washed with serum free medium to remove excess protein before adding complete medium to equilibrate the membrane for 3 h at 37°C in a cell culture incubator. Then, the endothelial cells were trypsinized from the tissue culture flasks, washed three times with complete medium, and seeded on the inserts at 20,000 cells/cm2. The cells seeded on inserts were allowed to grow for 3–4 days at 37°C in 5% CO2/95% air to achieve full confluence, which was confirmed under a phase contrast microscopy.

Endothelial Cell Monolayer Permeability Assay

Endothelial monolayer permeability after OGD was measured as we described previously (Liu et al., 2012). Briefly, bEND3 cells were placed on the upper side of the insert and allowed to grow to confluence. Then, 3.5 μM fluorescein isothiocyanate (FITC)-dextran was added to the endothelial monolayer (luminal compartment) before expose to OGD for 6 h. After OGD treatment, the contents of FITC-dextran in both luminal and abluminal compartments were determined and endothelial monolayer permeability was assessed by calculating the apparent permeability coefficient (Papp) as previously described (Grabovac and Bernkop-Schnürch, 2006): Papp [cm/s] = dQ/(dt*A*Co), where dQ was the amount of FITC-dextran getting into the abluminal compartment, dt was duration of OGD treatment, dQ/dt was the rate of transfer (ng/s), A was surface area (cm2), and Co was the initial concentration in the luminal chamber (ng/cm3). To test whether ENOPH1 were implicated in OGD-induced endothelial barrier disruption, cells were pretreated with ENOPH1 siRNA for 48 h before OGD treatment.

Detection of Intracellular Reactive Oxygen Species (ROS) Generation

Intracellular ROS generation was assessed by quantifying fluorescence intensity under a fluorescent microscope or by flow cytometry analysis after staining with 2,7-dichlorodihydrofluorescein diacetate (DCF-DA). The bEND3 cells were pre-incubated in a 24- or 6-well culture plate for 24 h. Subsequently, the cells were transfected with control or ENOPH1 siRNA for 48 h at 37°C. After transfection, the bEND3 cells were treated with OGD for 6 h before incubating with 10 μM DCF-DA (Sigma, St. Louis, MO, USA) for 30 min at 37°C. The cells were then photographed under a fluorescent microscope (Leica, Germany) or resuspended and incubated for another 10 min with propidium iodide (10 μg/ml) before analyzing ROS with a Fluorescence-activated cell sorting (FACS) calibur flow cytometer (Becton Dickinson, excitation: 488 nm). ROS fluorescence was quantified and expressed as fold increase of the control cells.

Western Blot Assay

After indicated treatment, the cells grown on 6 or 10 cm culture dish were harvested and lysed in a cold lysis buffer [50 mM Tris (pH 7.4), 150 mM NaCl, 2 mM Ethylene diamine tetraacetic acid (EDTA), 10% glycerol, 1% TritonX-100, 1 mM phenylmethylsulfonyl fluoride (PMSF) and 2% protease inhibitor mixture (Sigma, St. Louis, MO, USA)]. The cell lysates were centrifuged for 15 min at 12,000 g at 4°C and protein concentrations were determined using PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific Inc, Waltham, MA, USA). The cell lysates (30 μg protein/lane) were subjected to electrophoresis on 10–12% sodium dodecyl sulfate (SDS)-polyacrylamide gels and transferred to polyvinylidene difluoride membrane. The membranes were blocked in Trisbuffered saline with 0.05% Tween-20 (TBS-T) containing 5% nonfat milk and blotted overnight with primary antibodies (dilution: 1:1000). The membranes were washed and incubated for 1 h with horseradish peroxidase (HRP)-conjugated secondary antibodies (dilution: 1:1000, Jackson ImmunoResearch, West Grove, PA, USA). The membranes were washed and developed using a chemiluminescence kit (Fisher Scientific). The primary antibodies were cleaved-caspase-3, caspase-3, cleaved-PARP, Bcl-2, Bax, PARP, ADI1, PERK, Calnexin, Ire-1α, ENOPH1 and β-actin. ENOPH1 antibody was a product of Proteintech (Cat. Log: 11763-1-AP), and the rest primary antibodies were purchased from Santa Cruz Biotech. Relative protein levels were normalized to β-actin. For subcellular fraction samples, we noticed that the actin levels were comparable for each sample among different fractions, so we only used one normalizing loading control (CF actin) for all three subcellular fractions.

Coimmunoprecipitation of ENOPH1 with ADI1

Coimmunoprecipitation was performed as described previously (Wen et al., 2010). Briefly, bEND3 cells were subjected to OGD treatment for 6 h and then lysed on ice in 1 ml RIPA buffer. After pre-clearing with normal IgG, cell lysates (0.5 mg of protein) were incubated overnight at 4°C with 2 μg of anti-ENOPH1 (Proteintech, Chicago, IL, USA), followed by precipitation with 20 μl of protein A/G Plus-Agarose (Pierce Biotechnology, Rockford, IL, USA) for 1 h at 4°C. The precipitated complexes were separated on SDS-PAGE gels and immunoblotted with anti-ADI1 (Santa Cruz Biotech., Dallas, TX, USA) to detect the presence of this protein in the complex, as described above.

Immunocytochemistry

bEND3 cells grown on type I collagen-coated coverslips were exposed to OGD for 6 h before fixation with 4% paraformaldehyde and permeabilization with 0.1% Triton X-100. After blocking non-specific binding with a blocking solution (3% BSA, 0.1% Tween 20 and 5% goat serum in PBS), the cells were incubated overnight at 4°C with anti-ENOPH1 (Proteintech, 1:200) primary antibodies, then followed by FITC anti-mouse secondary antibodies (Invitrogen, 1:200) for 1 h at room temperature. Coverslips were mounted on glass slides using anti-fade sealed solution (Beyotime Biotechnology, Jiangsu, China) and immunostaining was visualized under a DMI6000B fluorescence microscope (Leica, Germany). The average fluorescence intensity of single nuclei (Iav) and the area (A) that they occupied in the image were determined and the integrated optical density (IOD), which is proportional to the amount of incorporated ENOPH1 antibody, was calculated by the formula: IOD = Iav *A.

Real-Time RT-PCR

Total RNA was isolated from endothelial cells using Trizol reagent (Invitrogen, Carlsbad, CA, USA). RNA samples (2 μg) were reverse-transcribed to generate first-strand cDNA. After reverse transcription using TaqMan® Reverse Transcription Kits (Applied Biosystems), 0.5 μl reverse-transcribed products were amplified with the Vii7 real-time PCR System (Applied Biosystems) in a 10 μl final reaction volume using SYBR® Green PCR Master Mix (Applied Biosystems) under the following conditions: 30 s at 95°C, followed by a total of 40 cycles of two temperature cycles (15 s at 95°C and 1 min at 60°C). Primer sequences were as follows: rat ENOPH1 forward: 5′-ACCACAACCCCGATTGCTTT-3′ and reverse: 5′-TTCTTCAGCCTGCTTCCTCA-3′; mouse ENOPH1 forward: 5′-ACCACAACCCCGATTGCTTT-3′ and reverse: 5′-TTCCTCGGCCTGTTTCCTCA-3′; mouse ADI1 forward: 5′-CCGAATGGAAAG TTGCTC-3′ and reverse: 5′-TAAGTCTTGACAGTTAGGGA-3′; GAPDH served as endogenous control, and the primers were forward: 5′-CAATGTGTCCGTCGTGGAT CT-3′; reverse:5′-GTCCTCAGTGTAGCCCAAGATG-3′. The Ct value was calculated by the comparative ΔΔCt method using the SDS Enterprise Database software (Applied Biosystems).

TUNEL Assay

Apoptosis was analyzed by TUNEL assay using Click-iT® Plus TUNEL Assay (Life Technologies, Inc., Carlsbad, CA, USA) according to manufacturer’s instruction. In brief, at the end of the indicated treatments, bEND3 cells grown on coverslips were incubated with TdT reaction mixture for 2 h at 37°C, followed by 30 min incubation with the Alexa Fluor® 594 dye (red fluorescence). Then, the cells were counterstained with DAPI (Sigma-Aldrich) for 20 min and observed under a fluorescence microscope (magnification, ×200; Leica, Germany). The TUNEL-positive nuclei of six non-overlapping fields per coverslip were counted by a researcher blinded to treatment, and these counts were converted to percentages by comparing the TUNEL-positive counts to the total number of cell nuclei as determined by DAPI counterstaining, that is TUNEL-positive ratio = (number of red nuclei/number of blue nuclei) × 100%.

Statistical Analysis

All data were expressed as means ± SEM. Differences between groups were evaluated by either an unpaired Student’s t-test or one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. A value of P < 0.05 was considered statistically significant.

RESULTS

ENOPH1 is Upregulated in Ischemic Cerebral Microvessels

ENOPH1 is found to be widely expressed in the brain and is implicated in stress response (Barth et al., 2014). To determine whether ENOPH1 plays a role in ischemic BBB injury, we first examined the change of ENOPH1 expression in the BBB, i.e., the cerebral microvessels or capillaries, isolated from the rats that were subjected to 3 h MCAO without reperfusion. TTC staining of the 1 mm-thick brain sections collected from the six rats included in this study showed visible tissue infarction (no TTC staining, white color) in the MCA supplied area of the right hemisphere after 3 h MCAO (Figure 1A). ENOPH1 mRNA expression was analyzed in isolated hemispheric microvessels by real time RT-PCR and found that 3 h MCAO induced a significant increase (~1-fold) of ENOPH1 mRNA expression in ischemic hemispheric microvessels compared to nonischemic microvessels tissue (Figure 1B). Consistent with its mRNA change, ENOPH1 protein levels were also significantly increased in ischemic cerebral microvessels (Figure 1C). These results demonstrate that ENOPH1 is upregulated in the ischemic brain microvessels. To further demonstrate the role of ENOPH1 in ischemic BBB injury and the underlying mechanisms involved, we chose the widely used in vitro model of BBB (i.e., brain microvascular endothelial cell monolayer) and the in vitro model of ischemia (i.e., OGD) for the rest of this study.

OGD Induces ENOPH1 Expression in Brain Endothelial Cells

As mentioned earlier, ENOPH1 is a newly identified protein and little is known about its biological function. So far, there are no specific pharmacological inhibitors or genetics-manipulated animals available, therefore we chose the widely used in vitro model of BBB (i.e., cultured endothelial monolayer) and the in vitro model of ischemia (i.e., OGD) to investigate whether ENOPH1 plays a role in ischemic BBB injury. Brain endothelial cells bEND3 were exposed to OGD for 1, 3, or 6 h before analyzing ENOPH1 mRNA and protein levels. Real time RT-PCR analysis showed that ENOPH1 mRNA expression was increased in bEND3 cells after exposing to OGD for 1 h and was further increased at 6 h OGD, while no significant difference was seen between 1 h and 3 h OGD (Figure 2A). Western blot analysis showed that ENOPH1 protein levels were significantly increased in bEND3 cells after exposing to OGD for 3 h, but not for 1 h (Figure 2B). Different from the mRNA result, 6 h OGD did not further increase ENOPH1 protein levels in bEND3 cells compared to 3 h OGD (Figure 2B). To further verify the immunoblot findings and to reveal ENOPH1’s intracellular localization, we performed immunocytochemical staining after exposing bEND3 cells to OGD for 6 h. As shown in Figure 2C, immunostaining revealed that ENOPH1 protein was located in the cytosol of bEND3 cells and OGD treatment significantly increased ENOPH1’s fluorescence intensity (~1.5-fold increase) compared to control (normoxic) cells. These data demonstrate that OGD significantly induces ENOPH1 upregulation in brain endothelial cells.
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FIGURE 2. Oxygen-glucose deprivation (OGD) induces upregulation of ENOPH1 in brain microvascular endothelial cells (bEND3 cells). bEND3 cells were subjected to OGD treatment or normoxia (Control, Con) for 1, 3, or 6 h before analyzing ENOPH1 mRNA and protein expression using real-time RT-PCR, western blot and immunostaining. (A) Real time RT-PCR analysis showed that ENOPH1 mRNA expression was significantly increased in bEND3 cells at 1 h after OGD treatment and was further increased when OGD was prolonged to 6 h. *P < 0.05 vs. Con; n = 4. (B) Western blot analysis showed that ENOPH1 protein levels were increased in 3 h OGD and 6 h OGD treated cells, but not in 1 h OGD treated cells. Upper panel: representative immunoblots of ENOPH1 and the loading control β-actin; bottom panel: quantitative data of protein band intensity after normalization to β-actin., *P < 0.05 vs. Con; n = 4. (C) bEND3 cells were exposed to OGD for 6 h before immunostaining with ENOPH1 (green), and nuclei were counterstained with DAPI (blue). Upper panel: representative immunocytochemical micrographs showed that ENOPH1 was located in the cytosol and OGD significantly enhanced ENOPH1’s fluorescence intensity (bar = 20 μm); bottom panel: the intensities of ENOPH1 immunofluorescence were quantitated and expressed as IOD parameter. *P < 0.05 vs. Con; n = 4. IOD, integrated optical density.



Knockdown of ENOPH1 Inhibits OGD-Induced Endothelial Cell Apoptosis

To determine whether ENOPH1 contributes to ischemia-induced BBB injury, we applied siRNA approach to knock down ENOPH1 expression in bEND3 cells and assessed its effect on 6 h OGD-induced endothelial apoptosis. The efficacy of ENOPH1 siRNA in knocking down ENOPH1 expression was shown in Figure 3A, in which a ~90% reduction in ENOPH1 protein level was seen on immunoblots at 48 h after ENOPH1 siRNA transfection. The effect of ENOPH1 siRNA on OGD-induced endothelial cell death was assessed by measuring LDH release (indicating late apoptosis and necrosis) and TUNEL staining (indicating apoptosis). As shown in Figure 3B, 6 h OGD significantly induced endothelial cell death, with a death rate of 46.74% ± 2.15 vs. 16.19% ± 1.24 of the control cells. Knockdown of ENOPH1 with siRNA had no effect on LDH release from control bEND3 cells, while it significantly reduced OGD-induced cell death. TUNEL staining showed a similar protective effect of ENOPH1 siRNA on OGD-induced apoptosis, with 19.98% ± 2.03 TUNEL-positive cells for OGD alone vs. 7.14% ± 0.95 for OGD plus ENOPH1 siRNA (Figure 3C).
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FIGURE 3. Knockdown of ENOPH1 attenuates OGD-induced apoptosis in bEND3 cells. (A) ENOPH1 siRNA effectively knocked down ENOPH1 protein expression in bEND3 cells. Western blot analysis showed that incubation bEND3 cells with ENOPH1 siRNA (siENO) for 48 h significantly (~90%) reduced ENOPH1 protein levels. Upper panel: representative immunoblots of ENOPH1 and the loading control β-actin; bottom panel: quantitative data of protein band intensity after normalization to β-actin. *P < 0.05 vs. Control siRNA (siCon); n = 4. (B) Knockdown of ENOPH1 significantly reduced 6 h OGD-induced cell death assessed by LDH release. *P < 0.05 vs. siCon; #P < 0.05 vs. siCon + OGD; n = 4. (C) TUNEL assay showed that 6 h OGD significantly increased the number of TUNEL-positive apoptotic endothelial nuclei (red fluorescence) and knockdown of ENOPH1 significantly decreased this increase. Left panel: representative micrographs of double staining of TUNEL and DAPI (blue, counter staining), bar = 50 μm; right panel: quantitative data of TUNEL-positive cells. *P < 0.05 vs. siCon + OGD; Experiments were repeated four times (n = 4).



To further verify a role of ENOPH1 in OGD-induced bEND3 cell apoptosis, we assessed the effect of ENOPH1 siRNA on several key apoptosis-associated signal proteins including caspase-3, PARP and Bax/Bcl-2. As shown in Figures 4A,B, 6 h OGD induced increased levels of cleaved caspase-3 (caspase-3 activation), cleaved PARP-1 and higher ratio of Bax/Bcl-2 in bEND3 cells, and transfection with ENOPH1 siRNA, but not control siRNA, abolished these changes. As expected, ENOPH1 siRNA alone did not affect these apoptosis-associated signal proteins under control conditions (Figures 4A,B). Taken together, these results clearly indicate that ENOPH1 is involved in OGD-induced apoptosis in brain endothelial cells.
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FIGURE 4. Knockdown of ENOPH1 attenuates OGD-induced apoptosis-related protein expression in bEND3 cells. bEND3 cells transfected with siENOPH1 (siENO) or control siRNA (siCon) before exposing to OGD for 6 h. Apoptosis-related proteins were analyzed by western blot. (A) Upper panel: representative immunoblots showing the changes of cleaved and full length caspase-3 and PARP protein bands in bEND3 cells. β-actin was used as a loading control; bottom panel: quantitative data showed that OGD significantly increased the cleavage of caspase-3 and PARP and knockdown of ENOPH1 inhibited this change. *P < 0.05 vs. siCon; #P < 0.05 vs. siCon + OGD; n = 4. (B) Upper panel: representative immunoblots of Bax and Bcl-2 proteins; bottom panel: quantitative data showed that OGD significantly increased the ratio of Bax/Bcl-2 and knockdown of ENOPH1 inhibited this increase. *P < 0.05 vs. siCon; #P < 0.05 vs. siCon + OGD; n = 4.



Knockdown of ENOPH1 Abolishes OGD-Induced Oxidative Stress in bEND3 Cells

We next asked how ENOPH1 promoted microvascular endothelial cell injury after ischemic stimulation. Endoplasmic reticulum (ER) stress and oxidative stress are well-known mediators for BBB damage in ischemic stroke (Kaur and Ling, 2008; Yang et al., 2014). We speculated that ENOPH1 might contribute to ischemic bEND3 cell death/apoptosis through potentiating ER stress and oxidative stress under OGD conditions. To test this possibility, bEND3 cells were transfected with ENOPH1 siRNA before exposing the cells to OGD for 6 h. ER chaperone proteins (calnexin, PERK, Ire-1a and GRP78) were analyzed by western blot. As shown in Figure 5A, 6 h OGD induced a significant reduction in chaperone proteins calnexin, PERK, GRP78 and Ire-1a, and this reduction was significantly inhibited by knockdown of ENOPH1 with siRNA. ROS generation was assessed by DCFH staining and flow cytometry. As shown in Figures 5B,C, 6 h OGD induced a significant increase in DCFH fluorescence (green) intensity in bEND3 cells, indicative of increased ROS generation, which was inhibited by ENOPH1 siRNA, but not by control siRNA. Similar results were obtained when using flow cytometry to quantitate ROS generation in OGD-induced bEND3 cells transfected with ENOPH1 siRNA or control siRNA (Figure 5D). These results suggest that ENOPH1 may retard ER stress protective effect and potentiate ROS generation to promote endothelial cell death/apoptosis under OGD conditions.
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FIGURE 5. Knockdown of ENOPH1 inhibits OGD-induced oxidative stress in bEND3 cells. Down-regulation of ENOPH1 on OGD induced Endoplasmic reticulum (ER) stress signaling were determined by western blot. (A) Upper panel: representative immunoblots showing the changes of Ire-1a, calnexin, GRP78 and PERK protein bands in bEND3 cells after 6 h OGD treatment, with or without siENOPH1 transfection; bottom panel: quantitative data showed that OGD significantly decreased the mentioned ER stress chaperon protein level and knockdown of ENOPH1 inhibited this change. β-actin was used as a loading control. *P < 0.05 vs. siCon; #P < 0.05 vs. siCon + OGD; n = 4. (B) bEND3 cells transfected with siENOPH1 or control were loaded with DCF-DA (10 μM) to detect intracellular reactive oxygen species (ROS) production. Representative microscope pictures were shown (bar = 100 μm). (C) Quantification data showed that OGD significantly increased ROS production and knockdown of ENOPH1 inhibited ROS increase. *P < 0.05 vs. control; #P < 0.05 vs. OGD; n = 4. (D) Representative flow cytometry of cells transfected with or without siENOPH1 after 6 h OGD treatment. Cells were stained with DCF-DA solution and then the levels of intracellular ROS were analyzed by flow cytometry; n = 4.



ENOPH1 Overexpression Enhances OGD-Induced Endothelial Injury and Oxidative Stress

To further verify an important role of ENOPH1 in potentiating endothelial cell death/apoptosis under OGD conditions, we transfected bEND3 cells with ENOPH1 CRISPR activation plasmid to elevate the ENOPH1 expression before exposing the cells to OGD treatment for 6 h and assessed its impact on cell death/apoptosis associated proteins. As shown in Figure 6A, western blot analysis showed that bEND3 cells transfected with ENOPH1 plasmid led to increase in ENOPH1 protein level at 48 h after transfection compared to control plasmid. Of note, ENOPH1 plasmid had no effect on cell death assessed by measuring 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide formation under control condition, but it significantly potentiated OGD-induced increase in cell death (Figure 6B). It also significantly enhanced OGD-induced activation of apoptosis-associated signal molecules, reflected by greater ratios of cleaved caspase-3/caspase-3 and Bax/Bcl-2 for OGD plus ENOPH1 plasmid-treated cells than OGD alone treated cells (Figures 6C,D). These data indicate that overexpression of ENOPH1 potentiates endothelial cell death/apoptosis under OGD conditions.
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FIGURE 6. Overexpression of ENOPH1 aggravates OGD-induced apoptosis in bEND3 cells. (A) The ENOPH1 CRISPR activated plasmid effectively increased ENOPH1 protein expression in bEND3 cells. Upper panel: representative immunoblots showing the changes of ENOPH1 protein bands in bEND3 cells after 6 h OGD treatment, with or without ENOPH1 CRISPR activated plasmid (ENO-Vec) transfection; bottom panel: quantitative data showed that transfecting cells with ENO-Vec for 48 h significantly enhanced ENOPH1 protein levels *P < 0.05 vs. control activated plasmid (Con-Vec); n = 4. (B) ENOPH1 overexpression significantly increased 6 h OGD induced cell death assessed by lactate dehydrogenase release. *P < 0.05 vs. Con-Vec; #P < 0.05 vs. Con-Vec + OGD; n = 4. (C) Upper panel: representative immunoblots showing the changes of cleaved and full length caspase-3 protein bands in bEND3 cells. β-actin was used as a loading control; bottom panel: quantitative data showed that OGD significantly increased the cleavage of caspase-3 and PARP and overexpression of ENOPH1 aggregated this change. *P < 0.05 vs. Con-Vec; #P < 0.05 vs. Con-Vec + OGD; n = 4. (D) Upper panel: representative immunoblots of Bax and Bcl-2 proteins; bottom panel: quantitative data showed that OGD significantly increased the ratio of Bax/Bcl-2 and overexpression of ENOPH1 promoted this increase. *P < 0.05 vs. Con-Vec; #P < 0.05 vs. Con-Vec + OGD; n = 4.



ENOPH1 Regulates ADI1 Redistribution in Endothelial Cells Under OGD Condition

ADI1 is a downstream protein of ENOPH1 and has been shown to play an important role in cell apoptosis, oxidoreductase reaction and virus infection (Hirano et al., 2005; Oram et al., 2007; Cheng et al., 2009). Therefore, we speculated that ADI1 might mediate the effect of ENOPH1 on OGD-induced endothelial cell death. To investigate this possibility, we studied the interaction between these two proteins. First, we examined the changes of ADI1 expression in OGD-treated bEND3 cells. As shown in Figure 7A, ADI1 mRNA expression was increased at 1 h after OGD treatment, which, unlike ENOPH1, was not further increased when OGD duration was prolonged to 3 h or 6 h. The change of ADI1 protein seemed to lag behind its mRNA, as bEND3 cells did not show increased ADI1 protein levels at 1 h OGD treatment and the increase in ADI1 protein was only seen after 3 or 6 h OGD (Figure 7B). To our surprise, knockdown of ENOPH1 with siRNA did not affect ADI1 protein expression under both normoxic and OGD conditions (Figure 7C), indicating that OGD-induced ADI1 upregulation was not ENOPH1-dependent. Interestingly, ENOPH1 knockdown significantly stimulated the translocation of ADI1 from the nuclei to the cytosol (Figure 7D). To demonstrate a direct interaction of ENOPH1 with ADI1, we conducted coimmunoprecipitation experiments. As shown in Figure 7E, ADI1 coimmunoprecipitated with ENOPH1 and OGD treatment enhanced the interaction of ENOPH1 with ADI1 by approximately one-fold over the control group (Figure 7E). Collectively, these data demonstrate that ENOPH1 might interact with ADI1 to restrict ADI1 in the nucleus and this interaction was enhanced under OGD conditions.
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FIGURE 7. ENOPH1 mediates OGD-induced ADI-1 relocation in endothelial cells. (A) Real time RT-PCR analysis showed that aci-reductone dioxygenase 1 (ADI1) mRNA expression was significantly increased in bEND3 cells at 1 h after OGD treatment and was further increased when OGD was prolonged to 6 h. *P < 0.05 vs. Con; n = 4. (B) Western blot analysis showed that ADI1 protein levels were increased in 3 h OGD and 6 h OGD treated cells. Upper panel: representative immunoblots of ADI1 and the loading control β-actin; bottom panel: quantitative data of protein band intensity after normalization to β-actin., *P < 0.05 vs. Con; n = 4. (C) Upper panel: representative immunoblots of ADI1 and the loading control β-actin; bottom panel: quantitative data showed that transfected with ENOPH1 siRNA had not prevented OGD induced upregulation of total protein level of ADI in bEND3 cells. *P < 0.05 vs. siCon; n = 4. (D) Upper panel: representative immunoblots of ADI1 and the loading control β-actin; bottom panel: quantitative data showed that following OGD treatment, ADI1 levels in the CF was increased, while its level in CN was markedly reduced, which was enhanced by ENOPH1 siRNA. *P < 0.05 vs. siCon, #P < 0.05 vs. siCon + OGD; CF, cytosolic fraction; CN, cytosolic nuclei; n = 4. (E) Left panel: representative immunoblots of coimmunoprecipitation of ENOPH1 and ADI1 from whole cell lysates of control cultures or OGD-treated cells with anti-ENOPH1 antibody or normal anti-IgG; right panel: quantitative data showed that OGD enhanced interaction of ENOPH1 with ADI1. *P < 0.05 vs. Con; n = 4.



Knockdown of ENOPH1 Reduces OGD-Induced Increase in the Permeability of bEND3 Cell Monolayer

The above data have demonstrated a role of ENOPH1 in contributing to brain endothelial cell death under ischemic conditions, therefore we speculated that ENOPH1 was involved in OGD-induced endothelial barrier disruption. To test this possibility, we assessed the impact of ENOPH1 siRNA on the permeability of endothelial cell monolayer to FITC-dextran under control or OGD conditions. bEND3 cells were pre-treated with ENOPH1 siRNA before exposing to OGD for 6 h. As expected, 6 h OGD significantly increased the permeability of bEND3 cell monolayer to FITC-dextran (Figure 8). ENOPH1 siRNA, but not scrambled control siRNA, significantly reduced the permeability of OGD-treated endothelial monolayer to FITC-dextran (Figure 8). These results indicate that ENOPH1 is involved in OGD-induced loss of endothelial barrier function under ischemic conditions.
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FIGURE 8. Knockdown of ENOPH1 with siRNA reduces OGD induced blood brain barrier (BBB) disruption in vitro. The permeability of fluorescein isothiocyanate (FITC)-dextran across bEND3 monolayers was significantly increased after 6 h OGD. This was partially inhibited by pretreating cells with ENOPH1 siRNA. The permeability of the endothelial monolayer was assessed by calculating the transfer rate of FITC-dextran from the luminal compartment to the abluminal compartment, and was expressed as the apparent permeability coefficient (Papp, cm/s). *P < 0.05 vs. Con, #P < 0.05 vs. siCon + OGD; n = 4. Papp [cm/s] = dQ/(dt*A*Co), dQ: the amount of FITC-dextran getting into the abluminal compartment; dt : duration of OGD treatment; dQ/dt : the rate of transfer (ng/s); A: surface area (cm2); Co: the initial concentration in the luminal chamber (ng/cm3).



DISCUSSION

ENOPH1 is a newly identified enzyme of the methionine salvage pathway, and has been found to play a role in stress reactivity (Barth et al., 2014). In this study, we demonstrated a new role of ENOPH1 in mediating BBB injury under OGD conditions, which is a model of cerebral ischemia. The major findings include: (1) MCAO and OGD significantly increase ENOPH1 expression in cerebral microvessels and cultured brain endothelial cells (bEND3 cells), respectively; (2) knockdown of ENOPH1 with siRNA significantly attenuates OGD-induced bEND3 cell death and the activation of apoptosis-associated signal molecules, and accordingly overexpression of ENOPH1 with CRISPR-activated plasmid potentiates these changes; (3) knockdown of ENOPH1 attenuates OGD-induced ROS generation and ER stress; (4) OGD potentiates the interaction between ENOPH1 and its downstream molecule ADI1, increases ADI1 expression and promotes ADI1’s translocation into the cytosol; (5) ENOPH1 appears to restrain ADI1’s translocation from the nucleus to the cytosol, but does not affect OGD-induced ADI1 upregulation; and (6) knockdown of ENOPH1 attenuates OGD-induced endothelial barrier disruption.

Currently, the biological functions of ENOPH1 are largely unknown. A few recent studies have shown that ENOPH1 is widely expressed in the brain and is associated with neurodevelopmental disorders and anxiety (Barth et al., 2014; Komlósi et al., 2015). As the first study, here we investigated the role of ENOPH1 in ischemic stroke with a focus on the BBB. Our data show that both in vivo and in vitro ischemia induce ENOPH1 upregulation in cerebral microvascular endothelial cells. Of note, this change is quite rapid and persistent, as ENOPH1 mRNA expression was found to be increased in endothelial cells at 1 h after OGD treatment and remained high at the end of 6 h OGD exposure. Under our experimental conditions, significant cytotoxicity was only observed for 6 h OGD, but not for 1 h OGD and 3 h OGD, which was consistent with our previous studies (Liu et al., 2012, 2015). Therefore, in this study, 6 h OGD was chosen to test whether ENOPH1 contributes to brain endothelial cell death under ischemic conditions.

Our data show that knockdown of ENOPH1 with siRNA reduces OGD-induced cell death/apoptosis, while overexpressing ENOPH1 by transfecting ENOPH1 CRISPR activation plasmid results in a higher cell death rate in brain endothelial cells, which clearly supports a role of ENOPH1 in OGD-induced endothelial cell death/apoptosis. Moreover, along with ENOPH1 knockdown or overexpression is the inhibition or activation of apoptosis-associated proteins, including cleaved caspase-3, cleaved PARP, Bax and Bcl-2, further supporting a proapoptotic action of ENOPH1.

Increased free radical generation and impaired function of the (ER stress) are two common pathophysiological events occurring in the ischemic brain (Olmez and Ozyurt, 2012; Yu et al., 2016). Here, our data have also shown increased ROS generation in brain endothelial cells after 6 h OGD treatment. Of note, knockdown of ENOPH1 with siRNA markedly attenuated OGD-induced ROS generation in endothelial cells, suggesting that ENOPH1 may contribute to ischemic endothelial cell death via promoting intracellular ROS generation. Under ischemic conditions, there are several enzymatic and non-enzymatic sources of ROS generation, such as NADPH oxidase (Hur et al., 2010), the mitochondrial respiratory chain (Sanderson et al., 2013), and xanthine oxidase (Ono et al., 2009). In this study, we did not further explore the mechanism by which ENOPH1 enhances ROS generation under OGD condition. To our surprise, ischemic brain endothelial cells appear to have suppressed ER stress under our experimental conditions, as 6 h OGD led to suppressed expression of ER-stress associated proteins (Ire-1a, Calnexin, GRP78, and PERK). Moreover, ENOPH1 appears to act as an ER stress suppressor because knockdown of ENOPH1 significantly reverses OGD-induced suppression of ER stress-associated proteins. Our possible explanation for this unexpected observation would be ENOPH1 protein levels could retard ER stress protective effect by inhibiting some ER molecular chaperones (such as GRP78) expression in endothelial cells under OGD conditions.

ADI1 is a downstream molecule of ENOPH1 in methionine salvage pathway and has been shown to be implicated in cell apoptosis, cell growth inhibition, oxidoreductase reaction and virus infection (Hirano et al., 2005; Oram et al., 2007; Cheng et al., 2009). In addition, ADI1 is an oxidoreductase and can combine molecular oxygen donor to generate ROS (Oram et al., 2007). This known evidence has promoted us to hypothesize that ADI1 may mediate ENOPH1’s effect on promoting ischemic endothelial cell death. Our data show that OGD induces ADI1 mRNA and protein upregulation in a time-dependent manner similar to ENOPH1. To our surprise, although the coimmunoprecipitation assay clearly shows that ADI1 interacts with ENOPH1, knockdown of ENOPH1 does not affect OGD-induced ADI1 upregulation. Another interesting finding is that OGD increases the translocation of ADI1 from the nucleus to the cytosol and knockdown of ENOPH1 enhances this translocation. Our data raise several important questions: (i) what promotes the translocation of ADI1 to the cytosol under ischemic conditions; (ii) what translocated ADI1 does in the cytosol; and (iii) how ENOPH1 potentiates ADI1 translocation to the cytosol. Future studies are warranted to answer these questions.

Last, our data that knockdown of ENOPH1 partially inhibits OGD-induced permeability increase of the endothelial monolayer support an important role of ENOPH1 in ischemic BBB injury. It is well known that the brain capillary endothelial cells and the tight junctions between adjacent endothelial cells are the two most important structural components that maintain the integrity of the BBB (ElAli et al., 2011; Jumnongprakhon et al., 2016). Our current study was only focused the effect of ENOPH1 on ischemic endothelial injury and did not study its impact on the tight junctions. As a fact, ENOPH1’s downstream molecule ADI1 can bind to and inhibit the activity of membrane-type matrix metalloproteinase (MT1-MMP; Uekita et al., 2004; Chang et al., 2016), and our data demonstrate that ENOPH1 enhances the translocation of ADI1 to the nucleus under OGD conditions. As thus, there is a great possibility that ENOPH1 may act as a separator to push ADI1 away from the MT1-MMP (located in cell membrane and the cytosol), and thus activate MT1-MMP. The latter in turn activates MMP-2 to mediate the degradation of tight junction proteins and the components of the basal membrane, leading to BBB disruption (Yang et al., 2007). Future studies are needed to test this possibility.

Taken together, our present study defines a novel role of ENOPH1 in ischemic brain injury, in which cerebral ischemia triggers ENOPH1 upregulation in brain endothelial cells, leading to increased ROS generation and the activation of apoptosis associated molecules to contribute to ischemic cell death. Moreover, under OGD condition, ENOPH1 promotes the translocation of its downstream molecule ADI1 from the cytoplasm to the nucleus, future studies are needed to investigate the mechanisms underlying this change and its biological consequence.
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Fast neuronal network oscillations in the gamma frequency band (30–100 Hz) occur in various cortex regions, require timed synaptic excitation and inhibition with glutamate and GABA, respectively, and are associated with higher brain functions such as sensory perception, attentional selection and memory formation. However, little is known about energy and ion homeostasis during the gamma oscillation. Recent studies addressed this topic in slices of the rodent hippocampus using cholinergic and glutamatergic receptor models of gamma oscillations (GAM). Methods with high spatial and temporal resolution were applied in vitro, such as electrophysiological recordings of local field potential (LFP) and extracellular potassium concentration ([K+]o), live-cell fluorescence imaging of nicotinamide adenine dinucleotide (phosphate) and flavin adenine dinucleotide [NAD(P)H and FAD, respectively] (cellular redox state), and monitoring of the interstitial partial oxygen pressure (pO2) in depth profiles with microsensor electrodes, including mathematical modeling. The main findings are: (i) GAM are associated with high oxygen consumption rate and significant changes in the cellular redox state, indicating rapid adaptations in glycolysis and oxidative phosphorylation; (ii) GAM are accompanied by fluctuating elevations in [K+]o of less than 0.5 mmol/L from baseline, likely reflecting effective K+-uptake mechanisms of neuron and astrocyte compartments; and (iii) GAM are exquisitely sensitive to metabolic stress induced by lowering oxygen availability or by pharmacological inhibition of the mitochondrial respiratory chain. These findings reflect precise cellular adaptations to maintain adenosine-5′-triphosphate (ATP), ion and neurotransmitter homeostasis and thus neural excitability and synaptic signaling during GAM. Conversely, the exquisite sensitivity of GAM to metabolic stress might significantly contribute the exceptional vulnerability of higher brain functions in brain disease.

Keywords: cognition, extracellular potassium concentration, GABA-A receptor, membrane ion transport, mitochondria, Na+/K+-ATPase, neural information processing, tissue oxygen tension

GAMMA OSCILLATIONS AND HIGHER BRAIN FUNCTIONS

Neuronal information processing is primarily executed by principal cells, such as granule and pyramidal neurons that release excitatory neurotransmitter, glutamate (Bliss and Lømo, 1973; Miles and Wong, 1987; LoTurco et al., 1988; Malenka et al., 1989). It is generally thought that these projection neurons process, transfer, store and retrieve information and therefore, underlie the emergence of higher brain functions such as sensory perception, attentional selection, motor behavior, and memory formation (Buzsáki, 2006; Kullmann and Lamsa, 2007; Hájos and Paulsen, 2009; Ho et al., 2011).

Neuronal information processing, however, depends on the coordination of principal cell activity in cortical networks (Buzsáki, 2006; Traub and Whittington, 2010). Such coordination can be provided by neuronal network oscillations that show a wide spectrum of frequencies, ranging from about 0.05 Hz to 600 Hz (Buzsáki and Draguhn, 2004). Prominent examples are network oscillations in the theta (4–12 Hz), beta (13–30 Hz) and gamma (30–100 Hz) bands, which are associated with different cognitive and behavioral states (Buzsáki, 2006; Hájos and Paulsen, 2009; Uhlhaas and Singer, 2010; Watrous et al., 2015). Of course, this does not preclude the importance of slower oscillations for higher brain functions (Buzsáki, 2006; Schroeder and Lakatos, 2009).

Gamma oscillations (GAM) (30–100 Hz) have been found in many mammalian brain regions, such as visual, auditory, somatosensory and motor systems, and in the hippocampus (Kreiter and Singer, 1992; Murthy and Fetz, 1992; Franowicz and Barth, 1995; Lebedev and Nelson, 1995; Whittington et al., 1995; Gray and Viana Di Prisco, 1997). GAM are associated with rhythmic fluctuations of the membrane potential of 5–10 mV in excitatory pyramidal cells and fast-spiking inhibitory interneurons, reflecting precisely timed incidence of excitatory postsynaptic currents (EPSCs) and inhibitory postsynaptic currents (IPSCs) (Whittington et al., 1995; Penttonen et al., 1998; Fischer et al., 2002; Salkoff et al., 2015). These rhythmic fluctuations support the synchronized generation of action potentials (neuronal “spiking”) in principal cells with great precision (Buzsáki, 2006; Hájos and Paulsen, 2009; Watrous et al., 2015) and thus, permit the coordinated activation of defined sets of neurons, i.e., functional ensembles that are thought to represent the information-carrying multicellular subsets of neuronal networks (Buzsáki and Chrobak, 1995; Whittington et al., 1997; Fries et al., 2007; Traub and Whittington, 2010). GAM have a role in higher brain functions, such as voluntary movement, visual and auditory perception, attentional selection as well as memory formation (Gray et al., 1989; Pantev et al., 1991; Paulsen and Moser, 1998; Haenschel et al., 2000; Melloni et al., 2007; Montgomery and Buzsáki, 2007; Cheyne et al., 2008; Lisman and Buzsáki, 2008; van Vugt et al., 2010; Zhang et al., 2012; Popa et al., 2013). GAM in vivo occur transiently on the 100 ms time scale upon sensory input (Pantev et al., 1991; Bragin et al., 1995; Franowicz and Barth, 1995). In the human brain and dependent on the task, however, they can last for prolonged times in the range of minutes (Lehmann et al., 2001; Lutz et al., 2004). A summary of some key features of cortical GAM is given in Table 1.

TABLE 1. Features of cortical gamma oscillations (GAM).
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INVESTIGATING GAMMA OSCILLATIONS IN VITRO: EXPERIMENTAL MODELS AND METHODS

Experimental Models in Hippocampal Slice Preparations

GAM in cortical tissue in vitro can be reliably induced by various methods, such as electrical stimulation or bath application of cholinergic or glutamatergic receptor agonists. In many studies, acute slices or organotypic slice cultures of the hippocampus have been used (Whittington et al., 1995; Fisahn et al., 1998; Hájos et al., 2009; Kann et al., 2011). An overview about the induction and features of GAM under various recording conditions, i.e., in different models, is given in Table 2. Pharmacologically induced hippocampal GAM in vitro share many features with GAM in vivo, such as intrinsic generation of GAM in the CA3 region, reversal of the phase of the local field potential (LFP) between stratum pyramidale (cell body layer of pyramidal cells) and stratum radiatum (apical dendritic compartment) of CA3, similar current source density profiles, and highest spiking probability of pyramidal cells at the negative peak of oscillation cycles (CA3, stratum pyramidale) that is followed by spiking of perisomatic inhibitory interneurons within 2 ms, consistent with monosynaptic excitation (Bragin et al., 1995; Penttonen et al., 1998; Csicsvari et al., 2003; Hájos et al., 2004; Hájos and Paulsen, 2009). However, in the majority of in vitro studies GAM are persistent for tens of minutes, show a frequency around 40 Hz, and are rarely associated with an additional, slower network rhythm (Table 2).

TABLE 2. Features of hippocampal gamma oscillations (GAM) in vitro.
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The synaptic mechanisms that underlie the generation of GAM have been reviewed in detail, and they largely depend on the ratio of neuronal excitation and inhibition (Bartos et al., 2007; Hájos and Paulsen, 2009). In the cortex, synaptic inhibition is mainly mediated by neurotransmitter, gamma-aminobutyric acid (GABA) that is released from the heterogeneous group of GABAergic interneurons (Mann and Paulsen, 2007; Klausberger and Somogyi, 2008; Fritschy and Panzanelli, 2014; Kaila et al., 2014). Notably, the transient activation of GABA-A receptors has a key role for the generation of GAM. This is because GAM are completely blocked by GABA-A receptor antagonist, bicuculline in various in vitro models, and studies also using transgenic mice show that synaptic excitation of fast-spiking, parvalbumin-positive interneurons is required for the generation of normal GAM in vitro and in vivo (Whittington et al., 1995; Fuchs et al., 2007; Cardin et al., 2009; Sohal et al., 2009; Gulyás et al., 2010; Korotkova et al., 2010; Oren et al., 2010). During hippocampal GAM, individual pyramidal cells generate action potentials at 1–3 Hz in vitro and in vivo, whereas fast-spiking perisomatic interneurons generate action potentials phase-coupled at almost every gamma cycle (Csicsvari et al., 2003; Hájos et al., 2004; Kann et al., 2014).

Recordings of LFP, [K+]o, pO2 and Redox State

The LFP, which is also known as micro-, depth or intracranial electroencephalogram (EEG), has been frequently used to monitor neuronal network oscillations in vitro and in vivo. LFP electrodes are small-sized, have usually a resistance of about 1–2 MOhm and are positioned in the extracellular space. The recorded extracellular potentials arise from all transmembrane ionic fluxes that underlie cellular electrical events, ranging from fast action potentials and postsynaptic potentials in neurons to slow membrane potential fluctuations in glial cells (Buzsáki et al., 2012; Einevoll et al., 2013; Hales and Pockett, 2014). Recent estimates suggest that >95% of the LFP originates in the vicinity of about 250 μm of the electrode tip (Katzner et al., 2009). Thus, the LFP recording represents a spatial average of all electrical events in a confined volume of neuronal tissue at a given point in time. Although still under debate, the prominent influence of tip geometry and impedance has not been proven yet (Nelson and Pouget, 2010).

The [K+]o can be determined with double-barreled microelectrodes in neuronal tissue. The reference barrel (LFP) is filled with 154 mM NaCl solution, and the ion-sensitive barrel with an ion-exchanger (K+ ionophore cocktail) and 100 mM KCl ([K+]o; Heinemann and Lux, 1975; Gorji and Speckmann, 2009; Papageorgiou et al., 2016). Recordings of [K+]o have been used to determine the level of neuronal activation and K+-homeostasis, including the functions of glial cells (see below). K+-sensitive microelectrodes measure the accumulation of K+ in a restricted extracellular space, irrespective of whether K+ is released from dendrites, somata or axons. The microelectrodes detect changes in [K+]o from the surrounding tissue microenvironment of less than 100 μm for most conditions of experimental K+-electrophoresis or electrical stimulation (Lux, 1974; Heinemann et al., 1986; Lux et al., 1986; Kann et al., 2003a,b).

The interstitial partial oxygen pressure (pO2) or the oxygen concentration in neuronal tissue can be determined with Clark-type oxygen microsensors, which are polarographic electrodes. Because oxygen is the final electron acceptor at the mitochondrial respiratory chain, oxygen consumption provides a valuable indirect measure of the metabolic rate in tissues (Rolfe and Brown, 1997). During the recording, oxygen diffuses from the adjacent tissue through a silicone membrane at the sensor tip and is reduced at a gold cathode within the microsensor. The resulting current is measured with a picoammeter and converted into mmHg (or mmol/L) according to calibration curves (Revsbech, 1989; Lecoq et al., 2009; Thomsen et al., 2009). Oxygen microsensors measure quite locally, i.e., with a spatial resolution of 1–2 times the outside tip diameter (8–12 μm). Oxygen consumption rates (mmol/L per min) can be calculated by recording pO2 depth profiles in slice preparations and by applying mathematical models that consider convective transport, diffusion, and activity-dependent oxygen consumption (Hall and Attwell, 2008; Huchzermeyer et al., 2013).

The cellular redox state is a useful and non-invasive tool to get insight into neuronal energy metabolism. For this purpose, live-cell fluorescence imaging of nicotinamide adenine dinucleotide (phosphate) and flavin adenine dinucleotide [NAD(P)H and FAD, respectively] have been applied. These dinucleotides serve in cellular energy transfer and have been used to get insight into activity-dependent changes in cytosolic and mitochondrial redox state, and thus adaptations in energy metabolism (Kann et al., 2003a,b; Shuttleworth et al., 2003; Kasischke et al., 2004; Brennan et al., 2006; Ivanov et al., 2011). When excited with ultraviolet light the reduced forms (NADH and NADPH) are fluorescent, while the oxidized forms are non-fluorescent. Investigators often refer to changes in NAD(P)H fluorescence because the emission spectra of NADPH and NADH overlap, and their redox states are coupled via nicotinamide nucleotide transhydrogenase (Schuchmann et al., 2001; Kann and Kovács, 2007). Cellular NAD(P)H fluorescence is primarily governed by activities of the respiratory chain (electron transport chain) and the tricarboxylic acid (TCA) cycle in mitochondria. However, relative changes in NAD(P)H fluorescence in brain slices are influenced by a variety of additional factors and need careful interpretation (Kann and Kovács, 2007; Berndt et al., 2015). Electron transport flavoproteins and α-lipoamide dehydrogenase contribute to about 75% of the flavin fluorescence in neurons (Kann and Kovács, 2007). Because both of them are also closely linked to the mitochondrial NADH pool FAD fluorescence provides insight into the mitochondrial redox state (Shuttleworth et al., 2003; Kann and Kovács, 2007). Because here the oxidized form is fluorescent, changes in FAD fluorescence are opposite to NAD(P)H fluorescence. In most studies using epifluorescence recordings (epi-illuminating light source and CCD camera), the changes in NAD(P)H fluorescence originate from neuronal and glial compartments of virtually all layers (z-axis) of the slice (Shuttleworth et al., 2003; Foster et al., 2005; Kann and Kovács, 2007; Huchzermeyer et al., 2008).

ENERGY METABOLISM DURING GAMMA OSCILLATIONS

Recent experimental studies have started to define the bioenergetics of cortical GAM. The available experimental evidence from many in vitro and some in vivo studies in animals and humans indicates that GAM in the hippocampus and the neocortex are associated with significant cellular adaptations to maintain energy, ion and neurotransmitter homeostasis and thus neuronal excitability and synaptic signaling. Below, we discuss the homeostatic adaptations underlying GAM, with emphasis on activity-dependent changes in pO2, cellular redox state [NAD(P)H and FAD] and [K+]o.

Recordings of LFP and pO2 with high temporal and spatial resolution revealed a positive correlation between the power of GAM and the local decrease in pO2 in acute slices and slice cultures of the hippocampus, reflecting the increase in activity-dependent oxygen consumption (Kann et al., 2011). Intriguingly, the local decrease in pO2 during GAM was significantly larger compared to repetitive electrical stimulation (10 s, 20 Hz) and close to the decrease in pO2 associated with pathological activity, i.e., seizure-like events. These findings were supported by a second study in slice cultures of the rat hippocampus demonstrating the about twofold increase in local oxygen consumption rate during GAM (about 11 mmol/L per min) compared with spontaneous asynchronous neuronal network activity (about 5 mmol/L per min). This follow-up study was based on depth profiles of local pO2 with high spatial resolution and mathematical modeling of convective transport, diffusion and activity-dependent consumption of oxygen (Huchzermeyer et al., 2013). Notably, the oxygen microsensor measured locally in stratum pyramidale, i.e., the layer where the somata of pyramidal cells are densely packed and mainly receive strong perisomatic inhibition from the complex axon arbors of GABAergic parvalbumin-positive basket cells (Sik et al., 1993; Hu et al., 2014; Kann et al., 2014). Thus, the data reflect oxygen consumption related to postsynaptic inhibition and action potential generation in pyramidal cells as well as axonal action potentials and fast rhythmic release of GABA from basket cells (Kann et al., 2014). Further experimental studies are required to determine the fractions of energy utilization in pyramidal cells (perisomatic postsynaptic potentials and action potentials at the axon initial segment) vs. GABAergic basket cells (action potentials and GABA release in the complex axon arbor).

The oxygen consumption rates during persistent GAM are higher than those obtained during spontaneous asynchronous activity or repetitive electrical stimulation in acute hippocampal and cerebellar slices reported to range from 0.7 to 1.3 mmol/L per min (Hall and Attwell, 2008; Ivanov and Zilberter, 2011; Hall et al., 2012). Several aspects need to be considered when comparing oxygen consumption rates from different experimental studies in vitro and in vivo. The high oxygen consumption rate (Huchzermeyer et al., 2013) was determined during agonist-induced persistent GAM in the pyramidal cell layer (perisomatic region) of the CA3 network in slice cultures that feature high tissue preservation and connectivity (Zhao et al., 2012; Studer et al., 2014; Schneider et al., 2015), thus reflecting a high activity state. In addition, the local CA3 network is a generator of GAM of high power within the hippocampus, and the electrophysiological and bioenergetical features of this network may not entirely apply to other neuronal networks or cortical regions (Buzsáki, 2006; Traub and Whittington, 2010; Kann et al., 2014). Another aspect is the spatial resolution. “Local pO2” in the depth profiles as determined with oxygen microsensors in slice preparations refers to a distance of about 0.2 mm (Hall and Attwell, 2008; Huchzermeyer et al., 2013). For comparison, the resolution of functional magnetic resonance imaging (fMRI) technologies in vivo is in the order of 1 mm3 and more. However, the in vitro studies suggest that GAM are associated with high energy expenditure.

These findings are in line with studies in humans using positron emission tomography with 2-deoxy-2-[18F] fluoro-D-glucose. The studies demonstrated stimulus-dependent increases in glucose metabolic rate in primary and associative visual cortices of about 40% and 60%, respectively (Phelps et al., 1981) as well as a positive correlation between spectral amplitudes of GAM and the regional glucose uptake, which was determined during seizure-free intervals in patients with non-lesional focal epilepsy (Nishida et al., 2008). Remarkably, the correlations between glucose uptake and oscillations in other human frequency bands, such as theta (4–7 Hz), alpha (8–12 Hz) and beta (16–32 Hz) were found to be either minor or absent. The tight correlation between GAM and energy expenditure is supported by studies using fMRI as a measure of neurovascular coupling. The power of GAM positively correlated with the hemodynamic fMRI response in the cat visual cortex (Niessing et al., 2005). Positive correlations between GAM and fMRI signals were also described for the human cortex during specific tasks and for nearly the entire cerebral cortex of the monkey (Lachaux et al., 2007; Schölvinck et al., 2010; Scheeringa et al., 2011). In general, there appears to be a linear relationship between neuronal activity, energy metabolism and hemodynamic responses (Sheth et al., 2004; Martin et al., 2006; Viswanathan and Freeman, 2007; Hyder et al., 2013). However, details about the relationships between GAM in local networks, energy expenditure and adaptations in blood flow need to be defined in future studies (Sumiyoshi et al., 2012).

Recently, the utilization of various energy substrates during persistent GAM was explored in rat slice cultures. It was demonstrated that GAM can be powered by various energy-rich substrates, with glucose being most effective (Galow et al., 2014). Notably, the high concentration (20 mmol/L) of either lactate or pyruvate was necessary to maintain GAM. The amplitude of the GAM, however, was significantly reduced. In another study, the addition of lactate (2 mmol/L) to lowered glucose concentration (5 mmol/L) exclusively increased the frequency by about 4 Hz, whereas the power of GAM was unchanged (Schneider et al., 2015). Therefore, lactate appears to be much less beneficial to fuel fast neuronal network oscillations compared with neuronal activity that was evoked by electrical stimulation in slice preparations (Schurr et al., 1988; Izumi et al., 1997; Schurr and Payne, 2007; Ivanov et al., 2011; Barros, 2013).

Using FAD and NAD(P)H fluorescence imaging during GAM, the concomitant changes in the mitochondrial redox state were investigated in the CA3 network of hippocampal slice cultures. GAM were associated with a shift towards reduction of the dinucleotides although the interstitial pO2 was hyperoxic (Huchzermeyer et al., 2008; Kann et al., 2011; Figure 1A). This finding might reflect an increase in the availability of energy-rich carbon molecules as a result of enhanced glycolysis in neuronal and astrocytic compartments (Kasischke et al., 2004; Brennan et al., 2006; Hertz et al., 2007; Galow et al., 2014) or an imbalance in the activities of neuronal TCA cycle and mitochondrial respiratory chain. Moreover, repetitive electrical stimulation (20 Hz, 10 s) superimposed on GAM resulted in significantly smaller shifts towards oxidation of the dinucleotides compared to controls (Kann et al., 2011; Figure 1B). This suggests that GAM are associated with near-limit utilization of mitochondrial oxidative capacity and provides further evidence for the high energy expenditure during GAM. The data might also imply that rapid and sufficient supply of oxygen and nutrients through changes in blood flow is a fundamental prerequisite for the maintenance of ion and energy homeostasis and therefore, the capability of local neuronal networks to express fast oscillations (Scheeringa et al., 2011; Sumiyoshi et al., 2012; Huchzermeyer et al., 2013; Kann et al., 2014). However, prolonged performance of neuronal mitochondria carries an inherent risk of increased generation of superoxide anion at complexes I and III of the mitochondrial respiratory chain (Morán et al., 2012; Kann, 2016). Increased superoxide anion levels can favor the accumulation of hydrogen peroxide and the generation of other reactive oxygen and nitrogen species (ROS and RNS, respectively). Some of them are reactive molecules with high biological toxicity owing to the capability to oxidize macromolecules such as lipids, DNA, and proteins (Kann and Kovács, 2007; Morán et al., 2012). In particular, fast-spiking, parvalbumin-positive basket cells might transiently generate high ROS levels because the unique electrophysiological and bioenergetical characteristics may frequently result in mismatching changes of metabolic state, Ca2+-load and pO2 in mitochondria (Kann, 2016). Such mismatches have been discussed to promote the generation of superoxide anion (Kann and Kovács, 2007; Nicholls, 2008; Adam-Vizi and Starkov, 2010). Detailed experimental studies are required to determine free radical generation and oxidative stress in excitatory and inhibitory neurons during GAM.
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FIGURE 1. Mitochondrial redox state during gamma oscillations (GAM) in vitro. (A) Persistent GAM at around 40 Hz are generated in the presence of acetylcholine and physostigmine in the CA3 region of rat hippocampal slice cultures as revealed by local field potential (LFP) recordings (upper trace). Persistent GAM are associated with a long-lasting elevation in nicotinamide adenine dinucleotide (phosphate) (NAD(P)H) fluorescence (middle trace). This significant shift in the redox state towards reduction likely reflects the activation of reducing processes (tricarboxylic acid cycle and glycolysis) and/or the limitation of oxidizing processes (mitochondrial respiratory chain). Persistent GAM (symbolized by gray line) are associated with a fluctuating elevation in [K+]o of less than 0.2 mmol/L (lower trace). Note the higher temporal resolution of the upper trace illustrating GAM. (B) Simultaneous recordings of flavin adenine dinucleotide (FAD) (upper traces) and NAD(P)H (middle traces) fluorescence and [K+]o (lower traces) during spontaneous asynchronous activity (left) and persistent GAM (right). Recordings were made at identical locations during the two network activity states in a given slice culture. Superimposed repetitive electrical stimulation (10 s, 20 Hz, gray bars) resulted in FAD and NAD(P)H fluorescence transients with biphasic shapes relative to pre-stimulation baseline as well as transient changes in [K+]o. Upward deflections in fluorescence traces indicate shifts in the redox state towards reduction (gray arrow, RED), and downward deflections towards oxidation (gray arrow, OX; “REDOX” state). Biphasic transients are illustrated such that downward deflections in FAD and NAD(P)H indicate increase and decrease in emission fluorescence intensity, respectively. Note that amplitudes and kinetics of downward deflections in FAD and NAD(P)H fluorescence are clearly altered during GAM (right), likely indicating near-limit utilization of mitochondrial oxidative capacity. The K+-sensitive microelectrode was placed in stratum pyramidale, i.e., the layer where the somata of pyramidal cells are densely packed and receive strong perisomatic inhibition from the complex axon arbors of basket cells. Note that the decay time of [K+]o transients is prolonged during GAM (right). See details in the text. This figure is reproduced and modified from Kann et al. (2011) (Figures 5C, 7A,C) by permission of Oxford University Press on behalf of The Guarantors of Brain. This material is published under a Standard License and is not covered by any Creative Commons License. For commercial and non-commercial reuse, please, seek the permission of journals.permissions@oup.com.



Intriguingly, the electrophysiological and bioenergetic features of the hippocampal CA3 network, i.e., highest levels in gamma oscillation power, oxygen consumption, and mitochondrial performance, also correlated with the highest expression of complex I subunits (Kann et al., 2011; Wirtz and Schuelke, 2011). Complex I (NADH:ubiquinone oxidoreductase) is a member of the respiratory chain in mitochondria. It is composed of up to 46 subunits that are encoded by nuclear and mitochondrial DNA (Distelmaier et al., 2009). Complex I has been discussed to strongly control oxidative phosphorylation in mitochondria, and to be involved in the pathogenesis of various neurodegenerative diseases (Pathak and Davey, 2008; Koopman et al., 2013). The pattern of complex I gene expression in the hippocampus might reflect unique enzymatic properties of neuronal mitochondria in the CA3 network to meet the homeostatic challenges that are associated with the generation of GAM (Kann, 2012).

Conversely, a variety of studies demonstrated the fast decline of GAM in hippocampal slice preparations during metabolic stress, i.e., (i) by lowering the oxygen fraction in the ambient atmosphere to the normoxic range in the semi-interface recording condition (Huchzermeyer et al., 2008); (ii) by lowering the application rate of oxygenated recording solution in the submerged recording condition (Hájos et al., 2009); and (iii) by induction of hypoxic events (Fano et al., 2007; Pietersen et al., 2009). The fast decline of GAM was also found during pharmacological inhibition of the respiratory chain by rotenone (acting on complex I) or potassium cyanide (acting on cytochrome c oxidase in complex IV), and in the presence of protonophores that exert mitochondrial membrane uncoupling (Kann et al., 2011; Whittaker et al., 2011). Moreover, the exquisite sensitivity of GAM to mitochondrial dysfunction has been identified because other types of neuronal activity, such as electrical stimulus-evoked neuronal activation and pathological seizure-like events were more resistant to both, respiratory chain inhibition and low interstitial pO2 (Huchzermeyer et al., 2008; Kann et al., 2011). Similar observations were reported for unilateral hippocampal ischemia in vivo (Barth and Mody, 2011). These studies consistently show that hippocampal GAM are rapidly impaired during metabolic stress and are in line with data on high energy expenditure during GAM. Mechanistically, dysfunction of fast-spiking GABAergic interneurons, such as parvalbumin-positive basket cells, might be mainly responsible for this rapid impairment. This is likely because these inhibitory interneurons: (i) are crucial for the generation of GAM; and (ii) show unique bioenergetic, biophysical and electrophysiological properties (Kageyama and Wong-Riley, 1982; Gulyás et al., 2006; Hu and Jonas, 2014; Takács et al., 2015). Further details were recently summarized and discussed in reviews about the “interneuron energy hypothesis” (Kann et al., 2014; Kann, 2016).

POTASSIUM ION HOMEOSTASIS DURING GAMMA OSCILLATIONS

The high energy expenditure of neurons during GAM is most likely caused by increased rates of action potentials and postsynaptic potentials. In particular, the significant and widespread increase in rates of EPSPs and IPSPs in the local network elicits strong ion fluxes across the neuronal membrane of both excitatory principal cells and inhibitory interneurons (Wong-Riley, 1989; Hájos and Paulsen, 2009; Kann et al., 2014). These ion fluxes tend to dissipate the gradients of sodium, calcium, potassium and chloride ions, ultimately utilizing potential energy. In order to keep homeostasis and neuronal excitability and thus, ensure maintenance of neuronal information processing, these ionic gradients have to be continuously restored by ion pumps, such as Na+/K+-ATPase and Ca2+-ATPase, and transporters, such as Na+/Ca2+-exchanger, Na+/H+-exchanger, and K+/Cl−-cotransporter (Somjen, 2002; Buzsáki et al., 2007; Kann et al., 2014). In addition, synthesis, release and uptake of neurotransmitters and precursors require various transport processes across neuronal and glial membranes (Bak et al., 2006; Roth and Draguhn, 2012). These transport processes are ultimately powered by cellular energy carrier, adenosine-5′-triphosphate (ATP) that is generated to a large extent by oxidative phosphorylation in neuronal mitochondria (Attwell and Laughlin, 2001; Erecińska and Silver, 2001).

However, experimental studies that explored the ion homeostasis during naturally occurring, fast neuronal network oscillations are rare. The few available studies focused on changes in [K+]o in hippocampal slice preparations (see below). [K+]o was monitored by double-barreled microelectrodes (see above). [K+]o is normally between 2.7 to 3.8 mmol/L in neuronal tissue in vivo, which is lower than in the other extracellular fluids of the body (Prince et al., 1973; Lux, 1974; Heinemann and Lux, 1977; Somjen, 2002; Gorji and Speckmann, 2009). Keeping [K+]o in this narrow range protects central neurons from undue influences on excitability and synaptic transmission because the elevation in [K+]o generally depolarizes neuronal membranes, and substantial [K+]o elevation has drastic consequences, such as the pathological occurrence of epileptic activity (Zuckermann and Glaser, 1968; Heinemann et al., 1986; Janigro et al., 1997; Somjen, 2002; Jandová et al., 2006; Steinhäuser et al., 2012). Normally, the generation of action potentials and postsynaptic potentials results in K+-release from neurons, e.g., through voltage-gated K+-channels and non-selective cation channels (Somjen, 2002; Buzsáki et al., 2007; Figure 2). At inhibitory synapses, K+-release can be evoked by pre- and postsynaptic GABA-B receptors that open K+-channels. In addition, at the postsynaptic membrane K+-release drives the extrusion of chloride through K+/Cl−-cotransporters, such as KCC2, to reverse the Cl−-influx that underlies the hyperpolarizing action of GABA-A receptors (Mann and Paulsen, 2007; Blaesse et al., 2009; Kaila et al., 2014). The activation of GABA-A receptors, however, might also cause shunting inhibition in both principal cells and interneurons (Alger and Nicoll, 1979; Andersen et al., 1980; Bartos et al., 2007; Mann and Paulsen, 2007). K+-uptake occurs mainly through Na+/K+-ATPase of neurons and astrocytes. Under certain conditions, it might be supported by astrocytic K+-transporters, K+-channels and gap-junctions that permit K+-buffering and spatial redistribution within the astrocyte syncytium (Somjen, 2002; Steinhäuser et al., 2012). There is first evidence for the role of astrocytes in GAM because functional manipulation of astrocytes markedly decreased the EEG power in the gamma frequency band in awake-behaving mice, whereas neuronal synaptic activity remained intact. The reduction in cortical GAM was accompanied by altered behavioral performance in the novel object recognition test (Lee et al., 2014). However, the details about the nature of the role of astrocytes, for example, in ion and/or neurotransmitter homeostasis, are less clear and require further experimental studies.
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FIGURE 2. K+-homeostasis during gamma oscillations (GAM) in vitro. The schematic representation illustrates key features of GAM (30–100 Hz) in stratum pyramidale of hippocampal slice preparations. GAM require precise synaptic interactions of excitatory principal cells, such as pyramidal cells (PC), and fast-spiking, inhibitory interneurons (IN), such as parvalbumin-positive basket cells, which feature complex axon arbors. In the hippocampus, fast-spiking interneurons exert fast rhythmic inhibition on the perisomatic region of pyramidal cells by phasic release of GABA from presynaptic terminals (open circles). Interactions with other subtypes of interneurons and excitation of interneurons by pyramidal cells are not illustrated. During GAM, enhanced K+-release in stratum pyramidale occurs at several neuronal sites: (i) axons of interneurons and pyramidal cells that fire action potentials at different frequencies; (ii) presynaptic endings of interneurons; and (iii) perisomatic postsynaptic membranes of pyramidal cells. The K+-uptake occurs mainly in neurons and might be supported by adjacent astrocytes (A). Note that [K+]o does not exceed 3.5 mmol/L during GAM. Note that GAM are associated with a high oxygen consumption rate, indicating adaptations of adenosine-5′-triphosphate (ATP) generation in mitochondria to power ion pumps and secondary ion transport. See details in the text.



Changes in [K+]o associated with GAM were explored in the CA3 network of hippocampal slice cultures (Figure 2). The ion-sensitive microelectrodes measured [K+]o locally in stratum pyramidale, i.e., the layer where the somata of pyramidal cells are densely packed and receive strong perisomatic inhibition from the complex axon arbors of basket cells (Kann et al., 2014). It was shown that the pharmacological induction of GAM by bath application of acetylcholine at low micromolar concentrations evoked an initial transient increase in [K+]o of about 0.5 mmol/L from the baseline of 3 mmol/L. This was followed by a fluctuating elevation in [K+]o of less than 0.2 mmol/L when persistent GAM were present (Huchzermeyer et al., 2008; Kann et al., 2011; Figure 1A). In addition, repetitive electrical stimulation was superimposed on persistent GAM to get further insight into K+-homeostasis during fast neuronal network oscillations (Kann et al., 2011; Figure 1B). In these experiments, the amplitude of the electrically evoked [K+]o transient did not differ in the absence (i.e., spontaneous asynchronous activity) and presence of GAM, indicating the same level of superimposed neuronal activation. By contrast, the decay time of the evoked [K+]o transients was prolonged. This might reflect that K+-uptake mechanisms, such as Na+/K+-ATPase activity and glial K+-buffering, operate near limit during persistent GAM. Similar to GAM, sharp wave-ripples (SPW-Rs) were associated with a transient increase in [K+]o of about 0.1 mmol/L in the CA3 network of acute hippocampal slices (Behrens et al., 2007). In this model, SPW-Rs that were induced by repetitive electrical stimulation lasted for about 70 ms, with an incidence of about 8/min (Behrens et al., 2007; Hollnagel et al., 2014). The superimposed ripples had a frequency of about 190 Hz. SPW-Rs represent a different type of fast and highly synchronous neuronal network oscillations (Draguhn et al., 1998; Maier et al., 2003; Behrens et al., 2005; Schönberger et al., 2014). They occur during consummatory behaviors and non-REM sleep and are thought to represent stored information that is transferred to, for example, the neocortex during memory consolidation (Behrens et al., 2005; Hollnagel et al., 2014; Buzsáki, 2015).

These findings provide first experimental evidence that [K+]o indeed does not exceed the upper limit of about 3.5 mmol/L during fast neuronal network oscillations. This is in line with in vivo studies showing that optical stimuli transiently elevated [K+]o by about 0.5 mmol/L in the cat visual cortex (Singer and Lux, 1975; Connors et al., 1979; Somjen, 2002). Slow neuronal network oscillations, such as sleep oscillations (<1 Hz) in the cat neocortex, were associated with periodic elevations in [K+]o of about 1.8 mmol/L (Amzica and Steriade, 2000). These data contrast with in vitro and in vivo studies, in which repetitive electrical stimulation (up to 100 Hz, up to 60 s) was applied as a tool to activate neurons. In these studies much larger [K+]o transients of up to 10 mmol/L from baseline were described (Heinemann and Lux, 1975, 1977; Lothman and Somjen, 1975; Gabriel et al., 1998; Kann et al., 2003b; Huchzermeyer et al., 2008). The most likely explanation is that the artificial and robust electrical stimulation evokes action potentials at unphysiological frequencies in most of the excitatory and inhibitory neurons adjacent to the stimulation electrode (Heinemann and Lux, 1977; Janigro et al., 1997)—note that during hippocampal GAM, for example, excitatory pyramidal cells and fast-spiking interneurons generate action potentials at 1–3 Hz and >30 Hz, respectively (Kann et al., 2014). Although there is depression or attenuation of spiking according to the biophysical properties of the neuronal subtype (Wong and Prince, 1981; Madison and Nicoll, 1984; Martina and Jonas, 1997; Kann et al., 2003b; Kim et al., 2012), the resulting bulk K+-release from neurons presumably exceeds the K+-uptake mechanisms in neurons and glial cells during repetitive electrical stimulation, which is reflected by the characteristic stimulus-induced [K+]o transients. However, further experimental studies are required to determine the contribution of specific ion channels, transporters and pumps in neurons and glial cells to K+-homeostasis during different network activity states.

The maintenance of K+-homeostasis during naturally occurring fast network oscillations is likely achieved by strongly enhanced ATP generation in mitochondria—reflected by high oxygen consumption rate and near-limit utilization of oxidative capacity during GAM (see above)—to fuel ion pumps and secondary ion transport.

CONCLUSION

Fast neuronal network oscillations in the gamma frequency band (30–100 Hz) occur in various regions of the cortex and have been implicated in higher brain functions such as sensory perception, attentional selection and memory formation. These GAM are associated with precise cellular adaptations to maintain energy and ion homeostasis and thus neuronal excitability and synaptic signaling. Homeostasis is apparently safeguarded by strongly enhanced oxidative phosphorylation in mitochondria to generate ATP. Conversely, metabolic stress and/or ion channel dysfunction might contribute to the exceptional vulnerability of GAM and thus higher brain functions in brain disease.
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The ability of glycogen, the depot into which excess glucose is stored in mammals, to act as a source of rapidly available energy substrate, has been exploited by several organs for both general and local advantage. The liver, expressing the highest concentration of glycogen maintains systemic normoglycemia ensuring the brain receives a supply of glucose in excess of demand. However the brain also contains glycogen, although its role is more specialized. Brain glycogen is located exclusively in astrocytes in the adult, with the exception of pathological conditions, thus in order to benefit neurons, and energy conduit (lactate) is trafficked inter-cellularly. Such a complex scheme requires cell type specific expression of a variety of metabolic enzymes and transporters. Glycogen supports neural elements during withdrawal of glucose, but once the limited buffer of glycogen is exhausted neural function fails and irreversible injury ensues. Under physiological conditions glycogen acts to provide supplemental substrates when ambient glucose is unable to support function during increased energy demand. Glycogen also supports learning and memory where it provides lactate to neurons during the conditioning phase of in vitro long-term potentiation (LTP), an experimental correlate of learning. Inhibiting the breakdown of glycogen or intercellular transport of lactate in in vivo rat models inhibits the retention of memory. Our current understanding of the importance of brain glycogen is expanding to encompass roles that are fundamental to higher brain function.
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INTRODUCTION

The lack of appreciation for the role(s) that brain glycogen contributes to brain function cannot be attributed to its recent discovery, as its presence, detected by both biochemical assay (Koizumi, 1974) and electron microscopy (Koizumi and Shiraishi, 1970), has been known for decades. Unlike skeletal muscle or liver, where glycogen is expressed uniformly throughout a homogenous cell population (Stryer, 1995), the cellular (and sub-cellular) location of glycogen within the brain provides clues to its function (Cataldo and Broadwell, 1986; Oe et al., 2016), but detailed information regarding the intricacies of metabolic cell-to-cell signaling within the brain (Dringen et al., 1995; Magistretti and Pellerin, 1997; Dienel, 2009) were required before potential roles for glycogen could be proposed and experimentally tested (Brown et al., 2003; Suzuki et al., 2011). This disregard for brain glycogen was compounded by the low concentration with which glycogen is expressed in the brain; up to 100 times lower than liver and skeletal muscle (Stryer, 1995). Although never consigned as a vestigial entity glycogen was quietly ignored, and in a neurocentric world there were few advocates proposing it warranted detailed investigation.

SYSTEMIC HYPOGLYCEMIA

The presence of glycogen in the brain may be viewed as at odds with established facts regarding whole body metabolism. Given the brains exclusive reliance on glucose as its sole energy support, and the complex endocrine machinery that secures blood glucose levels within a narrow concentration range (Frier and Fisher, 2007), any need for glycogen within the brain initially seems superfluous. The liver breaks down glycogen in response to falling systemic glucose levels ensuring adequate delivery of glucose to the brain for up to 24 h (Stryer, 1995). Skeletal muscle glycogen provides a localized energy reserve for muscle (Champe and Harvey, 2008; although even this is a simplification, with recent studies suggesting a highly complex and coordinated reciprocal metabolism of glucose and lactate between brain and muscle, dependent upon immediate localized requirements; Dalsgaard et al., 2004; Dalsgaard, 2006). What is not in doubt is the exquisite sensitivity that the brain displays when confronted with a shortfall in glucose delivery (Frier and Fisher, 2007). Consistent with the homeostatic hormonal response that maintains normoglycemia, in event of decreased systemic glucose (hypoglycemia) the brain responds via the autonomic nervous system, with a series of signals (sweating, tremor, decreased temperature, decreased intraocular pressure, increased gastric emptying) that warn the sufferer of an impending hypoglycemic attack (Frier and Fisher, 2007). The critical aspect of this autonomic response is that its threshold lies above that of the glycopenic symptoms (confusion, drowsiness, odd behavior, speech difficulty, lack of co-ordination) of hypoglycemia characterized by confusion. However repeated hypoglycemic episodes compromise the threshold for the autonomic symptoms, a process called hypoglycemia unawareness (Cryer, 2002), such that they dip below those of the glycopenic effects rendering the sufferer incapable of responding appropriately to the hypoglycemia, with potentially fatal consequences (Figure 1).
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FIGURE 1. Blood glucose levels associated with hypoglycemia. Blood glucose below 4 mM is considered hypoglycemic (1), with autonomic symptoms (2) triggered at about 3 mM and glycopenic symptoms triggered at about 2 mM (3). However the condition hypoglycemia unawareness leads to a fall in the threshold of the autonomic symptoms below that of the glycopenic threshold (4). Adapted from Figure 7.1 (Frier and Fisher, 2007).



GLUCOSE IS THE MAIN ENERGY SUPPORT FOR BRAIN FUNCTION

In the last 20 years attempts to deduce the role(s) of brain glycogen have been played out against a background of confusion, dead ends and polarized opinion, which stems from the simple fact that we know little about critical aspects of metabolism in the brain at the cellular level (Ames, 2000). The scenario can be simplified as follows; we do not know which energy substrates cells use under particular conditions. This rather simplistic statement conceals a degree of complexity that is initially difficult to appreciate when one considers that all we are considering is which of two energy substrates (glucose or lactate) two cell types (neurons and glia) use. To begin to unravel this, we must first review evidence that led to the dogmatic view of brain energy metabolism, which states that glucose is the energy substrate used by all cells in the brain (Dwyer, 2002). This has substantial support based on the following facts: (1) during insulin-induced hypoglycemia there is no systemic alternate energy substrate that can substitute for glucose; (2) complex homeostatic mechanisms have evolved to maintain normoglycemia (no such equivalent systems exist for alternate substrates such as lactate); (3) non-glucose substrates are converted, in the process of gluconeogenesis, into glucose, implying glucose is a universally preferred substrate; (4) metabolites of glucose are detected in the brain using NMR spectroscopic methods; and (5) the arterial-venous difference for brain glucose is positive, implying glucose uptake into the brain. Although it has been known for decades that the brain releases lactate (Abi-Saab et al., 2002), historically this was considered a waste product of glucose metabolism, and of no metabolic consequence. This dismissal of lactate as a viable energy substrate was reconsidered in the face of evidence that suggested it might be actively taken up and metabolized by neurons. However the conditions under which this would occur were obscured due to the technical difficulties involved in measuring energy usage in single cells. An additional complication is the role that glycogen plays. Glycogen, the storage form of glucose in the body (Champe and Harvey, 2008), is a molecule comprising dehydrated glucosyl molecules, which can be liberated as lactate (Shulman et al., 2001).

SUB-CELLULAR LOCATION OF GLYCOGEN

Since the advent of the electron microscope it has been known that in the adult rodent brain glycogen is stored almost exclusively in astrocytes (Cataldo and Broadwell, 1986). Due to a lack of appreciation of the role that glial cells contribute to brain function that was prevalent in previous decades, such a location for glycogen, compounded by its low concentrations, led to dismissal of any importance attached to the compound (Stryer, 1995). We should not judge our predecessors for their lack of insight, as it is only in recent years, where the intercellular metabolic signaling pathways have been identified, that a role for glycogen has become apparent (Brown et al., 2003; Suzuki et al., 2011). Initial studies, which reported that glycogen was located in astrocyte processes abutting synapses (Koizumi and Shiraishi, 1970; Phelps, 1972; Koizumi, 1974), have been confirmed with more advanced microscopic techniques that allow 3D reconstruction of very fine astrocytic processes (Cali et al., 2016). These studies suggest not only an intimate relationship exists between astrocytes and neurons, but in particular between astrocytes and synapses, with mitochondria expressed in high density in these processes (Cali et al., 2016).

Until recently the regional expression of brain glycogen was unclear. This was primarily because the technique used to assess glycogen expression (biochemical glycogen assay) was incapable of the resolution required to accurately measure the glycogen concentration in small areas of brain (Passonneau et al., 1967). A refined technique that uses immunohistochemical assessment of glycogen has recently been used to accurately visualize glycogen expression throughout the rodent brain (Oe et al., 2016). The report confirmed that in the adult glycogen is expressed almost exclusively in astrocytes and is located in the astrocytic processes rather than in the soma. The highest expression of glycogen occurred in the hippocampus, striatum, cortex and cerebellar molecular layer, a region of high synaptic activity, but was lower in white matter and sub-cortical areas. It is interesting to note that the regions with the highest expression of glycogen also have higher metabolic demand.

The dogmatic view of an exclusively astrocytic domain for glycogen must be considered against the evidence of neuronally located glycogen. Such a location was associated with pathological conditions such as Lafora’s disease, a form of epilepsy, where such an over-abundance of neuronal glycogen is considered a side effect of the disease and has no physiological function (Vilchez et al., 2007). In the sciatic nerve glycogen related enzymes are shown to be present in axons (Pfeiffer-Guglielmi et al., 2006, 2007), and glycogen is present in both axons and Schwann cells, but only under pathological conditions (Powell et al., 1985; Katsuragi et al., 1988; Kalichman et al., 1998). A recent article has described neuronal glycogen that acts to protect axons during periods of hypoxia, as glycogen phosphorylase (GP) is present in nerves facilitating glycogen metabolism (Saez et al., 2014).

ASTROCYTIC SUPPORT OF CULTURED NEURONS

Initial studies that investigated the role of neuronal cells were carried out in tissue culture conditions. This reductionist approach was justified in the light of the difficulty of gaining meaningful data from in situ tissue (Kettenmann and Grantyn, 1992). These studies yielded bountiful information, but it was only as the studies progressed that questions were raised as to their validity i.e., did what occurred in the artificial nature of the tissue culture dish have any relation to what occurred in vivo. A key example of this was the viability of neurones in culture, where the yield of neurones cultured in isolation was poor. As the neurones cultured were from neo-natal animals, these neurones had to develop in the absence of any support from the in vivo environment they would normally develop in. Glial cells were added to the culture in an attempt to increase neurone yield, which did indeed occur although the reasons were unknown (Whatley et al., 1981). We now know that neurones are reliant on glial cells for a multitude of reasons; release of trophic factors to guide developing neurones, to provide myelin, to buffer extracellular compounds such as potassium and glutamate. In addition the extracellular space is essentially infinite in culture conditions, whereas in vivo it is relatively small (15% of brain volume) and provides a very small buffer zone between neighboring cells (Swanson and Choi, 1993). However studies using tissue culture from the Waagepetersen laboratory confirm that glia-neuron transfer of metabolites interactions can occur (Sickmann et al., 2005). The glia and other surrounding neurones would also provide structural support to maintain the neuron in a fixed location within the brain parenchyma. Although not the focus of this review, oligodendrocytes are implied to play a role in supplying lactate to axons (Lee et al., 2012).

Whereas the behavior of neurones may have been compromised in tissue culture conditions, it was a serendipitous approach that yielded preliminary information on the metabolic support afforded neurones by astrocytes (Swanson and Choi, 1993). Neurones that were co-cultured with astrocytes displayed increased viability compared to neurones that were cultured in isolation. However it was discovered that it was the presence of glycogen in the astrocytes that was the critical factor in promoting neuronal survival, as astrocytes with depleted glycogen did not significantly prolong neuronal survival (Swanson and Choi, 1993). This was an intriguing result that posed more questions than it answered, most notably, what was the form in which glycogen provided support?

THE ROLE OF GLYCOGEN DURING AGLYCEMIA

From studies of glycogen in the liver and skeletal muscle the nature of the glycogen molecule and its regulation are well established (Stryer, 1995), information that can reasonably be applied to brain glycogen. In the periphery glycogen acts as a storage depot for excess glucose during periods of plenty, to be liberated in time of need. In the liver glycogen is liberated in the form of glucose to maintain normoglycemic blood glucose levels (Stryer, 1995), whereas in the muscle glycogen is glycolytically metabolized (Stryer, 1995), with the apparent waste product lactate liberated into the bloodstream. The nature of the support offered by astrocytic glycogen to neurons was presumably metabolic, thus how this was achieved was a prime focus of investigation. The simplest explanation was that glycogen supported solely astrocytes, relieving the metabolic burden from neurones, i.e., astrocytes are fueled exclusively be glycogen sparing interstitial glucose for exclusive use by neurons (DiNuzzo et al., 2010). Whilst this is a theory as simplistic as it is attractive, it is not the case. Studies carried out in cultured astrocytes indicated that when astrocytes were incubated in the presence of glucose they released lactate (Dringen et al., 1993b), whereas neurones did not release lactate; in fact they consumed it (Dringen et al., 1993a). This indicated that astrocytes might release lactate, which is then taken up and used by neurons as an energy substrate to supplement glucose uptake (Dringen et al., 1993a). This is where the origins of a contentious and continuing dispute arose. Whilst it can be insightful to study how processes work under tissue culture conditions, they may not apply in vivo. This is especially important where the interstitial compartment is proposed to be the medium of exchange through which putative metabolic compounds are passed from astrocyte to neurons. However under tissue culture conditions where the interstitial space is infinitely large, this is unrealistic and alternate models were required.

Given the complexity of metabolic interactions in gray matter the Ransom lab chose to use a simple white matter model, the rodent optic nerve, to investigate the role of glycogen (Ransom et al., 1994). These studies were prompted by comparison of the effects of anoxia or aglycemia on the stimulus evoked compound action potential (CAP). The tissue is accessible to recordings of the stimulus evoked CAP, a monitor of axon conduction, whose area is proportional to the number of conducting axons (Cummins et al., 1979). The CAP area recorded in 10 mM glucose provides a baseline measure of axon conduction against which the post-insult CAP can be compared (Stys et al., 1991). In addition to electrophysiological recordings, the tissue is amenable to biochemical assay, simultaneous recordings of lactate release from the tissue and immunohistochemical staining. In the presence of oxygen but with glucose withdrawn (aglycemia) the CAP lasted up to 30 min before failing (Ransom and Fern, 1997). This suggested that there was an endogenous energy reserve present within the tissue that supported axon conduction in the absence of exogenously applied glucose, but that the reserve was limited and could only support conduction for a limited period of time; once the reserve was exhausted conduction failed. The most likely candidate for this energy reserve is glycogen, which has been located in astrocytes by electron microscopy in both the rat (Wender et al., 2000) and mouse optic nerve (MON; Brown et al., 2003). Given that glycogen supports axon conduction in the absence of glucose, one would reasonably predict that increasing glycogen content should increase the latency to CAP failure, whereas depleting glycogen content would attenuate latency to CAP failure, during a subsequent period of aglycemia. This was indeed found to be the case (Brown et al., 2003). The macromolecule glycogen is too large to be transported intercellularly, thus there must exist a glycogen-derived metabolic conduit that supports axon conduction. This is most likely lactate, since astrocytes in culture release lactate in the presence of glucose (Dringen et al., 1993a,b). If lactate were released from the breakdown of glycogen, then lactate, in the absence of glucose, should be able to support MON axon conduction. In addition, blocking lactate release from astrocytes, or uptake into axons with pharmacological blockers should also attenuate the CAP: all of these predictions were shown to occur experimentally (Brown et al., 2003; Tekkok et al., 2005). Immunohistochemical studies to investigate the presence of monocarboxylate transporters (MCTs) on cells membranes, demonstrated MCT1 immunoreactivity on astrocyte membranes and MCT2 immunoreactivity on axon membranes (Tekkok et al., 2005). The MCTs facilitate the movement of lactate across cell membranes, thus their presence is an absolute requirement for trans-membrane flux of lactate. Preventing glycogen breakdown by pharmacologically inhibiting GP also attenuated the latency to CAP failure during aglycemia (Brown et al., 2004; Figure 2).


[image: image]

FIGURE 2. Glycogen storage in the astrocyte. Glucose is taken up by astrocytes via the GLUT-1 glucose transporter, where it is phosphorylated by hexokinase (HK) to glucose-6-phosphate (G-6-P). The G-6-P can either proceed along the glycolytic pathway, or be added to the glycogen molecule by glycogen synthase (GS). The glycogen is broken down by glycogen phosphorylase (GP), ultimately to lactate, which crosses the astrocyte membrane by monocarboxylate transporter (MCT). Adapted from Figure 1 (Fryer and Brown, 2015).



The sciatic nerve was studied in order to determine whether there was an equivalent metabolic cell-to-cell signaling pathway in the peripheral nervous system (PNS). Electron microscopic images revealed that Schwann cells did express glycogen, which was measured by biochemical assay at a concentration about twice that in the optic nerve (Brown et al., 2012). The sciatic nerve contains two broad classes of axons, large myelinated A fibers, and smaller unmyelinated C fibers grouped within Remak bundles (Landon, 1976). Introduction of aglycemia resulted in the C peak failing within about 30 min, whereas the larger myelinated A fibers could sustain conduction for up to two and a half hours before they began to fail (Brown et al., 2012). Such a difference could in part be related to the greater metabolic rate of small axons (per unit volume) compared to larger axons (Perge et al., 2012). However when glycogen content was increased there was no increase in the latency to failure in the C peak, whereas the latency to failure of A fibers was increased (Figure 3). Thus glycogen expressed in Schwann cells only benefitted the A fibers and had no effect on the C fibers. Glycogen was broken down to lactate in the Schwann cell and transported intercellularly via MCTs (Domènech-Estévez et al., 2015) to the A fibers (Brown et al., 2012). Thus, there are striking similarities between the central and PNSs with regard to the metabolic provision of glycogen-derived lactate, where glycogen, located in glial cells, is broken down to lactate, which acts as a metabolic conduit to support axon conduction during periods of shortfall in glucose delivery to the tissue. However what is more physiologically relevant is the role(s) that glycogen plays under normal, non-pathological conditions, thus the next logical step in the MON studies was to investigate the role of glycogen in supporting physiological activity.


[image: image]

FIGURE 3. Glycogen content determines latency to failure in optic nerve axons and Schwann cell A fibers but not C fibers. (A) In mouse optic nerve (MON) glycogen content determines latency to failure during subsequent period of aglycemia (Δ). (B) In Schwann cells elevated glycogen content benefits A fibers ([image: image]) but not C fibers (Δ). Note elevated (glycogen) does not prolong C fiber latency to failure. Adapted from Figure 2 (Brown et al., 2003) and Figure 5 (Brown et al., 2012).



THE ROLE OF GLYCOGEN DURING HIGH FREQUENCY STIMULUS

Imposing a short period of high intensity stimulus was very effective at revealing key information. At frequencies between 10 Hz and 100 Hz, i.e., an action potential was evoked between every 100 ms and 10 ms, the increasing metabolic demand imposed on the tissue exceeded its ability to support conduction, in the presence of 10 mM glucose aCSF (Brown et al., 2003). In the first instance imposing a 4 min period of 100 Hz stimulus on the MON caused an elongation of the CAP profile, no doubt due to accumulation of interstitial K+ (Connors et al., 1982) exceeding the ability of the Na+-K+ ATPase to maintain homeostatic trans-membrane ion concentrations (Ransom et al., 2000), but the CAP area did not fall below baseline (Brown et al., 2003). However a decrease in glycogen content after only 4 min of the high intensity stimulus occurred in the presence of 10 mM glucose (Brown et al., 2003), suggesting that even this high concentration of glucose was unable to support the CAP, and glycogen derived lactate was released as a supplemental energy substrate. Extended exposure to 100 Hz stimulus (on the order or tens of minutes) caused a decrease in the CAP area that could be reversed if the MON was supplied with 30 mM glucose aCSF (Brown et al., 2003). This reveals a very important point, which is that the MON will continue to conduct action potentials during periods of increased energy demand if excess substrate is applied, i.e., if the increased energy demand required by the increased stimulus is met by increased supply of energy substrate then CAP conduction will be maintained. Thus, there is no absolute threshold with regard to conduction failure; rather it is determined on the basis of whether the energy demand is matched by supply of substrate. This point was further demonstrated by exposing MONs to 2 mM glucose aCSF. Under baseline conditions of stimulus every 30 s the CAP area was maintained at baseline levels. However depleting glycogen with a short period of exposure to 0 mM glucose resulted in subsequent exposure to 2 mM glucose being unable to support conduction (Brown et al., 2003), implying that under hypoglycemic conditions supplementary glycogen-derived lactate is required to fully support function. The relationship between the ability of the MON to support conduction under the duress of increased energy demand was shown when MONs were exposed to 100 Hz stimulus in 2 mM glucose, where the CAP fell rapidly on imposition of the stimulus (Brown et al., 2003). These experiments provided the first information regarding potential role(s) of glycogen under physiological conditions, namely to act as an energy buffer to supply substrate during short-term mis-match between ambient glucose and energy demand.

A key issue that was missing from these studies was identification of the signaling mechanism whereby neurones inform astrocytes of their metabolic requirements. Such a mechanism would have to adhere to the following requirements: (1) it must be localized; (2) it must be capable of invoking rapid glycogen breakdown; (3) the intensity of the signal must be proportionate to the stimulus intensity; (4) the intensity of the signal must dissipate as the stimulus intensity declines; and (5) if the signal is not universal, then comparable localized equivalent systems must exist across the nervous system. A potential mechanism was revealed via studies investigating the neurotransmitter modulation of glycogen content.

THE ASTROCYTE NEURON LACTATE SHUTTLE HYPOTHESIS

One important aspect of glycogen’s metabolism in the brain is the means by which it is modified. Whereas in the periphery glycogen is modulated by the hormones insulin and glucagon, in the brain parenchyma the influence of these hormones appear to be attenuated and neurotransmitters contribute regulatory roles. Pierre Magistretti’s group started investigating this phenomenon in the early 1990’s. Their goal was to identify physiologically relevant modulators, and these initial studies identified VIP, nor-epinephrine and adenosine as well as K+ (see later) as controlling glycogen levels (Hof et al., 1988; Sorg and Magistretti, 1991). However their studies investigating the putative modulatory role of the most abundant excitatory CNS neurotransmitter, glutamate, yielded unexpected results that were adapted as the basis of the astrocyte neuron lactate shuttle hypothesis (ANLSH; Pellerin and Magistretti, 1994). This hypothesis had its origins in studies carried out in the honeybee retina, which is metabolically and morphologically compartmentalized. Light stimulus induces glucose uptake in the honeybee retinal glial cells, but these cells show no increased oxygen uptake. However the photoreceptors take up alanine derived from the astrocytic glucose and increase oxygen consumption (Tsacopoulos et al., 1994). This metabolic compartmentalization clearly displays a division of labor between glial cells and neurons, in which the glial cells take up glucose and glycolytically convert it to alanine, which is then transported to the photoreceptors via the interstitial space for oxidative metabolism. Magistretti and Pellerin (1997) work proposed a similar compartmentalized scenario in the mammalian brain, which is set in motion when neuronal activity results in elevated interstitial glutamate. The glutamate is co-transported with Na+ into the astrocyte, where the glutamate is converted to glutamine, then shuttled to the neurones for conversion to glutamate by glutaminase. However the excess Na+ must be pumped out of the astrocyte via the Na+-K+ ATPase and conversion of glutamate to glutamine requires ATP. The energy debt is met via astrocytic uptake of glucose followed by glycolytic conversion to lactate, yielding two molecules of ATP. One molecule of ATP fuels the Na+-K+ ATPase, the other glutamate conversion. The product of the glycolysis, lactate, is then transported out of the astrocyte and into the neurone where it is oxidatively metabolized (Pellerin and Magistretti, 1994). This is a superficially stoichiometrically pleasing scheme but has come in for intense scrutiny, key criticisms being that this scheme obviously only applies to glutamatergic brain areas; what occurs, for example, in white matter, and if all glucose and glycogen goes to lactate what fuels other processes? The debate is too convoluted and voluminous to describe in detail here, but the following reviews may be consulted to provide a balanced view of both sides of the argument with those opposed to the hypothesis proposing arguments that cannot be ignored (Chih et al., 2001; Dienel and Hertz, 2001; Chih and Roberts, 2003; Pellerin and Magistretti, 2003, 2012; Aubert et al., 2005; Dienel, 2010; DiNuzzo et al., 2010).

ELEVATED INTERSTITIAL K+ PROMOTES GLYCOGENOLYSIS

A recent study has linked elevations in extracellular K+, as would occur during increased neuronal activity, to promotion of astrocytic glycogenolysis (Choi et al., 2012). This is a more universally applicable mechanism as all neurons/axons, be they central or peripheral, release K+ into the interstitium as a result of activity (Kandel et al., 2000). The greater the intensity of the activity the greater the increase in K+, and as demonstrated in rat optic nerve the K+ increase in the interstitium is buffered very efficiently by astrocytes (Ransom et al., 2000), and retreats towards baseline in the order of seconds. In the sciatic nerve the stimulus induced increases in K+ are attenuated, and the elevations persist for longer, suggesting less efficient buffering than occurs in central tissue (Hoppe et al., 1991). The interstitial K+ activates a Na+-HCO3− co-transporter on the astrocyte membrane, whose activation results in intracellular alkalization. This change in intracellular HCO3 results in increased soluble adenylyl cyclase (sAC) activity, an enzyme that causes elevated cAMP, leading to glycogenolysis, and production of intracellular lactate (Choi et al., 2012). The lactate is transported out the cell to the neurones, where it acts as an energy substrate for oxidative phosphorylation (Figure 4).
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FIGURE 4. Interstitial K+ stimulates astrocytic glycogenolysis. Increased neural activity promotes elevated interstitial K+, which activates the Na+-HCO3− coupled transporter leading to alkalization of the astrocyte cytoplasm. This activates soluble adenylyl cyclase (sAC), which in turn elevates cytoplasmic cAMP leading to glycogenolysis and transfer of lactate out of the astrocyte for neuronal oxidative metabolism. Adapted from Figure 7 (Choi et al., 2012).



In a complementary study interstitial K+ elevations were shown to have a separate but related effect, activating a channel on the astrocyte membrane through which pools of astrocytic lactate could flow into the interstitium, in parallel with the established route of MCTs (Sotelo-Hitschfeld et al., 2015). This is a very important route for astrocytic lactate release, since it is coupled to the membrane potential and allows lactate release against a concentration gradient, whereas the MCT is electro-neutral and net flux is governed by the trans-membrane concentrations of H+ and lactate (Figure 5).
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FIGURE 5. Interstitial K+ promotes astrocytic lactate release via the lactate channel. As described in Figure 4, neural activity results in elevated interstitial K+. This activates a channel leading to release of the cytoplasmic lactate pool into the interstitium, which, via a positive feedback loop, causes further lactate release. Adapted from Figure 8 (Sotelo-Hitschfeld et al., 2015).



GLYCOGEN AND MEMORY

It is germane at this point to reflect upon the properties of glycogen and how these can confer certain metabolic advantages. Glycogen is an energy buffer, present in astrocytes that can be mobilized rapidly, without the need to expend ATP, as is the case with glucose. As such glycogen stands as a readily metabilizable energy source that would rapidly provide energy substrate. Compare this to glucose, which is delivered via the blood stream implying delivery of excess glucose would require delivery of excess blood, a process called functional hyperemia. This is a comparatively slow process (Gordon et al., 2008), and would be unable to deliver the instant energy required by neurones. This is worth bearing in mind in the following discussion of the role of glycogen during memory formation.

In studies dating back two decades the role of glycogen in supporting one of the most important brain functions, learning and memory commenced. Learning and memory are functions that can be tested in live animals via a series of standard tests (Kandel et al., 2000). The underlying cellular mechanisms are rather more difficult to pin down, but in a variety of animal models, including chick and rats, these have been ascribed to long-term potentiation (LTP) in the hippocampus. This process is quantifiable by using electrophysiological techniques, where a brief, high frequency conditioning stimulus is applied to axonal input to the CA1 pyramidal cell dendritic field. The resulting synaptic response is enhanced post-conditioning, an indication of “learning” occurring at the synapse (Malenka, 2003). The initial studies took place with the chick as the animal model. The chick was exposed to two beads, red or blue in color. The red bead was coated in an aversant compound and the chicks choice of pecking was noted. The ratio between the number of pecks of red beads and blue was measured, with an increased ratio indicative of red bead avoidance and hence learning (Hertz et al., 1996). The concentration of glycogen in the forebrain decreased concomitant with an increase in glutamate (Hertz et al., 2003). The learning process could be attenuated by inhibiting glycolysis or glycogenolysis and restored by applying exogenous aspartate and acetate, which is metabolized in the astrocytes, or application of glutamine (Gibbs et al., 2006a,b). These studies demonstrated robust learning in the chick, which appeared to involve breakdown of glycogen to ultimately produce glutamate.

The main findings of these chick experiments were extended in studies on rodents to encompass not only live animal studies on learning and memory, but investigation of the cellular mechanism underlying these processes using in vitro techniques. Rats were placed in a white chamber, separated from another chamber by a door. The experimenter opened the door, and when the rat entered the new chamber it received an electric footshock, and was then placed back in the white chamber. The time taken for the rat to re-enter the second chamber was taken as an index of memory, with increased latency signifying that the rat had learned to avoid the chamber (Taubenfeld et al., 2001). The rats were tested daily after the conditioning shock, and the latency to re-enter the second chamber was stable at about 300 s for up to 7 days. Injection of the GP inhibitor DAB into the rat’s brain decreased the latency indicating that memory was impaired. Exogenously dialyzed lactate into the hippocampus circumvented the inhibitory effects of DAB and augmented the latency. Electrophysiological recordings of LTP in hippocampal slices showed that in the presence of DAB the synaptic efficacy was initially enhanced, but this rapidly fell, indicative of no long-term enhancement of synaptic efficacy occurring (Suzuki et al., 2011). These data confirm a role for glycogen in the process of memory. This data appears to suggest there is a metabolic aspect to LTP, that glycogen-derived lactate is an integral component of the process (Suzuki et al., 2011). The speed with which glycogen can be metabolized makes it an ideal energy buffer, capable of rapid delivery of lactate to the neuronal elements that exhibit very rapid augmentation of synaptic efficacy in response to high frequency conditioning pulses.

This conclusion was further complemented by a study on mice where brain glycogen synthase (GS) was knocked out. Biochemical assay revealed that liver and muscle glycogen were unaffected. In these knockout animals learning and memory was impaired compared to control animals (Duran et al., 2013). Whilst initially in agreement with the previous studies, these data must be considered in the context of the role brain glycogen plays during physiological activity. The data suggests that only learning and memory were affected, since animals appeared to be normal, suggesting that brain glycogen is not vital for life, and that its absence does not lead to any significant observable pathology. Obviously more detailed studies on the effect of brain GS knockouts are required.

GLYCOGEN AND EXERCISE

A role for glycogen during exercise is emerging. Its role as an energy reserve has important consequences during exercise with skeletal muscle glycogen used to provide energy. The effects, if any, of exercise on brain glycogen were unknown. Initial studies demonstrated that in rats exercising on a treadmill, the skeletal muscle glycogen fell by up to 90%, but super-compensated to ~45% after 24 h recovery. A similar scenario occurred in the brain, with a decrease of over 50%, with regional specific decreases, followed by super-compensation (Matsui et al., 2012). Interestingly with substantial exercise training the brain glycogen baseline level increased, which may be due to the increased energy demands required by the brain during exercise. However in these studies there was significant systemic hypoglycemia. Thus experiments were carried out in animals in which no hypoglycemia was achieved. In this instance brain glycogen fell, but lactate in the brain increased, implying glycogen plays a role in the brain during exercise that is not affected by hypoglycemia. Exercise results in increased serotonin turnover, which may promote glycogenolysis (Matsui et al., 2015). The same group have reported that type 2 diabetic patients had higher glycogen in the hippocampus, hypothalamus and cortex, and that MCT2 protein levels decreased, suggesting less efficient lactate shuttling (Shima et al., 2016). This effect has been correlated with exercise, which was shown to increase glycogen levels, MCT2 expression and improve cognitive performance. Thus these data support a link between glycogen levels and cognitive performance.

CONCLUSION

The role(s) of nervous system glycogen are slowly emerging. Far from being a mere metabolic curiosity, it appears to act as an energy buffer, capable of the rapid delivery of the energy substrate lactate, to fuel neural function. Established occasions when this occurs are during the absence of glucose, or during hypoglycemia where glycogen derived lactate acts as a supplemental energy substrate to fuel neuronal function. As such a balance appears to be struck between ambient glucose and glycogen-derived lactate, when the former, is insufficient to meet immediate energy requirements delivery of the latter is increased. Brain glycogen also plays a pivotal role in learning and memory, where it’s presence is an absolute requirement for the transformation of short term learning into storage as memories. As such glycogen is positioned to play the key role as a buffer to supply energy substrate for short term increases in energy demand as occurs during the cellular mechanisms underlying LTP.
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Recent advances in sequencing technologies led to the identification of a plethora of different genes and several hundreds of amino acid recoding edited positions. Changes in editing rates of some of these positions were associated with diseases such as atherosclerosis, myopathy, epilepsy, major depression disorder, schizophrenia and other mental disorders as well as cancer and brain tumors. This review article summarizes our current knowledge on that front and presents glycine receptor C-to-U RNA editing as a first example of disease-associated increased RNA editing that includes assessment of disease mechanisms of the corresponding gene product in an animal model.
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INTRODUCTION

The conversion of genetic information from the DNA to the protein level includes the transcription of a given gene into RNA and its subsequent translation. Protein expression is tightly regulated at each step, and depends on the presence and activity of a bulk of proteins, which in most cases are themselves regulated by further proteins, hormones, metabolites or other modulators. Thus, any cell may generate nearly infinite expression profiles being able e.g., to differentiate in a tissue-dependent manner during development or to adapt to changes in environmental conditions. The variability of a genome is further increased by posttranscriptional modifications that change the genetic information during expression and lead to alternative variants of a given protein. Posttranscriptional modifications may occur at each step of gene expression and are carried out by evolutionarily conserved mechanisms. Commonly known posttranscriptional modifications are the splicing events in the nucleus, RNA editing and the specific insertion of a selenocysteine instead of a cysteine during translation. This review article focuses on RNA editing of nuclear transcripts in higher eukaryotes, its mechanisms, systemic relevance and association with development and disease.

RNA EDITING—ENZYMES AND MECHANISMS

RNA editing was described for the first time in Trypanosoma where the mRNA of the mitochondrial gene coding for cox-2 was found to differ from its expected sequence in terms of four missing uridines at the 5′ end in comparison to the respective DNA sequence (Benne et al., 1986). Subsequently to this intriguing discovery, it became clear that this “RNA editing” event occurs much more frequently, and that about 60% of the genomic information in mitochondria of Trypanosoma is edited by insertion or deletion of uridines. Nuclear mRNA of higher eukaryotes was also found to be edited in a reproducible fashion. However, unlike Trypanosoma, editing of nuclear mRNA in higher eukaryotes is rather a consequence of amination or deamination of purines and pyrimidines than a consequence of nucleotide insertion or deletion. The prevalent type of RNA editing in higher eukaryotes results from two types of hydrolytic enzymatic deamination reactions. As discussed below in more detail, deamination of cytidine leads to the conversion to uridine (C-to-U), which is dependent on the APOBEC (“apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like”) gene family and auxiliary proteins. Enzymatic deamination of adenosine yields inosine (A-to-I) and is dependent on the ADAR (“adenosine deaminase acting on RNA”) enzyme gene family. U-to-C and G-to-A RNA editing may also occur due to amination of the respective bases (Sharma et al., 1994; Grohmann et al., 2010; Niavarani et al., 2015; Knie et al., 2016).

THE ADAR GENE FAMILY

Members of the ADAR family catalyze the deamination of adenosine to inosine except in protozoa, yeast and plants (Jin et al., 2009). Inosin is interpreted as guanosine (G) during mRNA translation. ADAR principle function and sites of action are shown in Figure 1. ADAR enzymes are highly conserved among invertebrates and vertebrates. Three different ADAR genes (ADAR1–3) were identified in the mammalian genome with ADAR1 being the first one (O’Connell and Keller, 1994; Kim et al., 1994a). During evolution, the ADAR family putatively arose from adenosine deaminases acting on tRNA (ADAT), which are conserved from yeast to man and also have a bacterial ortholog (TadA). Interestingly, the evolutionary predecessors of adenosine deaminases (ADAT and ADAR) are cytidine and not adenosine deaminases acting on mononucleotides, classifying ADARs, like APOBECs, into the cytidine deaminase family. This viewpoint is corroborated by comparison of the X-ray structures of the ADAR and APOBEC catalytic domains (for mechanisms of APOBEC-dependent RNA editing see below). The deamination motif of human ADAR2 bears two α-helices (α2 and α5) and four ß-strands that form a structure similar to the core of cytidine deaminase catalytic domains (Macbeth et al., 2005). Another similarity in the structural implications of APOBEC and ADAR is Zn2+ complexation at the active site of ADAR that is mediated by the histidine and glutamate residues of an HAE motif (aa 394–396 in human ADAR2) and the more distally located cysteine residues C451 and C516 (human ADAR2). Unlike APOBEC, members of the ADAR family are able to catalyze deamination without the aid of additional auxiliary proteins (Nishikura, 2010). This independent mode of action is perhaps intrinsic to several RNA binding domains located in the N-terminal part of the ADAR proteins. Thus, investigation of deamination mechanisms and the search for in vivo substrates may be more straightforward than in the case of the APOBEC enzymes. Catalytic activity has only been shown for the ubiquitously expressed ADAR1 and ADAR2 (Kim et al., 1994b; Higuchi et al., 2000) but not for brain specific ADAR3 which may be a regulatory component of the A-to-I editing machinery as it binds single and double stranded RNA and was shown to inhibit in vitro the activities of RNA editing enzymes of the ADAR gene family (Chen et al., 2000; Nishikura, 2010). Though most of the A-to-I RNA editing sites were attributed to non-coding genome regions such as Alu repeats or L1 LINE (Neeman et al., 2006), an increasing number of A-to-I RNA editing sites in protein coding regions is identified using advanced sequencing techniques (Levanon et al., 2005; Li et al., 2009; see http://www.rnaedit.com). Furthermore, there are some important indications that ADAR-mediated RNA editing modulates the efficiency of RNAi pathways including the generation of microRNAs (miRNAs) and the processing of small interfering RNAs (siRNAs) (Nishikura, 2006). However, 17 different amino acid recoding events can occur due to A-to-I changes within codons (Figure 1).
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FIGURE 1. Principles of A-to-I RNA editing. The hand-drawing top left provides a schematic illustration of the deamination of adenosine to inosine (A-to-I). In contrast to APOBEC-dependent C-to-U RNA editing, ADARs do not need auxiliary proteins for deamination but rely on secondary mRNA structure motifs within introns (bottom-left). A-to-I RNA editing can lead to indicated (right-hand) amino acid recoding events. Selected edited products and their possible involvement in disease are discussed in this review article.



RNA and DNA binding of ADAR1 have been attributed to Z-DNA binding domains, which might confer target site specificity of editing of viral RNA templates (Brown et al., 2000) and, thus, play a virus selective role in the host response to infection (George and Samuel, 2011). When ADAR1 or ADAR2 is incubated with double-stranded RNA (dsRNA; >20 bp), about 50% of the adenosine residues will be edited in a promiscuous fashion (Bass and Weintraub, 1987; Nishikura et al., 1991). However, dsRNA molecules with imperfectly matched base pairs lead to a more selective action of ADAR, indicating that the secondary structure of the RNA substrate is crucial for site specificity of an ADAR-mediated editing event (Figure 1). Thus, cellular editing by ADAR occurs preferentially in double stranded RNA with mismatches, bulges and internal loops, suggesting that target site selectivity is based on conformation rather than on a particular sequence (Bass, 1997). The type of mismatch greatly influences A-to-I editing efficiency, with A:C being preferred over A:A, A:G or A:U (Wong et al., 2001). Nonetheless, in some cases A-to-I RNA editing does not occur although the target position seems to be in the right context (Lehmann and Bass, 2000). Actually, epigenetic regulation can contribute to ADAR-dependent A-to-I RNA editing, as was recently revealed by investigation of the cellular epitranscriptome and identification of methyl-6-adenosine RNA modification (Saletore et al., 2013), which blocks ADAR-dependent RNA editing (Véliz et al., 2003) and may be a ground-breaking discovery for personalized medical care (see below for a discussion of A-to-I RNA editing-dependent mechanisms in disease). Another possibly promising pharmaceutical approach may consist in targeting RNA splicing. In fact, ADAR2 activity can lead to creation of new RNA splice sites in ADAR2-coding mRNA and lead to alternative ADAR splice variants with altered RNA editing capacity (Rueter et al., 1999).

ADAR-DEPENDENT RNA EDITING IN DEVELOPMENT

Already 30 years ago, it was postulated that A-to-I RNA editing may play an important role in development (Bass and Weintraub, 1987). Indeed, recently, down-regulation of α3-GABA(A)R expression was shown to result from A-to-I RNA editing by ADAR1 or ADAR2 at the I/M site (AUA-to-AUG coding for isoleucine [I] and methionine [M], respectively, Figure 1), which impairs GABA(A)R α3 surface expression, suggesting that by trafficking control of α3-containing receptors RNA editing may facilitate the switch of subunit compositions during development and affect the subcellular distribution of α subunits in the adult brain (Ohlson et al., 2007; Daniel et al., 2011). Switching subunit compositions may accelerate GABAergic synaptic response kinetics and enhance spike-timing precision at more mature developmental states, as GABA(A)R α3 expression is developmentally downregulated and GABA(A)R α1-coding mRNA cannot be edited at the I/M position (because AUU encodes isoleucine in mouse, rat and human; Lavoie et al., 1997; Jüttner et al., 2001).

Due to the advances in sequencing techniques a recent study could survey changes in the global landscape of A-to-I RNA editing in human brain tissues and revealed many more gene products that undergo developmental and disease-specific changes in gene expression. Thereby a spatiotemporal atlas of RNA editing was created that revealed a dynamic profile of RNA editing (Hwang et al., 2016). This pioneering study revealed three patterns of uniquely regulated RNA editing sites during cortical development from fetal to old age comprising stably high, stably low, and increasing editing at given sites. The increasing pattern of A-to-I RNA editing included sites in vesicle or organelle membrane-related genes and glutamate signaling pathways. In two selected disorders, namely spinal cord injury and glioblastoma, perturbed A-to-I RNA editing could be demonstrated, as discussed below in more detail.

ADAR-DEPENDENT RNA EDITING IN DISEASE

The pioneer studies by Peter H. Seeburg revealed a critical position that, amongst others, determines the calcium permeability of the AMPA-type ionotropic glutamate receptor channel and is situated in the hairpin loop between transmembrane domains 1 and 3 (Seeburg et al., 2001). In this case, A-to-I RNA editing at the Q/R site (CAG-to-CGG) of the AMPA receptor subunit GluA2 occurs at a rate of virtually 100% (Figure 1). Genetically engineered mice that carry an editing resistant Q/R site in Gria2—with 70% GluA2 mRNA expression from wild-type and 75% editing vs. 100% in wild-type—develop severe epilepsy with generalized seizures and premature postnatal lethality (Brusa et al., 1995). A conditional mouse model with deficient GluA2 Q/R editing only in forebrain had its seizure origin in the hippocampus (Krestel et al., 2004). To test the hypothesis whether editing deficiency at the GluA2 Q/R site contributes to human mesial temporal lobe epilepsy (TLE), hippocampi from patients who had undergone surgery for pharmacotherapy-resistant epilepsy were analyzed. It turned out that: (i) the GluA2 Q/R site editing belongs to the stably high editing pattern with 100% editing in all patients analyzed aged from 5 years to 57 years at the time of surgery; (ii) epilepsy could not perturb this stably high pattern; and (iii) epilepsy in mice due to deficient GluA2 Q/R site editing probably was an artifact of genetic engineering (Krestel et al., 2013).

In patients with amyotrophic lateral sclerosis, decreased RNA editing at the Q/R site was found to occur in motor neurons (Kwak and Kawahara, 2005; Figure 2). In fact, ADAR2 gene targeting in motor neurons provokes a decline in motor function and the phenotype can be reverted if the mice express RNA edited GluA2 (Higuchi et al., 2000; Hideyama et al., 2010). Reduced A-to-I RNA editing at the Q/R site of GluA2 was furthermore shown to be associated with glioblastoma (Maas et al., 2001; Figure 2). However, in spinal cord injury and glioblastoma, the developmentally increasing pattern of A-to-I RNA editing of many gene transcripts seems to be disrupted (Hwang et al., 2016), raising the question about underlying mechanisms of these diseases (Fu et al., 2016), including investigation of “master” genes that regulate function of down-stream genes and thus govern signaling cascades involved in disease. Regarding GluA2 under-editing, which was more pronounced in glioblastoma compared to neighboring non-tumor tissue (Hwang et al., 2016), and taking into account that brain tumor cells can release glutamate by transferrin-mediated iron accumulation (Chirasani et al., 2009), reduced RNA editing and increased calcium signaling through GluA2 may contribute to aggressiveness of tumor growth and expansion. Regarding spinal cord injury in a mouse model (Chen et al., 2013), decreased RNA editing of GluA2 in the epicenter of the injured site actually points to a disease-promoting mechanism, as cellular calcium overload should promote neurodegeneration.
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FIGURE 2. Pathophysiological implications of altered ADAR-dependent RNA editing in disease. Both up- and down-regulation of A-to-I RNA editing (indicated by orange and blue colors, respectively) were associated with several, different diseases. Note that up-regulation of GABAAR α3 RNA editing makes an exception as it plays a role in development (indicated by gray text color).



Moreover, changes in ADAR-mediated A-to-I RNA editing were associated with several other types of cancer, including breast cancer, neuroblastoma and hepatocellular carcinoma; for a review see Fu et al. (2016), suggesting that some common master gene products may be involved in the pathogenesis of these diverse diseases. Finally, in human postmortem brains of patients with schizophrenia and bipolar disorder ADAR2 expression tended to be decreased, and decreased ADAR2 expression was significantly correlated with decreased editing of the R/G sites of AMPA receptors (Kubota-Sakashita et al., 2014; Figures 1, 2). All these examples point to a crucial role of AMPA-type glutamate receptor RNA editing in many disease conditions, but the underlying mechanisms still remain obscured and need to be addressed. Although RNA splicing of ADAR2 may provide correlative mechanistic insights into the interrelation between enzyme function and RNA editing (Fu et al., 2016), identification of a general downstream mechanism of disease manifestation, e.g., changes in calcium signaling, would eventually reveal promising strategies to tackle these diseases early in their pathomechanisms.

Serotonergic neurotransmission was shown to be influenced by RNA editing of serotonin receptors (5-HT2C-R; Gurevich et al., 2002a; Figures 1, 2). A-to-I RNA editing of 5-HT2C-R at up to five positions decreases the apparent receptor affinity to serotonin, with codon 158 (AAU-to-AGU [C site] or –GAU [E site] or –GGU [C and E sites]) in the intracellular loop between transmembrane domains 3 and 4 producing the strongest effects (up to a 20-fold decrease; Fitzgerald et al., 1999). Editing of 5-HT2C-R thus seems to be a versatile tool for neurons to dynamically adjust receptor response properties to alterations in serotonin levels. This is an economic way of regulation as it bypasses the need for supplementary genes (or exons that could be alternatively spliced) and associated regulation of gene expression. However, the mechanism may also fail as a complex pattern of altered RNA editing in depressed suicide victims was suggested to exacerbate the effects of low serotonin (Gurevich et al., 2002b; Figure 2). Furthermore, G-to-A RNA editing occurs in transcripts coding for tryptophan hydroxylase 2 (TPH2a) that controls brain serotonin synthesis (Grohmann et al., 2010). In this case, G-to-A editing leads to amino acid substitution R441H that decreases TPH2a enzyme activity and, thus, may also contribute to major depression disorder (Grohmann et al., 2010; Figure 2). In fact, coincident changes in RNA editing of both 5-HT2C-R and TPH2 may result in a cumulative decrease in 5-HT signaling, constituting a worst-case scenario for the patients.

Potassium channels also undergo A-to-I RNA editing which substitutes valine for isoleucine at position 400 (I400V) within the transmembrane domain 6 of human Kv1.1 (Bhalla et al., 2004). The resulting accelerated recovery from inactivation and increase in K+ outward current upon membrane depolarization (Bhalla et al., 2004) can stabilize repolarization through Kv1.1 potassium channels and thus control neuronal excitability. The Kv1.1 I/V site belongs to the “increasing pattern” observed in human brain development (Hwang et al., 2016), as mentioned above. On the other side, a decrease of RNA editing may translate into destabilized repolarization and may contribute to the maintenance of neuronal hyperexcitability. Remarkable in this context is the observation that the RNA editing rate decreases with epilepsy duration in the removed hippocampus of patients who underwent surgery for intractable mesial TLE with hippocampal sclerosis but not with other clinical parameters (Figure 2). A specific association of the decrease with either the epileptic process itself or its antiepileptic medication history was suggested (Krestel et al., 2013).

THE APOBEC GENE FAMILY

The successful cloning of APOBEC-1, the first identified member of the APOBEC gene family of cytidine deaminases (Navaratnam et al., 1993; Teng et al., 1993), signified an important hallmark in research of the molecular components of the mammalian C-to-U editosome. APOBEC is a family of evolutionarily conserved proteins. As of today, 10 additional cytidine deaminases homologous to APOBEC-1 and thus contributing to the APOBEC gene family were identified (APOBEC-1, -2, -3A, -3B, -3C, -3D, 3E, -3F, -3G, -3H, -4; activation-induced cytidine deaminase (AID); Bransteitter et al., 2009). While members of the APOBEC enzyme family are responsible for editing of pre-mRNA, single stranded DNA (ssDNA) and genomic DNA, AID seems to mostly edit ssDNA and contribute to the adaptive immune response by introducing dC-to-dU mutations into the VDJ region of the immunoglobulin gene (Conticello, 2008). APOBEC-1 is the best characterized member of the APOBEC gene family. Thanks to the pioneer work of Harold C. Smith, the role of APOBEC-1 and auxiliary proteins in pre-mRNA editing of apolipoprotein B (ApoB) was elucidated in great detail (Backus and Smith, 1992; Schock et al., 1996; Dance et al., 2002; Smith, 2007). The role of APOBEC-2 was discovered more recently. APOBEC-2 was shown to be involved in C-to-U RNA editing of eukaryotic translation initiation factor 4 gamma 2 as well as phosphatase and tensin homolog (PTEN) genes and to be associated with tumorigenesis (Okuyama et al., 2012). In addition, APOBEC-2 plays a crucial role in muscle development (Sato et al., 2010) and in the TGFß-mediated manifestation of internal organ left-right asymmetry during development (Vonica et al., 2011). APOBEC-3A-H can inhibit the propagation of HIV and human papillomavirus (HPV) by editing the viral double-stranded cDNA intermediates that serve as template for the expression of viral proteins (Conticello, 2008; McDougall et al., 2011). APOBEC-3B may preferentially edit genomic DNA and is implicated in cancer as its expression correlates with increased DNA damage and thus represents an enzymatic source of mutation in breast cancer (Burns et al., 2013). APOBEC-3G edits ssDNA under certain conditions (McDougall et al., 2011). By deaminating C to U and thus inserting mutations, APOBEC-3G might protect the mammalian genome against the spread of retroviruses. Supportive evidence comes from the upregulated expression of APOBEC-3G in inflammatory skin disorders such as Lichen planus. This disease is believed to be associated with activation of quiescent human endogenous retroviruses, and upregulation of APOBEC-3G is perceived as an endogenous defense mechanism (Nogueira et al., 2015). APOBEC-4 was found by in silico methods (Rogozin et al., 2005) and appears to influence HIV-1 expression (Marino et al., 2016).

A common feature of all members of the APOBEC family is an N-terminal catalytic domain comprising the sequence HXEX27/28PCXXC (Jarmuz et al., 2002) that coordinates a Zn2+ ion within the active center of the enzymes. The tertiary structure of APOBEC catalytic domains, derived from X-ray and NMR studies on APOBEC-2 (Prochnow et al., 2007) and APOBEC-3G (CD2, a C-terminal additional catalytic domain only present in some APOBEC isoforms; Chen et al., 2008; Holden et al., 2008), is composed of a five ß-strands containing ß-sheet that is surrounded by six α-helices. In the case of full-length APOBEC-2, homo-tetramerization has been shown to prevent the active site of the catalytic domains to be accessible to nucleic acids (Prochnow et al., 2007), counteracting the catalytic activity of the enzyme. This self-inhibitory action of APOBEC-2 might explain why demonstration of in vivo deamination activity of this isoform is rather challenging. However, the C-to-U RNA editing mediated by APOBEC-1 depends on many auxiliary proteins (Blanc and Davidson, 2010; Table 1 and Figure 3). Although APOBEC-1 itself can accommodate RNA substrates involving zinc-finger domains and, additionally, two critical phenylalanines (Anant et al., 1995; Navaratnam et al., 1995), APOBEC-1 complementation factor (ACF) is essential for editing activity (Schock et al., 1996; Mehta et al., 2000). ACF contains RNA recognition motifs (RRM) that direct APOBEC-1 to the target sites (Lellek et al., 2000; Mehta et al., 2000; Henderson et al., 2001). These RRM domains bind to the mooring sequence UGAUCAGUAUA located downstream of the edited position and thus confer target specificity (Smith, 2007), while the C-terminal auxiliary domain of ACF is required for interaction with APOBEC-1 (Mehta and Driscoll, 2002). Furthermore, the RNA-binding protein CUGBP2 is part of the APOBEC-1 holoenzyme and specifically targets AU-rich elements immediately upstream of the edited position (Anant et al., 2001). Many other factors have also been shown to modulate ApoB RNA editing, although in these cases the mechanisms are less well understood (Table 1). APOBEC-1 knockout mice do not edit ApoB mRNA (Hirano et al., 1996; Nakamuta et al., 1996), even though these mice express other members of the APOBEC gene family, indicating the intriguing specificity of this editing process. APOBEC-1 and ACF are present in both cytoplasm and nucleus but within the progress of protein expression, ApoB mRNA editing appears to be not cytosolic but intra-nuclear and post-transcriptional (Lau et al., 1991; Blanc and Davidson, 2010). A detailed review of the current knowledge about ApoB mRNA editing by APOBEC-1 was recently published by Harold C. Smith (Prohaska et al., 2014).

TABLE 1. APOBEC-1 auxiliary proteins.
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FIGURE 3. Principles of C-to-U RNA editing. The hand-drawing top left provides a schematic illustration of the deamination of cytidine to uridine (C-to-U). In contrast to ADAR-dependent A-to-I RNA editing, APOBEC needs auxiliary proteins for deamination as detailed in Table 1 and exemplified in the bottom-left panel. Thus, the mature mRNA can be RNA-edited. C-to-U RNA editing can lead to indicated (right-hand) amino acid recoding events. Some selected gene products associated with disease (in brackets) and their possible involvement in disease are discussed in this review article.



C-to-U RNA editing can lead to 13 different amino acid recoding events, with two of them leading to a STOP codon, as shown in Figure 3. In the following section, examples of amino acid recoding C-to-U RNA editing associated with disease will be presented.

APOBEC-DEPENDENT RNA EDITING IN DISEASE

The mRNA coding for ApoB is C-to-U RNA edited (Boström et al., 1990). By regulating low and high density lipoprotein metabolism, RNA editing and the resulting biosynthesis of truncated ApoB48 protein is a critical regulator of plasma cholesterol content (Nakamuta et al., 1996), and dysregulation of APOBEC-1-dependent ApoB48 expression results in hypercholesterolemia and atherosclerosis (Fu et al., 2004; Figure 4).
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FIGURE 4. Pathophysiological implications of altered APOBEC-dependent RNA editing in disease. Both up- and down-regulation of C-to-U RNA editing (indicated by orange and blue colors, respectively) were associated with several, different diseases. However, compared to diseases that have been associated with altered A-to-I RNA editing, this list is rather short. In particular, in half of the cases, the question marks indicate global changes in C-to-U RNA editing due to changes in enzyme expression without identification of specific gene products that were associated with up- or down-regulation of the APOBEC enzymes in animal models or tissue samples of patients. The red framed example is discussed in more detail in this review article.



As mentioned above, G-to-A editing leads to amino acid substitution R441H that decreases TPH2a enzyme activity (Grohmann et al., 2010). However, the alternatively spliced TPH2b enzyme can be C-to-U RNA-edited within the splice insert exon 3b, leading to c.385C>T and a truncated protein variant due to Q129X substitution (Grohmann et al., 2010). Editing at this position of TPH2b transcripts of suicides and patients with schizophrenia decreased substantially by 50% and 30%, respectively (Grohmann et al., 2010; Figure 4).

Changes in C-to-U RNA editing were also associated with several other diseases. In particular, APOBEC-2 deficient mice showed a markedly increased ratio of slow to fast fibers in soleus muscle and exhibited a reduction in body mass from birth onwards, with elderly mutant animals revealing clear histological evidence of a mild myopathy (Sato et al., 2010; Figure 4). Increased expression of APOBEC-2 in the liver resulted in significantly high frequencies of nucleotide alterations in the transcripts of eukaryotic translation initiation factor 4 gamma 2 as well as PTEN and was accompanied by hepatocellular carcinoma in 10% of 72 weeks old animals as well as lung tumors in 35% of transgenic mice analyzed (Okuyama et al., 2012; Figure 4).

APOBEC-3B seems to be an enzymatic source of mutation in breast cancer (Burns et al., 2013). In particular, the DNA cytosine deaminase activity of APOBEC-3B was shown to be up-regulated in primary breast tumors and breast cancer cell lines (Figure 4), suggesting that APOBEC3B-catalyzed deamination provides a chronic source of DNA damage in breast cancers that could select TP53 inactivation and explain how some tumors evolve rapidly and manifest heterogeneity. (Burns et al., 2013). Surprisingly, in the case of Wilms Tumor 1, APOBEC-3A was associated with a novel form of G-to-A editing, perhaps opening a way to further investigations into the mechanisms of other potential mRNA changes and helping us to redefine the RNA editing paradigm in both health and disease (Niavarani et al., 2015).

Although APOBEC-4 did not show any deamination activity, it was shown to enhance the replication of HIV-1, suggesting a natural role in modulating host promoters or endogenous long terminal repeat (LTR) promoters rather than being a cytosine deaminase (Marino et al., 2016).

Again, the description of global changes in C-to-U RNA editing due to changes in APOBEC-2, APOBEC-3 or APOBEC-4 function is not sufficient and can just be a starting point for the investigation of the critical targets that govern disease progression in the various kinds of diseases described here.

Like GABA type A receptors the neurotransmitter receptors for glycine (GlyRs) belong to the ligand-gated ion channel gene superfamily and are glycine-gated chloride channels which were involved in TLE, inflammatory pain sensitization, autism spectrum disorder and glioblastoma (Harvey et al., 2004; Eichler et al., 2008; Förstera et al., 2014; Pilorge et al., 2016). GlyRs are C-to-U RNA edited although the mooring sequence recognized by ACF is not very well conserved (Meier et al., 2005). In this case, C-to-U RNA editing leads to a gain-of-function as the resulting amino acid substitutions P185L (in GlyR α1 and α3 subunits) and P192L (in GlyR α2) increase apparent agonist affinities of the neurotransmitter receptors (see Eichler et al., 2008; Legendre et al., 2009; and Figures 5A,B). Actually, C-to-U RNA editing of GlyRs was shown to be increased in the hippocampus of patients with pharmacoresistant TLE (Eichler et al., 2008; Figures 4, 5), suggesting that it plays a critical role in this disease. To test this hypothesis, a corresponding animal model was generated and allowed investigation of neuron type-specific mechanisms of RNA-edited GlyR action (Winkelmann et al., 2014). In sharp contrast to the still prevailing dogma that GlyRs are exclusively located at the postsynaptic site of synaptic signaling (Tyagarajan and Fritschy, 2014), we found that RNA-edited GlyRs are expressed at the presynaptic terminals of hippocampal neurons (Winkelmann et al., 2014). This is due to RNA splicing of the GlyR α3 subunit (Nikolic et al., 1998; Eichler et al., 2009) and substantiated for other GlyR subunits due to the absence of GlyR β protein in the hippocampus (Weltzien et al., 2012). Actually, other researchers also highlight the importance of presynaptic GlyRs (for examples see Lee et al., 2009; Kubota et al., 2010; Waseem and Fedorovich, 2010). However, even if GlyRs are expressed at both presynaptic and postsynaptic sites, a small number of presynaptic RNA-edited gain-of-function GlyRs even a single cluster of the non-RNA-edited GlyR α3L splice variant, which contains up to 200 receptor channels (Notelaers et al., 2012), will have a greater impact on the presynaptic membrane potential due to the much smaller volume and hence electrical capacity of this compartment compared to the somatodendritic compartment (Meier et al., 2014). Notably in this context, application of a low glycine concentration (10 μM) to hippocampal slice preparations enhanced the occurrence of epileptiform activity whereas a high glycine concentration (100 μM) attenuated recurrent epileptiform discharge (Chen et al., 2014). These divergent effects can be explained by preponderant functional impact of low glycine on presynaptic GlyRs expressed at glutamatergic terminals, resulting in facilitated glutamate release, and massive recruitment of somatodendritic GlyR activation by 100 μM glycine, resulting in tonic inhibition, respectively. Based on current evidence we believe that the presynaptic compartment is particularly vulnerable to maladaptive changes in neurotransmitter receptor signaling in disease (for a review see Meier et al., 2014). In the context of the rather low neuronal ambient glycine concentration in the hippocampus, presynaptic RNA-edited GlyRs were indeed shown to facilitate neurotransmitter release and contribute to gain-of-function of the affected neuron types, which elicited neuropsychiatric symptoms like cognitive dysfunction or persistence of contextual fear memory in our animal model. The different symptoms depended on the neuron type that expressed the RNA-edited GlyR variant, namely glutamatergic principle neurons (Camk2a-Cre) and parvalbumin-positive neurons (Pvalb-Cre), respectively (Winkelmann et al., 2014; Çalişkan et al., 2016; Figures 5C,D). As these symptoms of the genetically targeted mice are reminiscent of the disease symptomatology of TLE patients, we are currently investigating whether novel molecular and chemical tools (antagonists of RNA-edited GlyRs) are able to identify the neuron types with increased GlyR RNA editing in the hippocampus of patients with TLE and to counterbalance GlyR-dependent changes in neural network excitability. However, and most importantly, these studies demonstrate that it is not sufficient to study changes in RNA editing using bulk material because the same RNA-edited gene product (i.e., GlyR) can elicit completely different symptoms, depending on the neuron type that expresses the pathogenic RNA-edited protein variant.
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FIGURE 5. Example of a RNA editing-dependent bedside-to-bench approach. (A) GlyR C-to-U RNA editing leads to amino acid recoding in the ligand binding domain (P185L or P192L, indicated by the orange filled red framed arrow); modified from Legendre et al. (2009). (B) The amino acid recoding increases apparent GlyR affinity to glycine irrespectively of the subunit composition as discussed in the main text. Panel (B) is reproduced from Legendre et al. (2009) and shown here again for the purpose of clarity. (C) Increased RNA editing of GlyR-coding mRNA in patients with temporal lobe epilepsy (TLE) as documented in 2008 by Eichler and colleagues. In a corresponding mouse model of TLE RNA-edited GlyRs elicited different neuropsychiatric symptoms depending on the neuron type that expressed these receptor variants, compared to control animals without expression of RNA-edited GlyR and indicated by red framed yellow arrows and the black framed gray arrow, respectively, placed between (B,C). (D) It is the presynaptic function of RNA-edited GlyRs that is responsible for increased neuronal impact on network function and the neuron type-specific neuropsychiatric symptoms described in the main text and shown in panel (C).



CONCLUSION AND PERSPECTIVE

RNA editing is an evolutionarily conserved process that has several advantages over gene mutation. Like alternative RNA splicing, the extent of RNA editing may be regulated, resulting in increased genomic variance. Furthermore, mRNA variability can be regulated whereas gene mutations are permanent. It seems as if there is reasonable evidence supporting altered RNA processing in a wide range of disease, including paroxysmal and neoplastic disorders of the brain, neuromuscular disease, as well as lung and liver disease and breast cancer. The examples discussed in this review article actually point to a critical role of deviation from normal RNA processing/editing in disease ontology and/or the epitranscriptomics of disease. However, there are several hundreds more amino acid recoding RNA editing events in many different gene products including gene regulatory transcripts (see http://www.rnaedit.com) that require investigation at the functional level; some of which may turn out to be the master regulatory targets of the editing machinery and disease-promoting cellular programs. Thus, we are just at begining of a new era of research that will ultimately need to identify functional changes of gene products due to amino acid recoding RNA editing and identify molecular key players that are masters and hence could signal upstream of, and regulate RNA processing machines. Furthermore, using animal models, in depth characterization of the functional consequences at both molecular and cellular levels are required to identify mechanisms that are responsible for the diverse phenotypes and disease symptomatology. The fact that there is an increasing number of patients with unknown cause of disease further underscores the need for characterization of causes and effects of epitranscriptional pathophysiological deviation from normal RNA processing, hopefully providing a future good starting point for the development of novel, genuine, therapeutic concepts.
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Amyloid-beta protein precursor (APP) and metabolite levels are altered in fragile X syndrome (FXS) patients and in the mouse model of the disorder, Fmr1KO mice. Normalization of APP levels in Fmr1KO mice (Fmr1KO/APPHET mice) rescues many disease phenotypes. Thus, APP is a potential biomarker as well as therapeutic target for FXS. Hyperexcitability is a key phenotype of FXS. Herein, we determine the effects of APP levels on hyperexcitability in Fmr1KO brain slices. Fmr1KO/APPHET slices exhibit complete rescue of UP states in a neocortical hyperexcitability model and reduced duration of ictal discharges in a CA3 hippocampal model. These data demonstrate that APP plays a pivotal role in maintaining an appropriate balance of excitation and inhibition (E/I) in neural circuits. A model is proposed whereby APP acts as a rheostat in a molecular circuit that modulates hyperexcitability through mGluR5 and FMRP. Both over- and under-expression of APP in the context of the Fmr1KO increases seizure propensity suggesting that an APP rheostat maintains appropriate E/I levels but is overloaded by mGluR5-mediated excitation in the absence of FMRP. These findings are discussed in relation to novel treatment approaches to restore APP homeostasis in FXS.

Keywords: amyloid-beta, amyloid-beta precursor protein, fragile X mental retardation protein, fragile X syndrome, hyperexcitability

INTRODUCTION

Amyloid-beta protein precursor (APP) levels are dysregulated in numerous neurological disorders that are comorbid with a seizure phenotype including fragile X syndrome (FXS) (Westmark, 2013). FXS is a trinucleotide repeat disorder caused by a CGG repeat expansion at the 5′-end of the FMR1 gene. Hypermethylation of the repeat expansion results in transcriptional silencing of the FMR1 gene and loss of expression of fragile X mental retardation protein (FMRP) (Jin and Warren, 2000). FMRP is an RNA binding protein (RBP) that plays a pivotal role in synaptic function. It is one of numerous RBP that interact with amyloid precursor protein (App) mRNA to regulate post-transcriptional and/or translational events involved in the synthesis of APP (Westmark and Malter, 2012). Specifically, FMRP binds to a guanine-rich region in the coding region of App mRNA and regulates APP translation through a metabotropic glutamate receptor 5 (mGluR5)-dependent pathway (Westmark and Malter, 2007). We hypothesize that altered expression of APP in FXS contributes to disease severity. In support of this hypothesis, genetic knockout of one App allele in Fmr1KO mice (Fmr1KO/APPHET mice) reduces APP expression in the Fmr1KO to wild type (WT) levels and rescues audiogenic-induced seizures (AGS), the percentage of mature spines, open field and marble burying behavioral phenotypes, and mGluR-LTD (Westmark et al., 2011). APP and metabolite levels are altered in Fmr1KO mice and FXS patients (Sokol et al., 2006; Westmark et al., 2011; Erickson et al., 2014; Pasciuto et al., 2015; Ray et al., 2016). Thus, APP is a potential therapeutic target as well as blood-based biomarker for FXS (Berry-Kravis et al., 2013; Westmark et al., 2016), and it is of interest to determine the effect(s) of APP levels on additional disease phenotypes. Herein, we ascertain the effects of App knockdown on hyperexcitability in the Fmr1KO mouse.

GENETIC REDUCTION OF APP RESCUES HYPEREXCITABILITY IN Fmr1KO MICE

The psychiatric phenotype of FXS includes hyperexcitability traits such as tactile defensiveness, attention deficits, hyperactivity, and hyperarousal to sensory stimulation (Tranfaglia, 2011). There is high comorbidity of epilepsy in FXS with electroencephalogram (EEG) patterns most often consisting of a centrotemporal spike pattern resembling Benign Focal Epilepsy of Childhood (BFEC) (Berry-Kravis, 2002). Hyperexcitability can be modeled in the Fmr1KO mice both in vivo and in vitro (brain slices). In vivo, the Fmr1KO mice are susceptible to AGS (Chen and Toth, 2001). In the AGS model, mice are exposed to 110 dB siren, which elicits out-of-control (wild) running and jumping followed by convulsive seizures and often death. There is substantial evidence that dysregulated APP expression alters seizure propensity. AGS are exacerbated by overexpression of APP in the Fmr1KO mouse (FRAXAD mice) and partially rescued by reduced expression of APP in Fmr1KO/APPHET mice (Westmark et al., 2010, 2011). Alzheimer's disease (Tg2576) and Down syndrome (Ts65Dn) mice, which overexpress human and mouse APP respectively, are highly susceptible to AGS (Westmark et al., 2010). Numerous mouse models that express altered APP or metabolite levels exhibit elevated rates of spontaneous or provoked seizures (Moechars et al., 1996; Steinbach et al., 1998; Del Vecchio et al., 2004; Lalonde et al., 2005; Palop et al., 2007; Kobayashi et al., 2008; Westmark et al., 2008; Minkeviciene et al., 2009; Ziyatdinova et al., 2011; Sanchez et al., 2012) while suppression of transgenic APP in Alzheimer's disease mice during postnatal development delays the onset of EEG abnormalities (Born et al., 2014).

In brain slices, hyperexcitability can be measured by recording UP states and epileptiform discharges. UP states are short periods of local network activity that generate a steady-state level of depolarization and synchronous firing among groups of neighboring neurons (Gibson et al., 2008). Fmr1KO mice exhibit an increased duration of the UP state, consistent with network hyperexcitability (Gibson et al., 2008; Goncalves et al., 2013). Specifically, spontaneously occurring UP states are 38-67% longer in Fmr1KO than in WT slices (Hays et al., 2011). Deletion of Fmr1 selectively in excitatory neurons mimics the prolonged UP states whereas knockdown of mGluR5 rescues the hyperexcitability in the Fmr1KO with no effect in WT (Hays et al., 2011). To determine if hyperexcitability was rescued in Fmr1KO mice by knockdown of App, we recorded UP states in Fmr1KO/AppHET mice and littermate controls per previously described methods (Gibson et al., 2008). Briefly, Fmr1HET/AppHET females were bred with AppHET males to generate WT, Fmr1KO, AppHET and Fmr1KO/AppHET male littermates. Thalamocortical slices (400 μm) from postnatal day 24–28 (P24-P28) males were transected parallel to the pia mater to remove the thalamus and midbrain, and spontaneously generated UP states were recorded in layer 4 of the somatosensory cortex. The increased duration of the UP states observed in the Fmr1KO was completely rescued in Fmr1KO/APPHET mice (Figures 1A,B) where UP state duration decreased from 931 ± 55 milliseconds (ms) in Fmr1KO to 597 ± 30 ms in Fmr1KO/APPHET, (p < 0.001). UP state duration was not significantly different between APPHET and WT slices suggesting that rescue was not a consequence of a general reduction in excitability due to lower APP levels.
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FIGURE 1. Rescue of hyperexcitability in Fmr1KO mice by genetic manipulation of APP. Thalamocortical slices from WT (n = 17), Fmr1KO (n = 22), AppHET (n = 13), and Fmr1KO/AppHET (n = 13) male mice were assessed for neocortical hyperexcitability. (A) Trace recordings and (B) histogram depicting a significant increase in UP state activity in Fmr1KO slices compared to WT, which was completely rescued in the Fmr1KO/AppHET. Error bars represent SEM. Horizontal bars denote statistically different levels by one-way ANOVA and Bonferroni's multiple comparison test (P < 0.0001). DHPG-induced prolonged epileptiform discharges were assessed in hippocampal slices from Fmr1KO and Fmr1KO/AppHET male mice (n = 6 mice per cohort). The recordings were continuous for 3 or more hours in a single slice per animal. (C) Summary frequency histogram of synchronized epileptiform discharges from Fmr1KO and Fmr1KO/AppHET slices in the presence of DHPG (60 min) and after DHPG washout at the indicated times up to 2 h. The mean durations of epileptiform discharges in Fmr1KO/AppHET slices at 30, 60, 90, and 120 min after DHPG washout are significantly shorter than those in Fmr1KO for all times tested (P < 0.001).



Hyperexcitability can also be evaluated in slices of the CA3 region of the hippocampus in Fmr1KO mice. Prolonged epileptic bursts can be induced by group 1 mGluR agonists in both WT and Fmr1KO mice and with a GABAergic antagonist only in Fmr1KO (Chuang et al., 2005; Zhong et al., 2009). In WT slices, DHPG elicits short (~500 ms) synchronized discharges that gradually extend to reach an average duration of 4.4 ± 0.14 s at 60 min; and in untreated Fmr1KO slices, bicuculline elicits short <1 ms synchronized discharges that progressively increase in duration over 60 min (average duration 2.3 ïĆś 0.13 s) (Osterweil et al., 2013). These prolonged epileptiform discharges resemble the ictal discharges observed in the CA3 region in epilepsy (Merlin and Wong, 1997; Wong et al., 2004). The number and duration of ictal-like discharges were assessed by intracellular CA3 recordings in juvenile Fmr1KO and Fmr1KO/AppHET slices in the presence of DHPG (60 min) and after DHPG washout for up to 2 h as previously described (Chuang et al., 2005) (Figure 1C, Supplementary Figure 1). In the presence of DHPG, a distinct population of ictal-like discharges (burst duration > 1500 ms) occurred in both Fmr1KO and Fmr1KO/AppHET slices. After DHPG washout, the ictal-like discharges remained distinct for the duration of the recording (up to 2 h post-DHPG washout) in the Fmr1KO, but not in the Fmr1KO/AppHET slices. Thus, a major difference between Fmr1KO and Fmr1KO/AppHET slices is that while ictal-like discharges were transiently expressed in both genotypes, they were not maintained in the Fmr1KO/AppHET upon termination of receptor stimulation. The seizure activity modeled in the hippocampal slice paradigm is congruent with the AGS phenotype observed in Fmr1KO/AppHET mice where wild running and seizures are attenuated but not completely rescued to WT levels (Westmark et al., 2011). The two critical components of plasticity include the initiating factors required for induction of the modification and the downstream effectors that maintain expression of the enhanced response (Bianchi et al., 2012). Our data suggest that genetic reduction of App in the Fmr1KO background does not prevent the induction of seizure activity, but can attenuate progression; thus, APP appears to be a downstream effector that maintains hyperexcitability in the context of the Fmr1KO.

The complete rescue of hyperexcitability in the neocortex compared to the partial rescue in the hippocampus in the Fmr1KO/AppHET mice is in accord with studies in immature mice demonstrating that the hippocampus has a lower seizure threshold compared to neocortex (Abdelmalik et al., 2005). This could be due differential expression and/or activity of group 1 mGluRs (mGluR1 and mGluR5) in the respective neurons under study. In fast spiking inhibitory neurons (neocortical slice model), mGluR1 is more highly expressed than mGluR5 (Sun et al., 2009); however reduced expression of mGluR5 or APP in the Fmr1KO completely rescues neocortical hyperexcitability whereas UP states are still longer in the Fmr1KO after treatment with the mGluR1 inhibitor LY367385 (Hays et al., 2011). These data suggest that mGluR5 is the critical group 1 mGluR that modulates Fmr1-dependent hyperexcitability in the neocortex. Alternatively, in CA3 hippocampal neurons, both group 1 mGluR subtypes are involved in the induction and maintenance of mGluR-mediated bursts, but mGluR5 plays a greater role in the induction and mGluR1 in the maintenance of the prolonged epileptic bursts (Merlin, 2002). As burst duration but not induction are rescued in the Fmr1KO/APPHET, these data suggest that the hyperexcitability elicited by elevated APP expression in the Fmr1KO CA3 region is dependent on mGluR1.

Synaptic dysfunction occurs when the appropriate balance of excitation and inhibition (E/I) in neural circuits is not maintained (Gatto and Broadie, 2010). The absence of FMRP during postnatal development results in an E/I imbalance dominated by excitation. Our results demonstrate that E/I balance is predominantly restored when APP expression is reduced to WT levels in the Fmr1KO. Thus, APP plays a critical role in modulating excitability. The other half of E/I balance is the inhibitory feedback on circuits. FMRP normally binds to multiple GABAAR mRNAs, and their expression is decreased in juvenile Fmr1KO (Braat et al., 2015) resulting in delay of the developmental GABA switch in Fmr1KO (He et al., 2014). Selective deletion of Fmr1 in inhibitory neurons has no effect on prolonged UP states suggesting that impaired GABAAR signaling in FXS does not account for increased hyperexcitability in the neocortex (Hays et al., 2011). Conversely, a competitive antagonist of GABAAR, bicuculline, elicits epileptiform discharges in the CA3 region of the hippocampus (Osterweil et al., 2013). These findings suggest that inhibitory feedback is differentially regulated in the neocortex and hippocampus in Fmr1KO. Overall, the neocortical hyperexcitability and hippocampal epileptiform discharge slice models share the features of prolonged activity states and dependence on mGluR5, FMRP, and APP, but differ in induction mode (neocortical slices exhibit baseline excitation vs. hippocampal slices require pharmacological stimulation), inhibitory feedback (hippocampal slices are dependent of GABAAR), and protein synthesis requirements (CA3 bursts require extracellular signal-regulated kinase (ERK)1/2 activation and new protein synthesis) (Zhao et al., 2004; Chuang et al., 2005; Hays et al., 2011).

A MODEL FOR AN APP-INDUCED SHORT CIRCUIT IN FRAGILE X

Regarding possible mechanisms for APP-mediated hyperexcitability, (Westmark, 2013) APP or a metabolite could interfere with cell surface receptor activation. For example, Aβ oligomers cause redistribution of mGluR5to synapses (Renner et al., 2010) and trigger multiple distinct signaling events through mGluR5/prion protein complexes (Um et al., 2013; Hu et al., 2014; Haas and Strittmatter, 2016). In neurons that overexpress APP, Aβ depresses excitatory synaptic transmission (Kamenetz et al., 2003). In Fmr1KO mice, Aβ levels are elevated in older mice but reduced in juvenile mice compared to WT controls (Westmark et al., 2011; Pasciuto et al., 2015). Thus, increased α-secretase and/or decreased BACE1 processing during postnatal development could result in decreased Aβ levels and increased synaptic transmission (Jin and Warren, 2000) Altered APP expression could affect scaffolding protein interactions at the postsynaptic density. For example, APP co-immunoprecipitates with Homer2 and Homer3 (Parisiadou et al., 2008). These scaffolding proteins inhibit APP processing, reduce cell surface APP expression, and prevent maturation of BACE1 (Parisiadou et al., 2008). Uncoupled Homer1-mGluR5 interactions underlie Fmr1KO phenotypes, and genetic deletion of Homer1a rescues prolonged UP states in Fmr1KO mice similar to the complete rescue observed herein in the Fmr1KO/APPHET mice (Ronesi et al., 2012). APP does not co-immunoprecipitate with Homer1 (Parisiadou et al., 2008); however, Aβ induces disassembly of Homer1b and Shank1 clusters (Roselli et al., 2009). (Westmark and Malter, 2012) APP or metabolites could alter the activity of intracellular signaling pathways such as ERK and mTOR (Young et al., 2009; Ma et al., 2010; Caccamo et al., 2011; Chasseigneaux et al., 2011; Pasciuto et al., 2015). Both of these pathways play pivotal roles in FXS pathology (Osterweil et al., 2010; Hoeffer et al., 2012). And Westmark and Malter (2007) APP metabolites could function in feedback loops to regulate the aforementioned pathways or even the transcription of the APP and APP processing enzymes. Aβ binds to the promoter regions of the APP and BACE1 genes and may function as a transcription factor to regulate its own production and/or processing (Bailey et al., 2011). Thus, there are numerous molecular junctures where altered expression of APP or metabolites could interfere with synaptic function and lead to a hyperexcitable circuit.

Overall, these data suggest a model whereby mGluR5 inhibitors act as a circuit breaker, FMRP as an automatic transfer switch and APP as a rheostat in a circuit that controls hyperexcitability (Figure 2). The mGluR5 circuit breaker: Genetic reduction of mGluR5 in the Fmr1KO mouse rescues plasticity (ocular dominance plasticity, neocortical hyperexcitability), dendritic spines (density on cortical pyramidal neurons), protein synthesis, behavior (inhibitory avoidance extinction), and AGS (Dolen et al., 2007; Hays et al., 2011). Pharmaceutical inhibition of mGluR5 likewise rescues numerous Fmr1KO phenotypes (Michalon et al., 2012, 2014). Thus, inhibiting mGluR5 appears to break a circuit that mediates hyperexcitability in the Fmr1KO mouse. The FMRP automatic transfer switch: mGluR5 activation causes a rapid dephosphorylation of FMRP, which permits protein synthesis (Ceman et al., 2003; Narayanan et al., 2007), as well as a biphasic change in FMRP levels (initial decrease followed by increase) (Zhao et al., 2011). Thus, FMRP appears to function as an automatic transfer switch downstream of mGluR5 to control protein synthesis in response to receptor activation. In FXS models, loss of the FMRP switch that modulates mGluR5 signaling permits a constitutively-on circuit. The APP rheostat: Born and colleagues demonstrated that juvenile overexpression of APP contributes to sharp wave EEG discharges in APP transgenic mice, and proposed that APP expression functions as a rheostat that regulates synaptic balance in the brain (Born et al., 2014). We have observed that both over- and under-expression of APP increases seizure propensity in juvenile Fmr1KO mice suggesting that tight regulation of this protein may be necessary to mitigate hyperexcitability in FXS (Westmark et al., 2010, 2011). Genetic reduction of APP in Fmr1KO mice rescues plasticity (mGluR-LTD, neocortical hyperexcitability, epileptiform discharge duration but not induction), dendritic spines (percent mature spines but not dendritic spine length), protein synthesis, behavior (open field, marble burying), and AGS (Westmark et al., 2011; Pasciuto et al., 2015). The partial rescue of dendritic spines and epileptiform discharges in the Fmr1KO/APPHET suggests that APP is necessary but not sufficient to maintain synaptic homeostasis. Thus, in the context of WT mice, an APP variable resistor is capable of maintaining an appropriate E/I balance, but in Fmr1KO and some APP transgenic mice, excess APP appears to cause a short circuit through overload of the APP rheostat resulting in hyperexcitability. Likewise, complete loss of APP would bypass the APP rheostat. Fmr1KO/AppKO mice exhibit an extremely strong AGS phenotype (97%, n = 36 mice) (Westmark et al., 2013a), which is not observed in AppKO mice (11%, n = 36 mice). These data suggest that exacerbated hyperexcitability is a result of the combined loss of both FMRP and APP.


[image: image]

FIGURE 2. Model for an APP-induced short circuit in FXS. APP acts as a rheostat (i.e., variable resistor, dimmer switch) in a circuit where mGluR5 inhibitors are a circuit breaker and FMRP is an automatic transfer switch that regulate neuronal excitability. The FMRP switch is dependent on a rapid dephosphorylation reaction in response to mGluR5 activation. In the absence of FMRP, the circuit is constitutively on. In the presence of mGluR5 inhibitors, the circuit is shut down. The downstream APP circuitry appears to be wired differently dependent on brain region. In the neocortex, knockdown of individual proteins including mGluR5, Homer and APP completely rescues excitability levels suggesting that these components are arranged in a parallel circuit whereby there is more than one continuous signaling pathway between mGluR5 activation and excitability output. Rescue of any one of the parallel components is sufficient to restore synaptic homeostasis. In the hippocampus, ictal burst duration, but not induction, is rescued in Fmr1KO/AppHET slices in response to DHPG treatment. This incomplete rescue suggests that APP and FMRP are wired in series downstream of mGluR5, and that the APP rheostat is overloaded in the absence of FMRP resulting in a short circuit. This model has important implications for therapeutic development and suggests that APP should be considered as a drug target for FXS as part of a multi-drug therapeutic strategy.



APP and metabolites play key roles in regulating synaptic activity with both Aβ and sAPPα implicated in positive feedback loops that facilitate mGluR5 signaling (Casley et al., 2009; Renner et al., 2010; Ferreira and Klein, 2011; Westmark et al., 2011, 2013b; Pasciuto et al., 2015). Thus, the APP rheostat may provide a graded response to mGluR5 activation through feedback loops involving amyloidogenic and non-amyloidogenic secretase processing. We found that AGS are attenuated in Fmr1KO mice with BACE1 inhibitor treatment (Supplementary Figure 2). Prox and colleagues found that seizures are increased in the ADAM10 conditional knockout mouse (loss of α-secretase processing) (Prox et al., 2013). The effect of sAPPα overexpression on hyperexcitability, which could be studied in TgAPPα (Bailey et al., 2013) and TgAPPα/Fmr1KO mice, remains to be determined. Thus, multiple APP fragments may play roles in hyperexcitability and seizure susceptibility. A caveat to this model is that over-expression of APP alone is not sufficient to increase seizure propensity in either WT or Fmr1KO mice. We tested seizures in two alternative Alzheimer's disease mouse models, R1.40 and J20, which exhibit elevated APP expression (Lamb et al., 1997; Mucke et al., 2000). Neither strain exhibited a strong AGS phenotype (Supplementary Figures 3, 4) in contrast to Tg2576 and Ts65Dn (Westmark et al., 2010). A genetic cross of J20 with Fmr1KO mice that produced mice over-expressing human APP in the context of the Fmr1KO background did not result in exacerbated AGS rates in comparison to Fmr1KO unlike the FRAXAD mice (cross of Tg2576 with Fmr1KO) (Westmark et al., 2010). The inclusion of flanking sequences in the transgenic constructs used for the R1.40 and J20 mice are expected to affect posttranscriptional regulation of the APP gene, which could alter the temporal and spatial expression of APP and metabolites and thus their contribution to seizure threshold. Of note, Fmr1HET/J20 female mice exhibited a 50% wild running rate, which was significantly higher than WT, Fmr1HET and J20 controls, supporting the assertion that APP works in synergy with FMRP to regulate hyperexcitability (Supplementary Figure 4). This synergistic effect is also observed in mGluR-LTD studies where loss of FMRP and APP modulate synaptic transmission in opposite directions (Westmark et al., 2011). The Fmr1KO/APPHET mice used herein were a constitutive App knockdown. It remains to be determined how conditional knockdown of App during development affects Fmr1 phenotypes.

RELEVANCE TO THERAPEUTIC DEVELOPMENT

All major Fmr1KO phenotypes can be corrected by inhibition or knockdown of mGluR5 in mice; however, neural circuitry is likely more complicated in humans and it may be necessary to employ pharmaceutical cocktails for disease treatment. Drugs under study for FXS such as acamprosate, AFQ056, donepezil, ganaxolone, lithium, lovastatin, memantine, minocycline and sertraline exhibit on- and/or off-site effects that are expected to modulate APP, Aβ, BACE1, and/or ADAM10 (Westmark et al., 2013b). Targeting APP and metabolites in FXS may allow fine tuning of excitability levels as part of a multi-drug therapeutic approach. Both amyloidogenic and non-amyloidogenic therapies have been proposed to treat FXS (Westmark et al., 2013b; Pasciuto et al., 2015). Both amyloidogenic (Aβ1−42) and non-amyloidogenic (sAPPα) metabolites of APP stimulate phosphorylation of ERK and modulate synthesis of multiple synaptic proteins predicted to be regulated through mGluR5/FMRP and to contribute to altered synaptic plasticity (Westmark et al., 2011; Pasciuto et al., 2015). Thus, it may be necessary to simultaneously modulate both α- and β-secretase processing to attain homeostatic levels of APP metabolites and rescue hyperexcitability in FXS.
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Specific Metabolomics Adaptations Define a Differential Regional Vulnerability in the Adult Human Cerebral Cortex
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Brain neurons offer diverse responses to stresses and detrimental factors during development and aging, and as a result of both neurodegenerative and neuropsychiatric disorders. This multiplicity of responses can be ascribed to the great diversity among neuronal populations. Here we have determined the metabolomic profile of three healthy adult human brain regions—entorhinal cortex, hippocampus, and frontal cortex—using mass spectrometry-based technologies. Our results show the existence of a lessened energy demand, mitochondrial stress, and lower one-carbon metabolism (particularly restricted to the methionine cycle) specifically in frontal cortex. These findings, along with the better antioxidant capacity and lower mTOR signaling also seen in frontal cortex, suggest that this brain region is especially resistant to stress compared to the entorhinal cortex and hippocampus, which are more vulnerable regions. Globally, our results show the presence of specific metabolomics adaptations in three mature, healthy human brain regions, confirming the existence of cross-regional differences in cell vulnerability in the human cerebral cortex.
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INTRODUCTION

Human evolution is associated with rapid expansion of brain size and complexity, a prerequisite for the emergence of cognitive functions. These evolutionary changes have been linked to and supported by adaptations in brain metabolism, especially with respect to increased energy supply (Mink et al., 1981; Cáceres et al., 2003; Uddin et al., 2004; Fu et al., 2011; Somel et al., 2013). Thus, neurons in the human nervous system can perform a wide array of motor, sensory, regulatory, behavioral, and cognitive functions. This functional diversity is expressed in the central nervous system (CNS) by a complex organization in different regions that groups neuronal populations with a diversity of neural cells. The morphological and functional diversity among neurons suggests that each neuron type, and by extension each brain region, has its own genomic expression profile in addition to the ‘housekeeping’ genes necessary for the basal function of all cells, which are essentially related to cellular metabolism (Lein et al., 2007; Hawrylycz et al., 2012). This gene expression profile determines a proteomic pattern which, in turn, configures a regional neuron-specific metabolomic profile. Because each level of organization of the ‘-omics’ depends on the other, and a perturbation in one network can affect another, the phenotypic properties of different brain regions are ultimately the product of distinctive combinations of expressed gene products and their regulation, resulting in the metabolome as the informative modality to define cellular diversity in the CNS.

The fact that specific regions of the CNS exhibit differential vulnerabilities to aging and various neurodegenerative (NDD) and neuropsychiatric diseases (NPD) also reinforces the idea of the heterogeneity in neuronal responses to cell-damaging processes, in addition to specificity in the etiology of each pathology (Mattson and Magnus, 2006; Domínguez et al., 2016). So, in order to better understand the mechanisms which are involved in neuronal resistance/sensitivity to stress and death, it is crucial to define the cell vulnerability of the different brain regions in physiological conditions.

This study focuses on the prospects that an ‘omic’ approach offers for the identification of traits that define the selective neuronal vulnerability (SNV) for a given brain region, and their potential involvement in the neuronal aging process and the development of NDD and NPD. To date no metabolomic studies investigating cross-regional differences in the human brain have been reported. To overcome this limitation, here we use mass spectrometry-based technology (ESI-TQ-MS/MS) to measure the concentrations of 37 specific metabolites of three different regions of the adult human cerebral cortex.

We designed a panel of metabolites mostly belonging to the one-carbon metabolism, as an integrative network of nutrient status and energy metabolism which involves three pathways: the folate cycle, the methionine cycle, and the trans-sulfuration pathway (Locasale, 2013). In addition to the metabolomic analysis, we have also measured, using western blot, different factors associated with stress resistance and cell survival such as the antioxidants catalase and SOD1, the FOXO transcriptional factor FOXO1, the repressor element 1-silencing transcription factor REST (Lu et al., 2014), and the master regulator that senses cell nutrient and energy status, the mechanistic target of rapamycin mTOR (Perluigi et al., 2015).

Using this approach, we studied metabolic differences in three functionally and evolutionarily distinct brain regions: entorhinal cortex, hippocampus, and frontal cortex. The frontal cortex is a brain region that appeared recently during primate evolution and which is implicated in complex associative functions, while the entorhinal-hippocampus system functions as a hub in a widespread network for memory. We also focused on hippocampus, entorhinal and frontal cortex areas because of their importance in aging, NDDs such as Alzheimer’s disease (AD), and NPDs such as schizophrenia. This allowed us to examine how resistance to stress determines region-specific vulnerability in the adult human cerebral cortex.

SUBJECTS/MATERIALS AND METHODS

Chemicals

Unless otherwise specified, all reagents were from Sigma–Aldrich, and of the highest purity available.

Human Samples

Brain samples were obtained from the Institute of Neuropathology Brain Bank following the guidelines of the local ethics committee, and in accordance with recently published criteria of sample quality (Ferrer, 2015). The study of human samples was carried out according to the Spanish Law of Science and accompanying guidelines and with the approval of the local ethics committee of the Bellvitge University Hospital (Barcelona, Spain). The selection of cases examined in the present study corresponded to a consecutive series of donations (see Table 1). The brains of adult healthy subjects were obtained at from 3 to 20 h after death, and were immediately prepared for morphological and biochemical studies, as previously described Ferrer et al. (2008).

TABLE 1. Cases examined.
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Briefly, at autopsy, one hemisphere was fixed in 4% buffered formalin for about 3 weeks while the other hemisphere was cut in coronal sections 1 cm thick. Selected samples of the brain were dissected and placed in labeled plastic bags, immediately frozen on dry ice, and stored at -80°C until use. The neuropathological study was carried out on formalin-fixed, paraffin-embedded samples of the frontal, primary motor, primary sensory, parietal, temporal superior, temporal inferior, anterior cingulated, anterior insular, and primary and associative visual cortices; entorhinal cortex and hippocampus; caudate, putamen, and globus pallidus; medial and posterior thalamus; subthalamus; Meynert nucleus; amygdala; midbrain (two levels), pons, and medulla oblongata; and cerebellar cortex and dentate nucleus. De-waxed sections, 5-μm thick, were stained with haematoxylin and eosin, and Klü Barrera or processed for immunohistochemistry to β-amyloid, phosphorylated tau, α-synuclein, ubiquitin, p62, TDP43, glial fibrillary protein, and microglia markers.

Selected cases did not show lesions on the neuropathological examination including any kind of β-amyloid, tau, hypoxic, or vascular pathology. Following the initial screening, the present series includes 20 cases: 16 men and 4 women, aged from 43 to 66 years with post-mortem delay ranging from 3 h 10 min to 20 h 30 min (Table 1). Frozen samples of the entorhinal cortex (n = 11), hippocampus (n = 9), and frontal cortex area 8 (n = 11) were used for metabolomics and western blot studies. Samples from the three regions were processed in parallel.

Metabolomic Analysis

An important technical concern is the accuracy of metabolite measurements made in postmortem brain tissue for in vivo metabolite concentrations. The criteria applied for the selection of cases ensure the quality of the samples and the preservation of the concentration of in vivo metabolites measured. Reinforcing this, previous studies demonstrated that the concentration of several metabolites (such as myo-inositol, creatine, glutamine, glutamate, N-acetylaspartate, taurine, spermine, spermidine, and putrescine) remained stable in postmortem brain tissue over long-term intervals (Perry et al., 1981; Petroff et al., 1988; Michaelis et al., 1996; Chen et al., 2009; Opstad et al., 2010). Because most of these metabolites belong to metabolic pathways associated with one-carbon metabolites, we understand that metabolites analyzed in the present study are stable; consequently, we excluded postmortem delay as a confounding factor in the present study.

Metabolite Extraction from Brain Samples

Tissue samples (40 mg) were homogenized in cold methanol (20 v/w) containing 1 μg/mL of phenylalanine C13 as internal standard and 1 μM butylhydroxytoluene as antioxidant, obtaining a final concentration of 50 mg tissue/mL. Then, samples were incubated at 20°C for 1 h and centrifuged at 12000 g for 3 min, and the supernatants were subjected to mass spectrometry analysis.

Triple Quadrupole Mass Spectrometry

For analysis, we have developed a new method (using a targeted approach based on LC ESI-TQ MS/MS) to detect and quantify a metabolomic panel including 37 metabolites belonging to energy metabolism and one-carbon metabolism in human brain tissue (see Table 2). Samples were decoded and randomized before injection. Every 5 samples, internal and external standards were injected as a quality control. Data were finally normalized according to deuterated internal standard content, and expressed as MS counts.

TABLE 2. Analytical traits of the panel of metabolites designed to be measured in the samples of cerebral cortex from healthy adults.
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Samples were analyzed with liquid chromatography (UPLC 1290, Agilent Technologies, San Jose, CA, USA) coupled with electrospray ionization on a triple quadrupole mass spectrometer (ESI-TQ MS/MS, Agilent Technologies 6420, San Jose, CA, USA). For analysis 6 μL of the extract was injected. Chromatographic separation was achieved on a reversed phase C18 (2.1 × 50 mm, 1.8 μm particles; Agilent Technologies, San Jose, CA, USA) column using a flow rate of 0.2 mL/min during a 19 min gradient (0–5 min 0% B, 5–8 min from 0% B to 30% B, 8–9 min from 30% B to 100% B, 8–12 min 100% B, 12–13 min from 100% B to 0% B, 13–19 min 0% B), while using the solvents A, 0.1% formic acid, and B, acetonitril 0.1% formic acid. Electrospray ionization was performed in both positive and negative ion mode (depending on the target metabolite) using N2 at a pressure of 50 psi for the nebulizer with a flow of 12 L/min and a temperature of 325°C, respectively.

To detect the individual metabolites, multiple reaction monitoring (MRM) in negative and in positive ion mode was performed with individually optimized fragmentor voltage and collision energies (Optimizer Application, MassHunter, Agilent Technologies, San Jose, CA, USA). Most of the MRM parameters were achieved by flow injection of pure standards and the MassHunter Optimizer software (Agilent Technologies, San Jose, CA, USA). However, some of metabolites required manual optimization using MassHunter Qualitative Analyses (Agilent Technologies, San Jose, CA, USA). All the MRM parameters obtained from optimization were compared to the literature when available for certain compounds. Finally, a chromatographic system was applied to determine retention time of each standard. Peak determination and peak area integration were carried out with MassHunter Qualitative Analyses (Agilent Technologies, San Jose, CA, USA).

Mass Spectrometry Analysis of 2-SC

2-SC was determined as trifluoroacetic acid methyl ester (TFAME) derivatives in acid-hydrolysed, delipidated, and reduced brain protein samples with GC/MS using a HP6890 Series II gas chromatograph (Agilent, Barcelona, Spain) with an MSD5973A Series detector and a 7683 Series automatic injector, an HP-5MS column (30 m × 0.25 mm × 0.25 μm), and the described temperature program (Naudí et al., 2013). Quantification was performed with internal and external standardization using standard curves constructed from mixtures of deuterated and non-deuterated standards. Analyses were carried out with selected ion-monitoring GC/MS (SIM-GC/MS). The ions used were lysine and [2H8]lysine, m/z 180 and 187, respectively, and 2-SC and [2H2]SC, m/z 284 and 286. The amount of product was expressed as μmoles of 2-SC per mol of lysine.

Western Blot Analysis

The amounts of different factors associated with stress resistance and cell survival such as the antioxidants catalase and SOD1, the FOXO transcriptional factor FOXO1, the repressor element 1-silencing transcription factor REST, and the master regulator that senses cell nutrient and energy status, mechanistic target of rapamycin mTOR, were estimated using western blot analyses in samples from brain tissue.

Brain tissue (50 mg from each specific brain region) was homogenized in a buffer containing 180 mM KCl, 5 mM MOPS, 2 mM EDTA, 1 mM diethylenetriaminepentaacetic acid, 1 μM butylated hydroxyltoluene, protease inhibitor mix (80-6501-23, Amersham Biosciences), and phosphatase inhibitors (Na3VO4 1 mM, NaF 1 mM). A brief centrifugation (1000 rpm at 4°C for 3 min) to pellet and remove cellular debris was performed. The protein concentration was measured using the Bradford method (Bio-Rad Protein Assay 500-0006). Proteins were separated with one-dimensional SDS-PAGE. Samples were mixed with sample buffer (62.5 mM Tris–HCl pH 6.8, 2% SDS, 10% glycerol, 20% 2-β-mercaptoethanol and 0.02% bromophenol blue) and heated at 95°C for 5 min. Proteins (35 μg) were subjected to electrophoresis on 10% SDS-polyacrylamide minigels. For immunodetection, proteins were transferred, using a Mini Trans-Blot Transfer Cell (Bio Rad) in a buffer containing 25 mM TRIS, 192 mM Glycine, and 20% methanol, to polyvinylidene difluoride (PVDF) membranes (Immobilon-P Millipore, Bedford, MA, USA). The membranes were immersed in blocking solution (0.5% BSA Sigma-Aldrich A4503, 0.1% Tween in TBS) at room temperature for 1 h. After blocking, the membranes were washed two times using 0.05% TBS-T buffer. Afterward, they were incubated in primary solution using specific antibodies: anti-GFAP (1:1000, ref. ab7260), anti-catalase (1:1000, ref. ab16731), anti-SOD1 (1:5000, ref. ab52950), anti-FoxO1 (1:1000, ref. 2880 Cell Signaling), anti-REST (1:1000, ref. ab21635), and anti-phospho-mTOR and anti-mTOR (1:1000 in both cases, ref. 2971s and 2972-Cell Signaling Technology, respectively). An antibody to actin (1:5000, ref. A5441 Sigma) was also used in each analysis to determine the amount of the different factors in reference to total protein mass. Primary antibody specificity was tested by incubating only with the secondary antibody.

The primary antibody was incubated at 4°C for 16 h. Then, the membrane was washed three times in 0.05% TBS-T buffer and incubated at room temperature for 1 h with the appropriate secondary antibodies [ECL Anti-mouse IgG, horseradish Peroxidase linked whole antibody-NA93IV GE Healthcare (1:50000) and ImmunoPure Goat Anti-Rabbit IgG peroxidase conjugated-31460 Pierce Biotechnology (1:100000)]. After five washes with 0.05% TBS-T buffer, bands were visualized using an enhanced chemiluminescence HRP substrate (Millipore, Bedford, MA, USA). Signal quantification and recording was performed with ChemiDoc equipment (Bio-Rad Laboratories, Inc., Barcelona, Spain). The amounts of the determined factors were specifically calculated from the ratio of their densitometry values in reference to the densitometry values of their own actin content. Ratio of phospho-mTOR to total-mTOR was calculated. The amounts of REST and GFAP were specifically calculated from the ratio of their densitometry values in reference to the densitometry values of their gallyas stain protein.

Statistical Analysis

All statistic calculations were performed using the SPSS software (SPSS Inc, Chicago, IL, USA). Values were expressed as means ± standard error of the mean (SEM). Comparisons between groups were made with ANOVA followed by DMS tests for paired groups. The minimum level of statistical significance was set at p < 0.05 in all the analyses.

RESULTS

Evidence from comparative studies of gene expression and evolution between humans and anthropoid primate species suggests that neurons from human neocortex are characterized by high energy metabolism, along with an increase in neuroglial cell density in order to support greater metabolic demands (Sherwood et al., 2006). We have extended this idea to three different regions of the adult human brain cerebral cortex to evaluate possible differences in the density of glial cells relative to neurons, as an indirect indication of region-specific adaptation to neuronal metabolic demands. Our results demonstrate that frontal cortex shows an increased density of neurons along with a concomitant decrease in glial cells compared to entorhinal cortex (p < 0.01 and p < 0.05, respectively) and hippocampus (p < 0.05 and p < 0.01, respectively) (Figure 1), suggesting lower neuronal metabolic demands specifically in frontal cortex.
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FIGURE 1. Content of neurons and glial cells in different regions of the adult human cerebral cortex. N-acetyl-Asp-Glu was used as a marker for neuronal content, and myoinositol and GFAP as markers for glial cell content. N-acetyl-Asp-Glu and myoinositol were determined with TQMS, while GFAP was measured with western blot. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001. a, significant differences with respect to entorhinal cortex; b, significant differences with respect to hippocampus.



To explore the bioenergetic demands of the different regions of the human cerebral cortex, we measured, using a TQMS approach, a myriad of metabolites which directly (succinate and fumarate) or indirectly (leucine, tryptophan, glutamate, glutamine, proline, carnitine, and glyceraldehyde-3-phosphate) are associated with or involved in Krebs cycle (Figure 2). No interregional differences were detected for leucine, tryptophan, carnitine, glutamate, or glutamine. In contrast, the concentrations of succinate and fumarate, and of proline, were significantly lower in frontal cortex compared to entorhinal cortex and hippocampus, while no differences were observed between entorhinal cortex and hippocampus.
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FIGURE 2. Concentrations of metabolites involved in bioenergetics metabolism in different regions of the adult human cerebral cortex. Metabolites were detected and quantified with TQMS. The steady-state level of 2-SC was measured with GC-MS. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001. a, significant differences with respect to entorhinal cortex; b, significant differences with respect to hippocampus.



Since mitochondria play a key role in cell bioenergetics, we detected and measured 2-SC as a biomarker of mitochondrial stress in order to test for potential cross-regional differences. 2-SC [S-(2-succino)cysteine] is a chemical modification of cysteine in proteins by the Krebs cycle intermediate, fumarate, via a succination reaction. Recent studies suggest that succination is a mechanistic link between mitochondrial dysfunction, oxidative and ER stress, and cellular progression toward apoptosis (Merkley et al., 2014). Our results show that the steady-state levels of 2-SC are significantly lower in frontal cortex compared to entorhinal cortex, with no differences between entorhinal cortex and hippocampus (Figure 2).

Cell physiology requires the biosynthesis of a diversity of cellular components (including proteins, lipids, and nucleic acids), as well the maintenance of cell redox status, and genetic and epigenetic status. Amino acid metabolism involving serine and glycine, and the carbon units that they provide, covers many of these requirements. Figure 3 demonstrates the existence of significant inter-regional differences in the concentrations of serine, glycine, and threonine, and related metabolites such as choline, betaine, and sarcosine, thereby verifying that the concentrations of all these metabolites are significantly lower in frontal cortex, and higher in hippocampus, compared to entorhinal cortex.
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FIGURE 3. Tissue concentrations of metabolites from the serine, glycine and threonine metabolism in different regions of the adult human cerebral cortex. All metabolites were measured with TQMS. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001. a, significant differences with respect to entorhinal cortex; b, significant differences with respect to hippocampus.



We then investigated interregional differences of one-carbon metabolism in human cerebral cortex. In particular, we focused our analysis on metabolites belonging to the methionine metabolism (including the methionine cycle and the trans-sulfuration pathway) and purine metabolism. To assess these pathways, we measured, with TQMS, the metabolites (directly or closely related to) that follow: (a) for methionine cycle: methionine, S-adenosyl-methionine, and homocysteine, as well as spermidine and proline; (b) for the trans-sulfuration pathway: cystationine, cysteine, gluthatione, taurine, and vitamin B6 (pyridoxal and pyridoxamine); and finally, (c) for purine metabolism: inosine monophosphate (IMP), adenosine monophosphate (AMP), guanosine monophosphate (GMP), adenosine, inosine, xanthosine, deoxyguanosine, hypoxanthine, and xanthine, and we included the metabolite from pentose phosphate pathway ribose-5-phosphate. TQMS analysis showed a marked decrease in the concentration of all metabolites of the methionine cycle in frontal cortex with respect to hippocampus and/or entorhinal cortex, while significantly higher concentrations of SAM and spermidine in hippocampus compared to entorhinal cortex were detected (Figure 4). No interregional changes were detected for metabolites of the trans-sulfuration pathway, with the exception of taurine, which was significantly higher in hippocampus compared to entorhinal cortex, and again lower in frontal cortex compared to hippocampus (Figure 4). No interregional differences were detected for the metabolites of the purine metabolism, with the exception of xanthosine and hypoxhantine, which were significantly lower in frontal cortex (Figure 5).
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FIGURE 4. Tissue concentrations of metabolites belonging to the methionine metabolism, including the methionine cycle and the trans-sulfuration pathway, in different regions of the adult human cerebral cortex. All metabolites were measured with TQMS. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001. a, significant differences with respect to entorhinal cortex; b, significant differences with respect to hippocampus.
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FIGURE 5. Tissue concentrations of metabolites from the purine metabolism in different regions of the adult human cerebral cortex. All metabolites were measured with TQMS. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001. a, significant differences with respect to entorhinal cortex; b, significant differences with respect to hippocampus.



We then considered whether this interregionally differing metabolic status might be associated with changes in cellular systems linked to stress resistance and cell survival. To this end, we measured the antioxidant enzymes catalase and SOD1, the FOXO transcriptional factor FOXO1, the repressor element 1-silencing transcription factor REST, and the master regulator that senses cell nutrient and energy status, mechanistic target of rapamycin mTOR (Figure 6). Western blot analysis showed that catalase and SOD1 were significantly and specifically increased in frontal cortex, that FOXO1 and REST did not show interregional differences, and that the activation of mTOR was significantly lower in frontal cortex.
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FIGURE 6. Tissue protein expression of factors associated with stress resistance and cell survival in different regions of the adult human cerebral cortex. The antioxidants catalase and SOD1, the FOXO transcriptional factor FOXO1, the repressor element 1-silencing transcription factor REST, and the master regulator that senses cell nutrient and energy status, mechanistic target of rapamycin mTOR, where all determined with western blot. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001. a, significant differences with respect to entorhinal cortex; b, significant differences with respect to hippocampus. All western blots can be found as Supplementary Figure S1.



DISCUSSION

Although metabolic pathways important to brain function are conserved across diverse taxa (Peregrín-Alvarez et al., 2009), current findings show that brain metabolism experienced relevant changes in the human species (Somel et al., 2013). In addition to evolutionary considerations, brain neurons offer a diverse response to stresses during the physiological aging process or as a result of both NDD and NPD (Mattson and Magnus, 2006; Jové et al., 2014; Naudí et al., 2015). The morphological and functional diversity among neuronal cells, the temporal trajectory of functional losses during the aging process, and the temporal pattern and specificity in the appearance and development of each NDD and NPD, as well as the heterogeneity in neuronal responses to detrimental processes associated with each of the pathologies, all confirm the existence of a cross-regional SNV (Mattson and Magnus, 2006; Jové et al., 2014; Naudí et al., 2015). This SNV could be expressed through a neuron(region)-specific metabolomic profile. Hence, metabolomics can help to define and improve understanding of cellular (regional) diversity in the CNS. From an inter-regional comparative perspective there is, however, a lack of studies focused on outlining the specific metabolomics of the distinctly functional sub-regions of the brain. To shed light on this, we performed a comparative metabolomic analysis of three healthy human brain regions: entorhinal cortex, hippocampus, and frontal cortex.

Our results show the existence of reduced energy demand, mitochondrial stress, and one-carbon metabolism (particularly restricted to the methionine cycle) specifically in frontal cortex. These findings, along with a better antioxidant capacity and lower mTOR signaling as well in frontal cortex, suggest that this brain region is especially resistant to stress compared to the entorhinal cortex and hippocampus, which are more vulnerable regions.

The one-carbon metabolism can be considered as an integrative network of nutrient status. Thus, inputs in the form of amino acids (which donate carbon units) enter the metabolic network, are metabolized, and then become output for diverse biological functions which include biosynthesis of cell components, regulation of redox status, regulation of methylation reactions, and regulation of nucleotide pools. The partitioning of carbon units into these different cellular outputs basically involves three interconnected pathways: the folate cycle, the methionine cycle, and the trans-sulfuration pathway (Locasale, 2013). Several studies have shown that defects in one-carbon metabolism in brain induce deep disturbances in cell physiology as a consequence of the relevant pathways where one-carbon metabolism is involved, and also, more importantly, through the toxic effects derived from the metabolites which shape the core of the methionine cycle. Thus, a connection has been established between high levels of homocysteine and cognitive function, from mild cognitive decline to vascular dementia and AD (Miller, 2003). In contrast, low methionine and derived metabolite content, either constitutively or induced by nutritional intervention, is associated with resistance to stress and a longer lifespan (Pamplona and Barja, 2006, 2011; Naudí et al., 2007). Hence, we may infer that the lower one-carbon metabolism observed in frontal cortex is a physiological adaptation which confers resistance to stress on this region.

mTOR is a conserved serine/threonine kinase which regulates metabolism in response to nutrients, growth factors, and cellular energy conditions. Available evidence indicates that the mTOR signaling pathway is involved in brain aging and age-related NDD diseases (Garelick and Kennedy, 2011; Bockaert and Marin, 2015; Perluigi et al., 2015). In this line, an increasing number of studies show that disruption in mTOR signaling in the brain affects multiple pathways including glucose metabolism, energy production, mitochondrial function, and autophagy. Conversely, attenuation of the mTOR signal, through pharmacological or nutritional intervention, increases longevity and is associated with a healthy lifespan, including improvement in brain function (Garelick and Kennedy, 2011; Perluigi et al., 2015). Consequently, we may infer that the lower mTOR signaling observed in frontal cortex is a physiological adaptation which confers resistance to stress on this region.

CONCLUSION

Our results define the existence of metabolomic differences in three different regions of the mature, healthy human brain, confirming the existence of cross-regional differences in the brain. We must note, however, that although our study covers key cellular metabolic pathways, it is far from being comprehensive. Nevertheless, our findings indicate that the metabolomic signature is an optimized feature associated with diversity among neuronal populations in brain cortex, allowing us to hypothesize that the metabolic optimization of some physiological traits, such as resistance to stress, is region-specific. However, it is evident that more studies are needed to draw a metabolomic-wide atlas of metabolites in the adult human brain.
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Distinct regulatory signaling mechanisms exist between cortisol and brain derived neurotrophic factor (BDNF) that may influence secondary injury cascades associated with traumatic brain injury (TBI) and predict outcome. We investigated concurrent CSF BDNF and cortisol relationships in 117 patients sampled days 0–6 after severe TBI while accounting for BDNF genetics and age. We also determined associations between CSF BDNF and cortisol with 6-month mortality. BDNF variants, rs6265 and rs7124442, were used to create a gene risk score (GRS) in reference to previously published hypothesized risk for mortality in “younger patients” (<48 years) and hypothesized BDNF production/secretion capacity with these variants. Group based trajectory analysis (TRAJ) was used to create two cortisol groups (high and low trajectories). A Bayesian estimation approach informed the mediation models. Results show CSF BDNF predicted patient cortisol TRAJ group (P = 0.001). Also, GRS moderated BDNF associations with cortisol TRAJ group. Additionally, cortisol TRAJ predicted 6-month mortality (P = 0.001). In a mediation analysis, BDNF predicted mortality, with cortisol acting as the mediator (P = 0.011), yielding a mediation percentage of 29.92%. Mediation effects increased to 45.45% among younger patients. A BDNF*GRS interaction predicted mortality in younger patients (P = 0.004). Thus, we conclude 6-month mortality after severe TBI can be predicted through a mediation model with CSF cortisol and BDNF, suggesting a regulatory role for cortisol with BDNF's contribution to TBI pathophysiology and mortality, particularly among younger individuals with severe TBI. Based on the literature, cortisol modulated BDNF effects on mortality after TBI may be related to known hormone and neurotrophin relationships to neurological injury severity and autonomic nervous system imbalance.

Keywords: cortisol, BDNF, TBI, biomarkers, genetics, cerebrospinal fluid

INTRODUCTION

Although death rates have decreased over time, ~2.5 million Americans experience traumatic brain injury (TBI) yearly, with more than 50,000 associated fatalities (Centers for Disease Control Prevention, 2016). TBI results in several acute secondary injury cascades, that include aseptic inflammation (Kumar et al., 2015, 2016), excitotoxicity (Wagner et al., 2005), monaminergic dysfunction (Wagner et al., 2007), neurotrophin abnormalities (Failla et al., 2016), and stress induced steroidogenesis (Wagner et al., 2011a; Santarsieri et al., 2014) that result in blood brain barrier disruption and CNS damage (Wagner et al., 2011b; Goyal et al., 2013); representative biomarkers for each of these pathways have been identified in CSF and serum for clinical populations with moderate/severe TBI. However, individual biomarker studies have limitations with predicting therapeutic treatment response (Maas et al., 2010), which may be due to the focus of current research on single biomarker relationships, rather than the interactions of several. Further, many clinical intervention studies have not included biomarker characterization to assess treatment effects.

Under certain conditions glucocorticoids, cortisol in humans and corticosterone in animals, can be neuroprotective, anti-inflammatory, and anticonvulsive, in order to restore homeostasis after injury, as the end product of the stress-activated HPA axis (McEwan, 1999; Jeanneteau et al., 2008; Joëls, 2008). Based on this premise, the Corticosteroid Randomization after Significant Head Injury (CRASH) trial administered the glucocorticoid methylprednisolone acutely after TBI. This trial was stopped prematurely when treatment had a higher mortality rate than placebo (Roberts et al., 2004). Recent work suggests elevated cortisol levels, when linked to prolonged stress, can impair synaptic plasticity and can result in neuronal cell death (Antonawich et al., 1999; Rothman and Mattson, 2013). Also, our previous work shows endogenous CSF cortisol levels are markedly increased after TBI, and we showed that sustained elevations in CSF cortisol profiles are associated with poorer outcomes (Santarsieri et al., 2014).

Brain derived neurotrophic factor (BDNF) is well-known for its roles in neuronal survival, neuronal maintenance, and neural plasticity. Despite these benefits, BDNF administration after experimental TBI was not protective against structural or functional deficits (Blaha et al., 2000). Subsequent work suggests that BDNF effects on TBI pathophysiology may be target receptor dependent, with the pro-apoptotic p75 receptor upregulation post-injury contributing to cell death (Rostami et al., 2014; Sebastiani et al., 2015). Our previous clinical work suggests CSF BDNF levels are elevated after TBI and associated with earlier time until death (Failla et al., 2016).

Brain derived neurotrophic factor (BDNF) and cortisol regulation are interconnected via multiple mechanisms (Rothman and Mattson, 2013), and levels of each are modified under stress, which are relevant in the context of TBI, a major pathophysiological stressor. While the exact pathways by which cortisol and BDNF interact are not completely known, some work shows glucocorticoid response elements are located in the BDNF gene promoter region, suggesting transcriptional control over BDNF production (Rothman and Mattson, 2013). Other indirect mechanisms propose glucocorticoid regulation of BDNF through CREB, MAPK/ERK, or Shp2 (Kumamaru et al., 2008, 2011; Alboni et al., 2011). BDNF, through synaptic modulation in the nucleus of the solitary tract (Clark et al., 2011) and hypothalamus (Tapia-Arancibia et al., 2004), may also regulate HPA-axis reactivity and cortisol releasing hormone (Jeanneteau et al., 2012). Interactive signaling between BDNF and cortisol may significantly influence HPA-reactivity immediately after TBI. The literature on regulatory effects between cortisol and BDNF is sparse, yet one experimental TBI study, involving young adult rats, does suggest that both injury and adrenalectomy independently resulted in acute (within 4 h of injury) elevations in hippocampal BDNF mRNA expression, and the effects of both TBI and adrenalectomy on BDNF elevations are cumulative. Alternatively, corticosterone replacement prevented this increase among adrenalectomized rats (Grundy et al., 2000). Together, these results suggest that cortisol can have acute modulatory effects that limit increased BDNF expression after TBI. Similar effects are noted with NT3 (Grundy et al., 2001).

Both cortisol and BDNF exhibit age-dependent changes that may impact their role with damage and recovery after TBI, especially as older age increases risk for mortality after TBI (Roozenbeek et al., 2012). Positive correlations between high cortisol levels and older age are likely due to age-associated HPA axis changes, including decreased cortisol clearance and impaired glucocorticoid negative feedback (Ferrari et al., 2001; Pal et al., 2014). Older age is also linked to lower BDNF levels (Erickson et al., 2012) and relative brain increases in the pro-apoptotic p75 receptor (Webster et al., 2006; Tapia-Arancibia et al., 2008). In populations with TBI, both cortisol and BDNF levels vary by age (Santarsieri et al., 2014; Failla et al., 2016), and our previous work characterizes interactions between BDNF gene variation and age that predict mortality post-TBI, wherein risk variants at a particular gene locus differ by age (Failla et al., 2016).

The, BDNF genotypes (Val/Val) for rs6265 causes an amino-acid substitution of valine to methionine at amino-acid residue 66 (Val66Met) (Tapia-Arancibia et al., 2004). This substitution alters intracellular trafficking and packaging of pro-BDNF and secretion of the mature peptide (Egan et al., 2003). Also, rs7124442 (T/T homozygotes) are associated with activity dependent BDNF secretion and BDNF mRNA trafficking (Egan et al., 2003; Orefice et al., 2013). In our previous work (Failla et al., 2015), a gene risk score (GRS) was used, ranking genetic variants associated with decreased BDNF production or secretion, as risk variants for mortality after TBI. These high risk genotypes were associated with increased mortality only among younger individuals with TBI (age <45 years). However, for the low-risk genotype there was an interaction by age, wherein younger individuals with low-risk variants (high secretion/trafficking) were protected against mortality, while older individuals with low-risk variants were at an increased risk for mortality after TBI.

The literature evaluating cortisol actions in acute TBI pathophysiology among clinical populations are limited. Our previous work demonstrates that serum cortisol levels are elevated over the first week after severe TBI, particularly among older individuals, as a physiological response to the acute stress of associated with severe injury and associated critical illness (Wagner et al., 2011a). Although, some develop acute adrenal insufficiency and a relative state of hypocortisolemia after injury (Wagner et al., 2011a). In contrast, our previous work also shows that acute CSF cortisol profiles are ~8–10X that observed among healthy controls over the first week after severe TBI. Further, persistent high acute CSF cortisol levels are associated both increased mortality as well as worse survivor based outcomes (Santarsieri et al., 2014). To date there are no clinical studies delineating possible regulatory effects cortisol may have on BDNF in the context of TBI.

Given the regulatory relationships between CORT and BDNF, and their known individual relationships to TBI outcome, we hypothesized that CSF cortisol would mediate CSF BDNF associations with 6-month mortality in a model that also considered age and BDNF genetics (e.g., as covariates or as points of cohort stratification). We also hypothesized that BDNF genetics would moderate the relationship between CSF BDNF and cortisol trajectories. Our results confirm these hypotheses and showed that CSF BDNF predicts, and BDNF GRS moderates, patient cortisol group-based trajectory analysis (TRAJ) group membership. Also, cortisol TRAJ predicted 6-month mortality. In mediation analysis, BDNF predicted mortality, with cortisol acting as the mediator, and CSF cortisol mediation effects were stronger among younger individuals (age <48 years) compared to older individuals. Together, the findings suggest a possible regulatory role for cortisol with BDNF's contribution to TBI pathophysiology and mortality, particularly among younger individuals with severe TBI.

MATERIALS AND METHODS

Participants

This study was approved by the University of Pittsburgh Institutional Review Board, and this cohort represents a subset of patients enrolled in a larger study examining biomarker and genetic relationships to outcome after TBI. Participants were 16–73 years old and had a diagnosis of severe TBI [GCS≤8, with positive findings consistent with TBI on CT scan]. Self-reported non-White individuals were excluded as BDNF levels and genetics vary based on race (Freedman et al., 2004; Nettiksimmons et al., 2014). As shown in Figure 1, 216 participants had either BDNF or acute cortisol measurements; specifically, 185 had BDNF and 155 had cortisol. There were 131 participants with both BDNF and cortisol. Fourteen were excluded due to missing BDNF genotyping, GCS or mortality data. The final sample size was 117 participants with TBI. CSF from 13 healthy subjects was obtained and used to generate a control reference level for cortisol.
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FIGURE 1. Diagram depicting how the cohort was derived for analysis. The cohort was restricted to self-reported White individuals with complete demographic, clinical, genetics and biomarker data. There were a total of 216 White severe TBI subjects with CSF Cortisol and BDNF. Of these, 185 and 155 subjects had CSF BDNF and cortisol, respectively. A total of 131 subjects had both CSF cortisol and BDNF. A total of 14 subjects were removed for missing BDNF genetics or GCS or mortality data, leaving a final cohort of 117.

1Used for estimating prior distributions in the mediation analysis path for BDNF-mortality (total effect).

2Used for estimating prior distributions in the mediation analysis path of BDNF-cortisol, cortisol-mortality, and BDNF-mortality (direct effect).

3Used to generate CSF cortisol trajectories in the most inclusive cohort with CSF cortisol.



CSF Sample Collection and Processing

Brain-derived neurotropic factor (BDNF) and Cortisol were measured from CSF samples collected the first week post-injury. Samples were collected up to twice daily via EVD (extraventricular drainage) catheter placed for routine clinical care. For our injury cohort, 455 CSF samples were analyzed for BDNF, and 400 CSF samples were analyzed for cortisol. Healthy control subjects (N = 13) had CSF collected via lumbar puncture at ~7 a.m. After collection, samples were stored at 4°C until processing. Samples were then centrifuged, aliquoted, and stored at −80°C until batch analysis. CSF BDNF levels were measured via ELISA kit (RayBiotech), previously detailed (Failla et al., 2016). The inter/intra-assay coefficient of variation (CV) was <10% and <12%, respectively; assay sensitivity was 80 pg/mL.

CSF cortisol levels were measured in with solid-phase 125I RIA, Coat-A-Count® in vitro Diagnostic Test Kit (Siemens Healthcare Diagnostics). Inter- and intra-assay CVs were <10%. Samples with levels below the given range were assigned the detection limit value, and samples with undetectable levels were assigned values of 0.001 for analysis purposes. Additional samples were measured with a commercial ELISA kit (1-3002, Salimetrics) according to manufacturer instructions, with some adaptation for CSF measurement. To avoid matrix effects and to fit within the range of the kit, a 1:4 sample dilution was used. The inter-/intra-assay CV was <10% and <16%, respectively. Validation experiments with CSF also showed excellent linearity with serial dilution and recovery from spiking (90%–110%). Additionally, we measured cortisol levels by ELISA in 20 CSF samples previously measured by RIA to determine the correlation between the two measurement methods. A linear regression fit the relationship between the measured concentrations by RIA and ELISA. The ELISA results were then converted using this equation (CRIA = 6.32 + 0.76 × CELISA) before pooling data for analyses.

Mortality

Six-month mortality status was examined using survival analysis. GOS scores were obtained by research-trained neuropsychometrists blinded to genetic and biomarker information. The Social Security Death Index (http://www.genealogybank.com/gbnk/ssdi/) was utilized to determine mortality status, and time post-injury until death.

Genotyping and SNP Selection

DNA was either isolated from blood using a simple salting out procedure or from CSF using the Qiamp DNA extraction protocol (Qiagen). Two BDNF SNPs were genotyped by TaqMan allele discrimination assay using commercial Assay-on-Demand reagents (Applied Biosystems Incorporated). Genotype data calls from two individuals, blinded to all phenotype data, were compared; discrepancies were settled by reviewing the raw data and rerunning samples when necessary. Hardy-Weinberg equilibrium was confirmed for all allele frequencies.

Brain derived neurotrophic factor (BDNF) rs6265 and rs7124442 were selected based on previous data correlating these SNPs to mortality. Both rs6265 and rs7124442 have been reported as functional with a minor allele frequency of 38.9 and 39.1%, respectively. Each SNP represents a different haplotype block of BDNF covering variation corresponding to BDNF isoform A (Failla et al., 2015). A risk allele count, GRS, was used as previously published (Failla et al., 2015) with the hypothesized risk alleles, for young individuals with TBI, being rs6265 Met and rs7124442 C carriers (Egan et al., 2003; Orefice et al., 2013). The GRS is fundamentally based upon the idea that genetic risk is cumulative. The cumulative GRS for the two identified BDNF variants ranged from 0 to 2 and was calculated by summing the number of risk alleles for these two SNPs. GRS = 0 was considered the no risk group (Val/Val, T/T), GRS = 1 contained carriers for one risk allele (Val/Val, C-carrier or T/T, Met-carrier), and GRS = 2 included carriers of both risk alleles (Met-carrier, C-carrier). This method for GRS formulation is consistent with GRIPS (Genetic RIsk Prediction Studies) guidelines (Janssens et al., 2011).

Statistical Analysis

Analysis was performed with SAS (Statistical Analysis Software) version 9.4 and the SPSS (Statistical Package for Social Sciences) version 23. Descriptive statistics included means, standard error of the mean (SEM), and frequencies. Mean comparisons for CSF biomarkers and continuous demographic and clinical variables were assessed using the Mann-Whitney U-test. Associations between categorical demographic and clinical variables by survival status were conducted using the Chi-square test, or Fisher's exact test (if applicable). The daily levels for CSF BDNF and cortisol were also graphically represented by survival status. Weekly average for BDNF were calculated by survival status and GRS.

Trajectory Analysis

To assess temporal (repeated measures) CSF cortisol profiles, we applied TRAJ (Niyonkuru et al., 2013) as previously reported (Santarsieri et al., 2014, 2015) to describe multiple longitudinal patterns of change in order to identify distinct subgroups within the population. For cortisol, TRAJ was conducted on natural log transformed values from 7 time points (D0–D6 post-TBI). Cortisol group TRAJ membership identified individuals with “high” vs. “low” cortisol level over this time frame.

For BDNF levels, we initially applied TRAJ procedures and found an unbalanced group membership (>85% participants belonged to the “low” group), indicating poor discrimination of participants into homogeneous subgroups for longitudinal BDNF levels. Also, upon inspecting daily levels, we observed stable BDNF concentrations over time; given the minimal temporal variation, we characterized mean BDNF above/below the 75th percentile for analysis.

A Bayesian Approach to Inform and Internally Validate Mediation Model

Attrition in sample size was a concern as the primary analysis was restricted to subjects with samples of BDNF, cortisol, BDNF genetics, GCS, and age. To protect against a selection bias of only using information from subjects with complete data, we used prior knowledge of the BDNF/mortality association to inform the current study analysis. Specifically, we applied the Bayes estimation using Monte Carlo Markov Chain (MCMC) method to assess primary relationships. The MCMC method, a stochastic procedure that estimates parameters of interest using random generated samples, can be used with Bayes estimation (Hamra et al., 2013). Using the MCMC method, we obtained exact parameter distributions of interest instead of asymptotic normal distribution requiring a medium or large sample size under maximum likelihood estimation. Final Bayes estimates rested between the prior distribution and the current effect size obtained from the study cohort for our mediation analysis. The MCMC procedure incorporates re-sampling of regions from prior distributions, to increase estimate precision and validity.

Mediation and Regression Analyses

Mediation is used to test whether a factor is in the causal pathway between an exposure of interest and a selected outcome. We hypothesized that cortisol trajectory can mediate the relationship between BDNF and mortality. To formally test the hypothesis, we applied the Baron and Kenny method of mediation analysis (Baron and Kenny, 1986). In this method, a series of regression models were performed to adjust for other potential confounders.

To examine whether the association between acute CSF BDNF levels and mortality was mediated by acute CSF cortisol levels, we established if the following four criteria for mediation effects were met: (1) BDNF levels were associated with mortality (total effect); (2) BDNF levels were associated with cortisol levels; (3) cortisol levels were associated with mortality after adjusting for BDNF levels; and (4) the association between BDNF levels and mortality was attenuated after adjusting for cortisol level (indirect effect).

We performed logistic regression to evaluate the significance of criteria 2, and generated Cox proportional hazard models to evaluate the significance of criteria 1, 3, and 4. Time of follow-up was computed from injury and death date or 180 days (6-months) after injury, which represents the right censored time point. Regression and mediation analyses were performed for the entire population and after stratifying the population at the 75th percentile for age. Cox proportional hazard models were adjusted for binary 75th percentile age (<48 vs. ≥48 years old), GCS and GRS.

To investigate the moderating effects of GRS on BDNF level associations with cortisol TRAJ group, we performed a logistic regression model, stratified by GRS group (0 vs. 1 vs. 2). A two-way interaction term between BDNF level and GRS was created and fit into each model to assess the statistical significance of interactions.

The mediation percentage was calculated by considering the natural logarithm (ln) of the odds (or hazard) ratios (OR) with the following equation: Mediation percentage = {[ln(ORTotalEffect) − ln(ORDirectEffect)]/ln(OR TotalEffect)}*100%. Conceptually, the relationship between BDNF and mortality may be mediated by cortisol TRAJ, but this effect typically does not account for 100% of that relationship, and there may be other unmeasured factors that also mediate the relationship to some degree. The direct effect, corresponds to the effect of BDNF on mortality, adjusting for cortisol TRAJ. That is, if the mortality relationship through cortisol TRAJ is removed, the remaining effect represents BDNF effects on mortality without adjustment for cortisol TRAJ. The indirect effect, or the mediation effect, is derived by subtracting the total effect from the direct effect.

RESULTS

Cohort Demographics

There were 117 individuals with TBI in the final analytic sample (Figure 1). The clinical and demographics for the whole cohort, and stratified by survival is provided in Table 1. The age range for this cohort was 16–74, with the mean age 36 years old. Most subjects were men (85.3%). The median GCS was 7. The primary mechanisms of injury were automobile (52.2%) and motorcycle accidents (24.3%). The mean non-head Injury Severity Score was 13.26, while the average length of acute hospital stay was 21.2 days. The most prevalent neurological injury types were subarachnoid hemorrhage (SAH, 70.1%) and subdural hematoma (SDH, 69.2%). Individuals with TBI that were non-survivors were significantly older, had lower GCS scores (more severe injuries), fall mechanism of injuries, shorter length of stays, and were more likely to have contusions and less likely to have DAI in CT scans (p = 0.05 for all comparisons). No other demographic and clinical variables were significantly different by survival status.


Table 1. Demographic and clinical characterization of the cohort.

[image: image]



CSF Cortisol Trajectory Profile

Trajectory analysis identified two different TRAJ group profiles: high and low CSF cortisol (Figure 2). CSF cortisol levels for the high group were higher than the low group on days 1–6 post-injury (p < 0.01 all comparisons). CSF cortisol levels in the high group peaked on day 2 post-injury and then declined, while levels for the low group were highest on day 1, followed by a modest decrease in levels. Also high CSF cortisol TRAJ group was associated with increased mortality (P = 0.001) when adjusting for age (<48 vs. ≥ 48 years old), GCS, and GRS. In the high cortisol TRAJ group, there were significant differences in CSF cortisol levels over time, with significant differences noted for day 0 vs. days 1–6 (P = 0.012 all comparisons). In the low cortisol TRAJ group, we observed a stably low level from day 0 to 6 with a small spike from day 0 to day 1 and a subsequent decline. There was no significant difference of average day 1–6 levels compared with day 0 (P = 0.219).
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FIGURE 2. Daily mean CSF cortisol levels for CSF cortisol TRAJ groups (N = 117). Daily mean CSF cortisol levels for the cortisol TRAJ groups. Error bars indicate standard error of the mean. There was a significant difference in CSF cortisol levels between the two groups on days 1–6 (p < 0.01). CSF cortisol values are provided for N = 13 healthy controls as a reference.



Characterization of Cortisol and BDNF Profiles by Survival Status

In Figure 3A, daily cortisol levels were graphed by survival status. In days 2, 3, and 4, non-survivors had significantly elevated cortisol levels compared to survivors (p < 0.05 all comparisons). Daily levels of CSF BDNF were plotted by survival status (Figure 3B). Levels were significantly elevated among non-survivors compared to survivors at day 3 and 5 (p < 0.05). There was a trend toward lower BDNF levels for non-survivors compared to survivors at day 0 (p = 0.078). No other day was significantly different with respect to BDNF levels by survival status.
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FIGURE 3. (A) Acute CSF Cortisol by Survival Status (N = 117). The open circles indicate survivors and closed circles are non-survivors. Data for CSF Cortisol (ng/mL) were averaged within survival category each day. Error bars indicate standard error of the mean. On days 2–4, CSF Cortisol levels were significantly (p < 0.05) elevated among non-survivors compared to survivors. (B) Acute CSF BDNF by Survival Status (N = 117). The open circles indicate survivors and closed circles are non-survivors. Data for CSF BDNF (ng/mL) were averaged within survival category each day. Error bars indicate standard error of the mean. On days 3 and 5, CSF BDNF levels were significantly (p < 0.05) elevated among non-survivors compared to survivors. There was a trend toward significant difference in levels on day 0 (p = 0.078); there were no significant differences in CSF BDNF levels for any other day.



Cortisol Trajectory Mediates BDNF Associations with Mortality

We obtained prior knowledge of the coefficient of each corresponding pathway in the mediation analysis from our original study cohort of all subjects with BDNF (n = 185). The summary of the prior knowledge used is provided in Table 2. Prior information showed those with a mean CSF BDNF level ≥75th percentile were more often in the high cortisol TRAJ group (HR = 4.12, 95% CI: 1.86, 9.24, P = 0.001), after adjusting for age, GCS and GRS. Mediation analysis, adjusting for binary age, GCS, and GRS, showed CSF BDNF levels dichotomized at the 75th percentile were associated with mortality (total effect) (HR = 1.94, 95% CI: 1.19, 3.12, P = 0.011). The CSF BDNF-mortality association was attenuated after adjusting for CSF cortisol TRAJ membership (direct effect) (P = 0.106), possibly suggesting a full mediation of CSF BDNF-mortality association through CSF cortisol. However, the proportion of mediation was ~30% (see Table 3); therefore, we report partial mediation effects of CSF cortisol. The mediation effect was stronger among younger individuals (≤48 years old) (mediation ~45%) when the population was stratified and evaluated in separate models (Table 3). There were no significant mediation effects among older individuals, although this group has a small sample size (N = 27).


Table 2. Prior knowledge of BDNF and mortality association mediated by cortisol level among all subjects and stratified by 75th quartile of age.

[image: image]




Table 3. Bayes estimation of BDNF and mortality association mediated by cortisol level among all subjects and by 75th percentile of age using Monte Carlo Markov Chain (MCMC) methoda.
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BDNF Biomarker Associations with Cortisol Are Dependent upon BDNF Genotype

We generated separate models among those with GRS = 0, GRS = 1, and GRS = 2 to evaluate the predictive capacity of CSF BDNF with regard to CSF cortisol TRAJ group membership. These age-adjusted models showed that, among subjects with GRS = 1, being in the high BDNF group (>75th percentile) was associated with high CSF cortisol TRAJ group membership (OR = 6.50, 95% CI: 1.70, 24.81, P = 0.006) (Table 4). In Figure 4, average BDNF levels were calculated by GRS in each cortisol TRAJ group. In GRS = 1 group, there is a significant difference in BDNF levels in CORT TRAJ high vs. low (p = 0.011). There is no statistically significant difference for GRS 0 or 2. These findings are consistent with the results from Table 4, wherein the GRS = 2 group was relatively small in sample size.


Table 4. Odds Ratios and 95% Confidence Intervals for CSF BDNF and cortisol levels.
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FIGURE 4. Acute CSF BDNF by Cortisol Trajectory Group by GRS. Weekly average CSF BDNF (ng/mL) is reported. Error bars indicate standard error of the mean. White, gray, and black corresponds to GRS scores of 0, 1, and 2, respectively. Results are stratified among the high (n = 44) and low (n = 73) cortisol TRAJ groups. Among individuals with GRS = 1, those in the high cortisol TRAJ group had significantly elevated BDNF levels compared to those in the low cortisol TRAJ group p = 0.011. There were no significant differences in BDNF levels by cortisol TRAJ group for individuals with GRS of 0 or 2.



BDNF Genetic Interactions with CSF BDNF Level Mortality Relationships May Be Age Dependent

An age stratified analysis, with separate models for age <48 vs. ≥48 years old, revealed younger individuals had a significant CSF BDNF*GRS interaction in this mortality model (Table 5, P = 0.028). This model was adjusted for GCS and cortisol TRAJ group. For younger people, this interaction shows the association between high BDNF and mortality varies by BDNF genotype such that those with higher secretion genotypes (GRS = 0) have a higher mortality risk.


Table 5. Cox proportional hazards model for the association between BDNF and mortalitya.
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In Figure 5A, average BDNF levels were calculated by survival status and GRS. In non-survivors, there is a significant difference in mean BDNF levels by GRS (p = 0.015), such that individuals with GRS of 2 had the lowest BDNF levels and individuals with GRS of 0 had the highest BDNF. Also, non-survivors with a GRS of 0 had significantly increased BDNF compared to survivors with a GRS of 0 (p = 0.007). In Figure 5B, BDNF levels by survival status and GRS were calculated among just individuals <48 years old. In non-survivors, there was a significant difference in BDNF levels by GRS, with individuals with GRS of 2 having the lowest BDNF (p = 0.032). Among individuals with GRS of 0, BDNF levels were significantly elevated among non-survivors compared to survivors (p = 0.015). There were no significant differences in BDNF levels by GRS among either survivors or non-survivors over the age of 48 (data not shown). Together, these data are consistent with the multivariate model in Table 5 and suggest CSF cortisol has a regulatory influence on younger individuals with high BDNF levels and a low BDNF secretion genotype.


[image: image]

FIGURE 5. (A) Acute CSF BDNF by Mortality Status by GRS. Weekly average CSF BDNF (ng/mL) is reported. Error bars indicate standard error of the mean. White, gray, and black corresponds to GRS scores of 0, 1, and 2, respectively. Results are stratified among survivors (n = 91) and non-survivors (n = 26). Among non-survivors, there is a significant difference in BDNF levels by GRS, such that higher GRS scores have lowest BDNF levels (p = 0.015). There is no difference in BDNF levels by GRS in survivors-only. Only among individuals with GRS scores of 0 is there a significant difference in BDNF levels in survivors compared to non-survivors (p = 0.007). (B) Acute CSF BDNF by Mortality Status by GRS among age below 48. Weekly average CSF BDNF (ng/mL) in reported after restricting population to only individuals below age 48. Error bars indicate standard error of the mean. White, gray, and black corresponds to GRS scores of 0, 1, and 2, respectively. Results are stratified among survivors (n = 78) and non-survivors (n = 12). Among non-survivors, there is a significant difference in BDNF levels by GRS, such that higher GRS scores have lowest BDNF levels (p = 0.032). There is no difference in BDNF levels by GRS in survivors-only. Only among individuals with GRS scores of 0 is there a significant difference in BDNF levels in survivors compared to non-survivors (p = 0.015).



DISCUSSION

Cortisol and BDNF are crucial biomarkers to characterize in the context of TBI, as they can have both potentially useful and harmful effects in the brain. This study investigated the relationship between CSF cortisol and BDNF as gene- and age-dependent biomarkers that predict mortality after TBI. We found cortisol mediates BDNF effects on mortality after TBI and that genetics and age also influence this mediation effect. While our previous work shows cortisol and BDNF are predictive biomarkers for outcome post-TBI (Santarsieri et al., 2014; Failla et al., 2016), no studies have investigated the inter-relationships between these biomarkers, and their combined effects on clinical outcome. These data show the direct effects of high BDNF levels on mortality are more pronounced among younger individuals with TBI who also have high secretion BDNF genotypes. However, the regulatory (mediating) effects of high CSF cortisol on BDNF mortality risk occurs among those with low BDNF secretion genotypes.

We also found increased cortisol levels are associated with mortality after TBI. Elevated CSF cortisol is linked to an increased inflammatory response among adults with severe TBI (Santarsieri et al., 2015). While traditionally considered as having anti-inflammatory properties (Barnes, 1979), recent work suggests under certain conditions, CNS cortisol creates a more permissive, pro-inflammatory state (Sapolsky et al., 2000; Yeager et al., 2004). In addition to inflammation, cortisol has signaling and regulatory influences on neurotrophins (McEwan, 2012), particularly BDNF (Rothman and Mattson, 2013).

A prolonged, elevated cortisol state, which occurs with ongoing stress and is further perpetuated by impaired negative feedback secondary to the stress response, can result in reduced synaptic plasticity, mediated by glucocorticoid downregulation of BDNF expression (Duman et al., 1997; Numakawa et al., 2009). The focus on BDNF effects on learning and memory has garnered significant attention for BDNF due to its role in plasticity and neural maintenance, but BDNF is a viable biomarker for mortality as first reported by Failla et al. (2015).

Many studies have shown an inverse relationship between cortisol and BDNF in the setting of chronic stress and in experiments with glucocorticoid injections, where elevated cortisol leads to BDNF reductions (Smith et al., 1995) and adrenalectomy results in elevated BDNF levels (Stranahan et al., 2011). Our current study found positive associations between elevated CSF cortisol and BDNF levels. A closer, temporal examination of the stress literature demonstrates that acute stress increases BDNF (Marmigère et al., 2003; Tapia-Arancibia et al., 2004), while chronic stress reduces BDNF (Smith et al., 1995; Liston and Gan, 2011). This acute increase in BDNF has been confirmed in experimental TBI models across multiple brain regions (Yang et al., 1996; Hicks et al., 1997; Grundy et al., 2000; Rostami et al., 2014), while regional reductions in BDNF have also been documented at chronic time points after experimental TBI (Chen et al., 2005).

This initial increase in BDNF may represent a physiological response to influence HPA reactivity and attempt to maintain homeostasis within the brain in response to initial/acute stress (Marmigère et al., 2003; McEwan, 2015). However, BDNF increases can be pathological in the setting of high and/or prolonged pathophysiological stress (e.g., TBI). Clinically, increased CSF BDNF may be due to BBB disruption after TBI. In addition to brain production, BDNF is synthesized in the periphery (Caporali and Emanueli, 2009) and can be stored and released from platelets (Nakahashi et al., 2000) after tissue injury (Fujimura et al., 2002). Failla et al. (2015) demonstrated that serum BDNF levels are reduced post-TBI, hypothesizing that reduced serum levels may be due BDNF transit into the CNS, resulting in an acute increase in CSF BDNF. In either case, increased CSF BDNF may represent failed compensatory mechanisms that result in higher risk for mortality.

Acutely elevated CSF BDNF levels may not represent neuroprotective processes due to injury induced regional changes in TrkB vs. p75 target receptor expression. BDNF is released as proBDNF, which binds to the pro-apoptotic p75NTR. When cleaved by plasmin producing mature BDNF, this molecule binds to the pro-survival TrkB receptor. Experimental excitotoxic conditions, characteristic of TBI, have demonstrated a downregulation of full-length tyrosine kinase receptor (TrkB.FL) and an upregulation of the inactive truncated form of the receptor (TrkB.T) (Gomes et al., 2012; Vidaurre et al., 2012). A regionally specific increase in p75NTR receptors additionally contributes to a shift from pro-survival to pro-apoptotic BDNF function, possibly contributing to increased mortality after injury. Aging also can detrimentally shift the BDNF receptor ratios, along with causing regional reductions in BDNF and TrkB mRNA expression (Romanczyk et al., 2002; Webster et al., 2006), including in the hypothalamus (Tapia-Arancibia et al., 2004). This age-related decline in BDNF pro-survival signaling may possibly hinder neuronal survival and maintenance, therefore increasing mortality risk. Age, and possibly also injury, related increases in p75NTR receptors may contribute to less apparent cortisol mediation effects on BDNF associations with mortality.

Cortisol mediation of BDNF effects on mortality may be more prominent among those with high BDNF levels and concurrent low BDNF secretion genotypes, and the reported mediation effect suggest that there may be a mechanism connecting these two signaling pathways in the context of TBI mortality. One plausible mechanism might involve post-TBI cortisol elevations inhibiting the interaction of Shp2 with TrkB, affecting neurological injury severity. Cortisol mediated inhibition of this signaling pathway suppresses the MAPK/ERK pathway (Kumamaru et al., 2011), essential for transcribing certain neural plasticity genes (Arango-Lievano et al., 2015). Disrupted TrkB signaling could increase brain tissue damage even while elevated glucocorticoid levels are simultaneously increasing pro-BDNF and tissue plasminogen activator expression (Revest et al., 2014), to generate mature BDNF.

Another possible mechanism for cortisol mediated BDNF mortality effects is through autonomic instability after injury. TBI results in a marked disruption in autonomic balance and stability. Evidence of reduced HRV after TBI implies reduced parasympathetic tone (Baguley et al., 2006). With TBI, HRV has been shown to predict brain death and cerebrovascular dysregulation (Ryan et al., 2011), and HRV is associated with autonomic dysfunction in multiple other pathological states including sepsis, shock, and adrenal insufficiency (Morris et al., 2007; Werdan et al., 2009), each of which can co-occur in TBI. Further work suggests that HRV can be an effective mortality predictor, among hemodynamically stable patients with TBI (Ryan et al., 2011). Importantly, there is evidence that BDNF levels (Pal et al., 2014), BDNF genetic variability (Yang et al., 2010), and cortisol levels (Pal et al., 2014) are associated with HRV, making autonomic instability a plausible mechanism by which cortisol regulation of BDNF affects mortality risk.

Our previous work defined “risk alleles” as the genetic variations of the BDNF SNPs rs6265 and rs7124442 that result in lower activity-dependent BDNF secretion and impaired BDNF mRNA trafficking, respectively (Egan et al., 2003; Orefice et al., 2013), to create a GRS (Failla et al., 2015). Interestingly, higher GRSs were only associated with BDNF related mortality among younger subjects. A more nuanced look at the relationship between cortisol and BDNF in our population showed very high BDNF levels are associated with high cortisol levels among people who have a low secretion “risk allele” (rs6265 Met or rs7124442 C). Among these individuals, high CSF BDNF levels were associated with high CSF CORT TRAJ group membership. Our previous work suggests these risk variants are associated with lower serum BDNF. Previous work elaborated that, in addition to lower BDNF secretion capacity and autonomic mediated suppression of serum BDNF, low serum BDNF post-TBI may be due to reactive platelet BDNF dumping systemically and more BBB BDNF transit into the CNS (Tanno et al., 1992; Failla et al., 2016). Taken together, cortisol may have a regulatory influence (i.e., mediation effect) under conditions where innate BDNF production capacity is reduced, yet CNS BDNF levels are high due to injury severity factors, such as cortisol induced suppression of Shp2 associated MAPK/ERK signaling, reactive platelet dumping of BDNF systemically, and increased serum-to-CSF BBB transit. Our work is consistent with previous studies where those with rs6265 Met/Met homozygosity possessed significantly higher HPA axis reactivity, determined by serum cortisol elevations in response to physical stress (Schüle et al., 2006).

Our study demonstrates age contributes to biomarker associations on outcome after TBI. Age can affect many different biomarkers, including stress hormones (Wagner et al., 2011a; Santarsieri et al., 2014; Ranganathan et al., 2016), sex hormones (Ranganathan et al., 2016), inflammation (Kumar et al., 2016), and BDNF (Failla et al., 2015). Experimental models show decreased BDNF mRNA, BDNF protein, and TrkB.FL mRNA in many different brain regions with older age (Romanczyk et al., 2002; Webster et al., 2006; Erickson et al., 2012). Our study demonstrated that in younger subjects (age <48 year), CSF BDNF effects on mortality can differ as a function of genetic variation, while this BDNF*GRS interaction is not significant among older subjects. Lower sample size for the older subgroup, and for the GRS = 2 subgroup, are potential alternative reasons for this finding. While specific mechanisms are difficult to discern with these clinical biomarker data, age related differences in BDNF secretion capacity (perhaps due to age-dependent risk factors like hypertension, cerebral hypoperfusion, and poor glucose metabolism) (Kennedy et al., 2009; Erickson et al., 2012), age related increases in CSF BDNF acutely (Failla et al., 2015), and also target receptor milieu (Erickson et al., 2012) may contribute to this finding. What the data do suggest though is that, in the context of TBI, factors other than genetics contribute to CSF BDNF profiles observed in this age group.

While BDNF secretion capacity is reduced with aging, CSF BDNF levels are elevated after TBI and are increased with age (Failla et al., 2015). Although CSF cortisol relationships to CSF BDNF were studied, both BDNF and cortisol are synthesized in the periphery and likely contribute to the CSF profiles observed. Notably, BDNF levels are reduced in serum after TBI and are associated with mortality (Failla et al., 2015), while serum cortisol profiles are not associated with mortality (Wagner et al., 2011a). Thus, it is unclear at this point, how serum relationships between BDNF and cortisol might differ from CSF relationships between these two markers and why. Presumably, variable levels of BBB dysfunction, acute adrenal insufficiency associated with the critical illness that accompanies severe TBI, and personal biology may influence these relationships, creating the possibility for potentially heterogeneous or dynamic relationships with the role that CSF cortisol plays in the causal pathway between CSF BDNF and mortality.

The study has several limitations, including small sample size, particularly for age stratified analyses and for the BDNF cut-point. Dividing the age groups at the 75th percentile left the model underpowered to fully explore GRS*CSF BDNF interactions in the older age group, and larger future studies focusing on this older population would be beneficial. We used a data driven approach to determine the 75th percentile as the cut point for BDNF analyses. Specifically, the 75th percentile cutoff was based on our preliminary analysis where we used a larger, and presumably more representative cohort, to define the cut-point to be used with the Bayesian model. We believe the 75th percentile is a good starting estimate for examining high BDNF levels in other populations. It is possible that the actual cut point may vary in other populations (70th, 80th, percentile, etc.). However, our main interpretation of this work is that cortisol levels mediate associations between high BDNF levels and mortality.

Due to effects of race on BDNF allelic frequencies, we limited our analyses to self-reported Whites. Also, the group with a GRS = 2 is small, making significant associations with cortisol TRAJ challenging despite the large odds ratio. Despite this, some issues with low sample size are overcome by using the MCMC method of Bayes estimation, which uses prior knowledge to inform a posterior probability based on the current study data; it also incorporates a validation process to internally re-sample prior distributions to arrive at more precise and valid parameters. Future studies could consider a weighted GRS score formulation to better quantify the relative contribution each variant contributes to genetic associations identified in this study. Additionally, our small sample size limited our ability to differentiate BDNF heterozygote gene effects from variant homozygote gene effects on mortality. Examining BDNF heterozygote gene effects, including unique interactions with cortisol, may be relevant to TBI pathophysiology (Kim et al., 2011; Notaras et al., 2016).

Including only self-reported whites is an additional limitation as the results may not be generalizable to other races. However, the literature is clear that racial genetic differences can confound the relationships assessed (Freedman et al., 2004; Nettiksimmons et al., 2014). Only two BDNF gene variants were used to construct the GRS, which likely underestimates the total variance explained by BDNF genetics on cortisol profiles, BDNF profiles, and mortality; nevertheless, the chosen variants are both functional and affect BDNF (Egan et al., 2003; Orefice et al., 2013) and cortisol (Alexander et al., 2010; Armbruster et al., 2016) levels clinically. Additionally, our BDNF ELISA does not differentiate between the proBDNF and mature BDNF isoforms.

Despite these limitations, this study suggests causal effects of cortisol on mortality for those with high BDNF that are more pronounced among younger individuals with low BDNF secretion genotypes. While this causal relationship is important for mortality prediction post-TBI, specific mechanisms facilitating this relationship have yet to be discerned; additionally the high BDNF secretion genotype directly increases mortality risk among younger individuals with high BDNF levels (see Figure 6). In addition to injury effects on both CSF BDNF and cortisol biomarker levels (e.g., BBB damage), mechanisms by which these biomarkers interact with each other, age, and genetics to impact mortality are likely varied, but may reflect both neurological injury severity and autonomic instability. Future experimentation should evaluate how our mediation effects translate mechanistically to brain tissue BDNF and BDNF target receptor signaling after TBI. Additional trauma to body regions outside the head is common in the population with severe TBI. These injuries, as well as other systemic complications, such as hospital acquired pneumonia, sepsis, and shock can be non-neurological contributors to mortality. Thus, future work considering if/how serum BDNF or Cortisol reflect the peripheral injury response, and its effects on TBI pathophysiology is warranted. Clinically, it would be interesting to further characterize BDNF cortisol relationships, with survivor based outcomes, like learning and memory, from the viewpoint of post-acute TBI serving as a chronic stress paradigm influencing regulatory relationships between cortisol and BDNF. Understanding these dynamic relationships of secondary injury occurring after TBI may facilitate more effective, personalized interventions after injury.


[image: image]

FIGURE 6. Conceptual figure capturing biomarker relationships among younger individuals (≤48 years. Old, N = 90): (1) cortisol has a significant regulatory (mediating) effect on BDNF's influence on mortality, accounting for ~45% of BDNF's mortality effects; (2) the association between BDNF above/below the 75th percentile and high cortisol TRAJ is only significant among individuals with low BDNF secretion genotypes; and (3) the direct association between BDNF above/below the 75th percentile and mortality risk is stronger among individuals with the high BDNF secretion genotype (GRS = 0) compared to the low secretion genotypes. Taken together, the data support a conceptual model for younger individuals with TBI wherein high BDNF levels among those with high BDNF secretion phenotypes directly increases mortality risk, while mortality risk for those with high BDNF levels paired with low BDNF secretion genotypes is regulated (mediated) by cortisol.
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The hippocampus is prone to epileptic seizures and is a key brain region and experimental platform for investigating mechanisms associated with the abnormal neuronal excitability that characterizes a seizure. Accordingly, the hippocampal slice is a common in vitro model to study treatments that may prevent or reduce seizure activity. The ketogenic diet is a metabolic therapy used to treat epilepsy in adults and children for nearly 100 years; it can reduce or eliminate even severe or refractory seizures. New insights into its underlying mechanisms have been revealed by diverse types of electrophysiological recordings in hippocampal slices. Here we review these reports and their relevant mechanistic findings. We acknowledge that a major difficulty in using hippocampal slices is the inability to reproduce precisely the in vivo condition of ketogenic diet feeding in any in vitro preparation, and progress has been made in this in vivo/in vitro transition. Thus far at least three different approaches are reported to reproduce relevant diet effects in the hippocampal slices: (1) direct application of ketone bodies; (2) mimicking the ketogenic diet condition during a whole-cell patch-clamp technique; and (3) reduced glucose incubation of hippocampal slices from ketogenic diet–fed animals. Significant results have been found with each of these methods and provide options for further study into short- and long-term mechanisms including Adenosine triphosphate (ATP)-sensitive potassium (KATP) channels, vesicular glutamate transporter (VGLUT), pannexin channels and adenosine receptors underlying ketogenic diet and other forms of metabolic therapy.
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HIPPOCAMPUS: A KEY BRAIN REGION TO INVESTIGATE KETOGENIC DIET MECHANISMS

The hippocampus is well-known as a brain area involved in learning and memory and also as the key region underlying the form of epilepsy known as mesial temporal lobe epilepsy. The temporal lobe refers to the ventrolateral middle part of cerebral cortex and abnormal neuronal discharge or a lesion affecting this lobe causes seizures (Gastaut, 1973). There are two main types of temporal lobe epilepsy classified by the epileptic focus: mesial and lateral. The epileptic focus of mesial temporal lobe epilepsy is the hippocampus, amygdala or parahippocampal gyrus and the focus of lateral temporal lobe epilepsy is in neocortex. Over 80% of patients with temporal lobe epilepsy have the mesial form (Schramm et al., 2001; Quarato et al., 2005) and it is often resistant to pharmacological treatment. The typical symptom of mesial temporal lobe epilepsy is complex partial seizures, which have a high probability of an accompanying characteristic aura. For an individual patient the aura may present as epigastric discomfort sometimes described as nausea, or psychiatric symptoms including fear. Complex partial seizures often begin with arrest of motor activities or staring. Autonomic motor behaviors are usually oroalimentary automatisms or complex automatisms. Dystonic posturing lasting for 1–2 min often occurs involving the arm contralateral to the ictal discharge (Engel, 2001). In a majority of patients, mesial temporal lobe epilepsies are associated with hippocampal sclerosis (Watson, 2003), which is atrophy with global gliosis and loss of CA1 and/or CA3 pyramidal neurons in the hippocampus (Thom, 2009).

The basic structure of hippocampus is simple. It includes principal cells (granular cells of dentate gyrus and CA1-4 pyramidal neurons) and surrounding interneurons. The principal cells form an excitatory circuit which is modulated by inhibitory interneurons. Notably, CA3 pyramidal neurons are connected to each other by excitatory recurrent collaterals. Thus, the hippocampal circuit is regulated by a balance between excitation from recurrent collaterals and inhibition from interneurons. When the balance collapses, the hippocampal circuit becomes hyper excitable and susceptible to seizures. Therefore, atrophy in the hippocampus is thought to be one of the main focuses of mesial temporal lobe epilepsy and excision of hippocampal sclerosis with selective amygdalohippocampectomy successfully improves ~70% of surgical patients (Wiebe et al., 2001; Paglioli et al., 2006). Unfortunately, even though a majority experience significant improvement after surgery, at least half of patients relapse and do not experience permanent and complete seizure control (McIntosh et al., 2004; de Tisi et al., 2011; Najm et al., 2013). Based on clinical and experimental evidence, the hippocampus is a good experimental target for investigating epileptogenesis and therapeutic interventions for temporal lobe epilepsy.

The ketogenic diet was designed in the 1920s to treat epilepsy by mimicking the metabolic changes induced by fasting (Wilder, 1921). Ketogenic diet is effective against many types of seizures. It is used more frequently against generalized seizures such as myoclonic, atonic and absence seizures. However, it is also reported that ketogenic diet has been used successfully to treat focal seizures such as simple and complex partial seizures as effectively as generalized seizures [Freeman et al., 1998; Maydell et al., 2001; but one study reported that the ketogenic diet was less effective in patients with epileptiform discharges in the temporal region (Beniczky et al., 2010)]. Despite almost 100 years of clinical use, however, the mechanisms underlying the success of ketogenic diet therapy are not well understood. In recent decades, ketogenic diet has increasingly been noted as a useful therapy for medically refractory epilepsy in adults (Sirven et al., 1999; Mosek et al., 2009) and children (Hallböök et al., 2007). Patients with temporal lobe epilepsy are well-known to be frequently resistant to antiepileptic drugs (Wiebe and Jette, 2012). As mentioned above, the first choice of treatment for medically refractory mesial temporal lobe epilepsy associated with hippocampal sclerosis is surgery (anterior temporal lobectomy or selective amygdalohippocampectomy) because of good therapeutic outcomes (Tanriverdi et al., 2008). For temporal lobe epilepsy patients who are not good candidates for surgery, however, ketogenic diet is one of the therapeutic options (Ray and Wyllie, 2005; Klein et al., 2010). Thus, a natural question is how the ketogenic diet produces its beneficial effects in temporal lobe epilepsy. Broad reviews on the diet’s mechanisms are available (Lutas and Yellen, 2013; Rogawski et al., 2016); here, we focus on work from multiple laboratories studying ketogenic diet’s antiseizure mechanisms using acute hippocampal slice preparations.

ADVANTAGES OF THE HIPPOCAMPAL SLICE PREPARATION IN STUDYING ANTIEPILEPTIC MECHANISMS OF KETOGENIC DIET

Because epilepsy is caused by abnormal neuronal discharges in the brain, electrophysiological measurements are the most direct and useful approach for researching epilepsy and its treatments. There are two approaches for electrophysiological recordings of any brain region: in vivo and in vitro. In vivo electrophysiological recording of hippocampus is usually done by extracellular recording of electrically-evoked activity (Stewart and Reid, 1993), or continuous recording of spontaneous field activity (Li et al., 2008), single-cell intracellular sharp electrodes (Henze and Buzsáki, 2001) or multiple unit activity (Lin et al., 2006); these preparations can be acute or chronic. The technique for in vivo patch-clamp recording was also developed recently (Pernia-Andrade and Jonas, 2014). In vitro electrophysiological recording is done using single-cell intracellular sharp electrodes (Abe and Ogata, 1981) or patch-clamp electrodes (Kawamura et al., 2004), or extracellular field recording with single electrodes (Masino and Dunwiddie, 1999) or electrode arrays (Knowles et al., 1987) using acute slices of hippocampus. Compared with in vivo hippocampal recordings, the advantages of hippocampal slices are several-fold: (1) Ease of use and tissue access: acute brain slices must be maintained by perfusion with oxygenated artificial cerebrospinal fluid (Sakmann et al., 1989). Continuous perfusion allows for changing the extracellular fluid, making it easy to apply and wash out agonists and/or antagonists of various proteins such as ion channels, receptors and transporters. Furthermore, it is easy to examine in detail the functional mechanisms and dynamics of neuronal activity; (2) Efficient use of resources: we usually make 3–6 brain slices from one rodent, potentially obtaining 3–6 recordings, and thus allowing us to reduce the number of animals used; (3) History: a huge number of electrophysiological experiments have been done using hippocampal slice preparations in the last half-century. Several methods for causing seizure-like bursting in vitro have been used in the hippocampal slice preparation including electrical kindling (Sayin et al., 1999), kainic acid treatment (Congar et al., 2000; Smith and Dudek, 2001), inhibition of GABA receptors (Köhling et al., 2000; Stafstrom et al., 2009), inhibition of potassium ion channels (Stafstrom et al., 2009) and neuronal hyperexcitability by high extracellular potassium concentrations (Congar et al., 2000; Stafstrom et al., 2009) or low extracellular magnesium concentrations (Dulla et al., 2005; Kovács et al., 2005); and (4) Potential use of human tissue: experimental techniques from rodent hippocampal slice preparations are also applicable to acutely resected hippocampal tissue obtained from patients with surgically approachable epilepsy (Schroder et al., 2000). All these approaches support the use of hippocampal slice preparations to elucidate epileptic mechanisms.

Among these advantages lurk some disadvantages. One unavoidable pitfall of in vitro recording is that the environment of acute brain slice preparations is inherently different from in vivo condition. Cutting brain tissue causes acute traumatic injury such as excitatory GABA signaling caused by increased intracellular chloride concentration in acute hippocampal preparations (Dzhala et al., 2012). It is known that gliosis occurs in the hippocampal slice cultures (Lossi et al., 2009). Recently, it has been reported that the early stage of reactive gliosis already occurs in acute hippocampal slice preparations (Takano et al., 2014). We usually cut slices at 300–500 μm, necessarily limiting neuronal networks and three-dimensional morphologies to this thickness. Also, artificial cerebrospinal fluid does not and cannot reproduce actual cerebrospinal fluid exactly. Thus, results from in vitro hippocampal slice preparations should be confirmed by in vivo electrophysiological recordings or behavioral tests as much as possible. For that reason both in vivo and in vitro electrophysiological recordings are useful and both are essential for epilepsy research.

Ketogenic diet therapy presumably alters aspects of blood and cerebrospinal fluid to produce an anticonvulsant effect; in making and supporting brain slices, it is necessary to replace blood and cerebrospinal fluid with a bathing solution. Thus, the major difficulty in using acute hippocampal slices for ketogenic diet research is the inability to precisely reproduce or maintain the metabolic condition induced by diet therapy in this in vitro preparation. The lack of a standard protocol for a “diet in a dish” is evident in the diversity of experimental procedures, the prevalence of mixed results and the relative dearth of studies given the importance of delineating the key mechanisms underlying an enduring and successful treatment for a common and challenging neurological condition. In vivo recording clearly does not have this problem because it uses the whole body of experimental animals and diet-altered metabolism is maintained (Koranda et al., 2011; Masino et al., 2011). Several special strategies have been implemented for examining mechanisms of the ketogenic diet using hippocampal slice preparations; we focus on reviewing three of these approaches (Figures 1–3).
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FIGURE 1. Direct application of ketone bodies to hippocampal slices From control diet-fed animals. Reference list is shown at bottom. Three of seven references report positive effects for antiseizure with direct application of ketone bodies. AA, acetoacetate; βHB, β-hydroxybutyrate; fEPSP, field postsynaptic potential; PS, population spike.
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FIGURE 2. Controlling glucose and adenosine triphosphate (ATP) levels by using whole-cell patch clamp recording of a single cell in a hippocampal slice from control diet-fed animals. To mimic the ketogenic diet milieu, extracellular glucose is reduced and intracellular ATP is increased. Reference is shown at bottom. [ATP]i, intracellular ATP concentration; [glucose]e, extracellular glucose concentration.




[image: image]

FIGURE 3. Acute hippocampal slices from ketogenic diet-fed animals. Extracellular glucose is reduced during incubation and recording to maintain the in vivo effect of the ketogenic diet. Reference list is shown at bottom. fEPSP, field postsynaptic potential; PS, population spike. Ketogenic diet (4.8:1) or (6:1) means fat: [protein + carbohydrate] ratio.



THREE STRATEGIES FOR INVESTIGATING KETOGENIC DIET MECHANISMS IN HIPPOCAMPAL SLICES

Direct Application of Ketone Bodies to Hippocampal Slices From Control Diet-Fed Rodents

The ketogenic diet was developed to mimic fasting, which alleviates epileptic seizures (Wilder, 1921). Ketogenic diet feeding increases ketone bodies (β-hydroxybutyrate (βHB), acetoacetate (AA), acetone) to usually over 1 mM in blood in humans (Bergqvist et al., 2005; Than et al., 2005) and rodents (Hartman et al., 2008; Linard et al., 2010) synthesized from free fatty acids in the liver (Masino and Rho, 2012) and then used for energy in the brain instead of glucose (Masino et al., 2009). Chronic ketosis (increased levels of ketone bodies) is the eponymous metabolic hallmark of the ketogenic diet. Therefore, one approach to reproducing a ketogenic diet in a hippocampal slice is a direct application of ketone bodies to determine if and how ketone bodies modulate neuronal activity directly.

In this paradigm, hippocampal slices are taken from control diet-fed animals and dissolved ketone bodies are applied in an extracellular solution such as artificial cerebrospinal fluid (Figure 1). Slice preparation protocols, electrophysiological recording methods, rodent model (different strains of rats or mice), and mixtures of ketone bodies can be found among the laboratories. Not surprisingly, results among the studies were mixed.

A number of studies found negative results. Thio et al. (2000) reported that direct application of ketone bodies had no effect on synaptic activity in acute hippocampal slices from Sprague-Dawley (SD) rats. They recorded evoked field excitatory postsynaptic potentials (fEPSP) and population spikes (PS) in the CA1 region stimulated by Schaffer collateral fibers and applied mixed ketone bodies (1 mM AA and 2 mM βHB) to the slices. A 20 min application of ketone bodies did not change either fEPSP slope or PS amplitude. They also recorded potassium channel blocker 4-aminopyridine-induced epileptiform discharges from the dentate granule cell layer and CA3 region and reported that application for 105 min did not change the frequency or duration of these ictal events. Kimura et al. (2012) also reported that application of mixed ketone bodies (1 mM each AA and βHB) for 20 min did not change fEPSP slope and an 80 min application did not change the high-frequency tetanic stimulation-induced long-term potentiation (LTP) recorded from CA1 region in acute hippocampal slices from Wistar rats. Similar results were reported that mixed ketone bodies (1 mM AA and 2 mM βHB) had no effect on CA1 region synaptic transmission or theta burst-induced LTP in SD rat acute hippocampal slices (Youssef, 2015). A unique approach was used by Samoilova et al. (2010). They made organotypic hippocampal slices which were cultured with low glucose and 10 mM βHB medium for at least 3 days. This chronic in vitro ketosis, however, did not alleviate intrinsic or induced epileptiform discharges (but was neuroprotective). All of these studies concluded that ketone bodies do not directly affect synaptic transmission, seizure-like activity or LTP in the rat hippocampal slice.

Other studies, however, have found positive results and even revealed new mechanisms. Juge et al. (2010) made acute hippocampal slices from C57BL/6 mice and incubated the slices with 10 mM AA for over 2 h, after which they recorded EPSPs from CA1 pyramidal neurons using whole-cell patch clamp. Frequency and amplitude of miniature EPSPs (mEPSP) from AA-incubated slices were significantly reduced compared with control slices. Ketone bodies inhibited valinomycin-evoked glutamate uptake by the purified vesicular glutamate transporter (VGLUT), suggesting that ketone bodies inhibit synaptic transmission with reduction of glutamate release via direct ketone body-induced suppression of glutamate uptake into vesicles. Importantly, they also investigated the behavioral effects of ketone bodies. Seizures in Wistar rats induced by intrahippocampal 4-aminopyridine were moderated by intrahippocampal 10 mM AA, both infused by microdialysis. These results clearly show that direct application of ketone bodies modulates synaptic transmission in hippocampal slices and reduces seizure activity in vivo (Juge et al., 2010). In addition, Tanner et al. (2011) recorded single channel activity from dentate granule neurons after incubating acute hippocampal slices from C57BL/6 mice with 2 mM βHB for over 40 min. Preincubation with this ketone body increased steady-state and stimulus-elevated open probability of Adenosine triphosphate (ATP)-sensitive potassium (KATP) channels, which contribute to the slow afterhyperpolarization after action potential bursts to modulate spontaneous firing, suggesting that direct ketone body-mediated opening of KATP channels in dentate granule neurons may act as a seizure gate in the hippocampus. Similar results were reported from neurons of the substantia nigra in coronal midbrain slices of rats and mice from same laboratory (Ma et al., 2007). Kim et al. (2015) recorded from organotypic hippocampal slices which were cultured with 5 mM βHB and 1 mM AA medium for 2 weeks. They used Kcna1-null mice (C3HeB/FeJ background) lacking voltage-gated potassium (Kv1.1) channels, which is thought be a model for several types of epilepsy including human temporal lobe epilepsy. Extracellular multielectrode array recordings showed spontaneous seizure-like events in organotypic hippocampal slice cultures from Kcna1-null mice. The application of ketone bodies for 2 weeks attenuated the seizure-like events in the mutant tissue. They also applied 5 mM βHB in vivo using subcutaneously implanted osmotic minipumps to Kcna1-null mice and reported that administration of this ketone body reduced the number of seizures (Kim et al., 2015). In typical studies, slice preparations are maintained by higher extracellular glucose concentration than is physiological; up to 25–30 mM extracellular glucose concentration for acute hippocampal slices (Bischofberger et al., 2006) and 10–12 mM extracellular glucose for hippocampal slice cultures [Galow et al., 2014; but electrophysiological recording can be done in 5–10 mM glucose (Schneider et al., 2015)]. Since it is reported that complete replacement from glucose to ketone bodies decreases neuronal activity (Arakawa et al., 1991; Wada et al., 1997), all experiments for direct application of ketone bodies were done by adding ketone bodies to the usual in vitro glucose concentration for slice preparations. Experiments using purified VGLUT by Juge et al. (2010) were done with glucose-free conditions and the results showed the direct effect of ketone bodies clearly. Ma et al. (2007) compared the effect of ketone body application ranging between 12 mM and 5 mM extracellular glucose concentration in coronal midbrain slices and found the effect was not changed by reduced glucose. These reports suggest that the effects of ketone bodies might not be correlated with glucose concentration.

In sum, several studies have used direct application of ketone bodies in hippocampal acute slices or organotypic cultures, and both positive and negative results have been found. Negative and positive studies used rats and mice, respectively, so a simple explanation is that the discrepancy arises from species differences. This seems unlikely because ketogenic diet is known to reduce behavioral seizures in both rats (Appleton and DeVivo, 1974; Hori et al., 1997; Bough et al., 2002, 2006; Zhao et al., 2004), and mice (Uhlemann and Neims, 1972; Rho et al., 1999; Noh et al., 2003; Hartman et al., 2008; Kwon et al., 2008; but see Linard et al., 2010). The methods for applying ketone bodies varied in these reports including concentration of ketone bodies, time for application and application pathway (perfusion or preincubation) and these might contribute to inter-study variation. Aligning technical details for direct application of ketone bodies may be useful for finding common mechanisms.

Changing Intracellular ATP and Extracellular Glucose With Whole-Cell Patch Clamp to Mimic Ketogenic Diet

A less common approach mimics the altered metabolism found during ketogenic diet treatment using single-cell patch clamp recording. Fasting and ketogenic diet are thought to cause anticonvulsant effect by changing brain metabolism, and this approach attempts to mimic a key metabolic “end point.” The other metabolic hallmark (besides ketosis) of the ketogenic diet is a stable, mild hypoglycemia in humans (Huttenlocher, 1976; Noakes et al., 2006; Nuttall et al., 2015) and rodents (Bough et al., 2006). It is also reported that ketogenic diet decreases glucose concentration in the hippocampal extracellular fluid by 30% compared to control diet measured by in vivo microdialysis in mice (although lactate did not change; Samala et al., 2011). Interestingly, plasma glucose level correlates with the antiepileptic effect of the ketogenic diet (Mantis et al., 2004), indicating that extracellular glucose is mechanistically relevant. Intracellular conditions are also thought to be changed by ketogenic diet-altered metabolism and product major goal of brain energy metabolism is the generation of sufficient ATP. Several studies have reported that ketogenic diet increases brain ATP levels in humans (Pan et al., 1995) and rodents (DeVivo et al., 1978; Nakazawa et al., 1983; Nylen et al., 2009), thought to be caused by mitochondrial biogenesis leading from chronic ketosis (Bough et al., 2006). Therefore, intracellular ATP is a promising mechanism for mimicking the ketogenic diet in vitro. From these reports, reducing and increasing extracellular glucose and intracellular ATP, respectively, might in combination reproduce ketogenic diet conditions in acute hippocampal slices (Figure 2). As mentioned in “Advantages of the Hippocampal Slice Preparation in Studying Antiepileptic Mechanisms of Ketogenic Diet” Section, it is easy to change extracellular solution with an in vitro brain slice (including moderately lowering glucose), but trickier to change the intracellular milieu. The whole-cell patch clamp technique is one of the methods for recording a single cell (Kawamura et al., 2004). This technique allows physical exchange between the intracellular fluid and the artificial intracellular solution in the recording pipette, enabling experimental modification of the intracellular fluid of the recorded neuron (Figure 2) including elevating intracellular ATP. We recorded from CA3 pyramidal neurons with the whole-cell patch clamp technique in acute hippocampal slices from control diet-fed SD rats or C57BL/6 mice. We found that increased intracellular ATP (comparing 0.5, 1, 2 and 5 mM ATP concentration in the intracellular solutions) and reduced extracellular glucose (from 11 mM to 3 mM) caused an outward current (hyperpolarization when recording membrane potential) in CA3 pyramidal neurons (Kawamura et al., 2010). The direction and magnitude of this current was dose-dependent for both extracellular glucose and intracellular ATP, and importantly it was found in both rats and mice. Pharmacological and genetic experiments demonstrated that when intracellular ATP was sufficient or increased, reducing extracellular glucose opened pannexin-1 channels and released intracellular ATP to the extracellular space. Released ATP was rapidly hydrolyzed to adenosine which activated adenosine A1 receptors (A1R) with subsequent opening of KATP channels. Opening of these potassium channels caused hyperpolarization and reduced excitability. These results indicate that mimicking the ketogenic diet condition with increased ATP and reduced glucose reduces excitability in hippocampal CA3 pyramidal neurons with autocrine modulation via adenosine A1R, and this might be a one of the key mechanisms of the anticonvulsant effects of the ketogenic diet in vivo (Figure 4). This approach for reproducing ketogenic diet conditions in acute hippocampal slice is useful to elucidate detailed mechanisms within single neurons. However, it mimics only two of the aspects of ketogenic diet feeding. Further examinations using behavioral tests and recordings from in vivo ketogenic diet-fed animals are needed to link the results from this approach to the effects of ketogenic diet feeding.
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FIGURE 4. Schematic of pannexin-1 channel-adenosine A1 receptor-KATP channel autocrine regulation in CA3 pyramidal neurons and relationship to ketogenic diet. Ketogenic diet-fed animal increases ketone body levels and reduces glucose levels. Ketone bodies might increase intracellular ATP concentration, and increased ATP is released to the extracellular space through reduced glucose-induced opening of pannexin-1 channels (panx). After breakdown to adenosine by nucleotidases, activated adenosine A1 receptors (A1R) open ATP-sensitive potassium (KATP) channels which hyperpolarizes CA3 pyramidal neurons. This hyperpolarization reduces neuronal hyperexcitability and causes the ketogenic diet’s antiseizure effects.



Hippocampal Slices From Ketogenic Diet-Fed Rodents

A third approach is possibly the most direct and useful way for investigating mechanisms of ketogenic diet because it uses acute hippocampal slices from ketogenic diet-fed animals (Figure 3). In patients, ketogenic diet is applied through three meals with snacks and the typical fat: (protein+carbohydrate) ratio is 3:1 or 4:1 in children (Hartman and Vining, 2007; Zupec-Kania and Spellman, 2008) and down to 1:1 in adults. On the other hand ketogenic diet for rodents is usually applied by free access to food with more strict ketogenic ratio 4.8:1 or 6:1 (da Silveira et al., 2010). One question about this approach is whether or not the intra- and extracellular milieu produced by ketogenic diet feeding can be maintained after making and incubating brain slices. However, four reports show that it can work successfully. Stafstrom et al. (1999) reported that a ketogenic diet (4.8:1 ratio) induced antiseizure effects in acute hippocampal slices from kainic acid-treated rats. They recorded fEPSP and PS from area CA1 from SD rats fed a ketogenic diet for 6–8 weeks. Synaptic transmission was not significantly different between slices from control diet-fed and ketogenic diet-fed rats. However the frequency of kainic acid-induced spontaneous seizures was significantly lower in slices from ketogenic diet-fed rats than from control diet-fed rats. The slices were incubated by normal artificial cerebrospinal fluid not including ketone bodies. The authors concluded that the effects observed in the slices from ketogenic diet-fed rats would be independent of direct ketone body action (Stafstrom et al., 1999). Similar results were reported by Simeone et al. (2014) using extracellular multielectrode array recordings in acute hippocampal slices from ketogenic diet-fed Knca1-null mice. The pathologic seizure-like events generated in Knca1-null mice slice were diminished by ketogenic diet (6:1 ratio) treatment for 11–15 days. Mossy fiber-CA3 dendritic field potential slopes and fiber volley amplitudes of mossy fiber were not significantly different between slices from control diet-fed and ketogenic diet-fed Knca1-null mice, however ketogenic diet increased paired-pulse facilitation ratios and the half maximal stimulation intensities of field potential slope which are decreased by Kv1.1 knock out. They suggested that the improvement of mitochondria function by ketogenic diet might restore the hyperexcitability of CA3 neurons in Knca1-null mice and decrease seizure-like events (Simeone et al., 2014). Bough et al. (2006) recorded medial perforant pathway-evoked fEPSPs from the dentate molecular layer in acute hippocampal slices from SD rats fed with a ketogenic diet (6:1 ratio) for over 20 days. Reducing extracellular glucose concentration from 10 to 2 mM depressed the slope of fEPSP reversibly in slices from control diet-fed rats and this depression was inhibited in slice from ketogenic diet-fed rats. The effects were lost after slices were incubated in 10 mM glucose for over 3.5 h. This result, however, strongly suggests that intracellular metabolic changes with ketogenic diet can be maintained over 3 h after changing extracellular conditions into artificial cerebrospinal fluid. They concluded that synaptic transmissions in hippocampal slices from ketogenic diet-fed rats were more resistant to reduced glucose than slices from control diet-fed rats with facilitation of mitochondrial biogenesis (Bough et al., 2006). We also reported that ketogenic diet caused antiseizure effects in acute hippocampal slices of rats and mice (Kawamura et al., 2014). We recorded PS and GABA receptor blocker bicuculline-induced seizure-like bursting from the CA3 region in acute hippocampal slices from SD rats or C57BL/6 mice fed a ketogenic diet (6:1 ratio) for 13–18 days. Excitability and bicuculline-induced bursting were significantly inhibited by reduced extracellular glucose concentration in slices from ketogenic diet-fed rats and mice but were not changed by reduced extracellular glucose in slices from control diet-fed rodents. In this study, the effect of ketogenic diet feeding is maintained for at least 6 h after making hippocampal slices. Ketogenic diet-induced suppression of bicuculline-induced bursting was inhibited by adenosine A1R antagonist and did not occur in slices from adenosine A1R knock-out mice. Antagonism of KATP channels or pannexin-1 channels inhibited the ketogenic diet-induced suppression of bicuculline-induced bursting. These results suggest that ketogenic diet causes antiseizure effects through a pannexin-1 channel-adenosine A1R-KATP channel autocrine pathway (Figure 4), the same pathway revealed by the whole-cell patch clamp technique for mimicking ketogenic diet conditions as described in “Changing Intracellular ATP and Extracellular Glucose with Whole-Cell Patch Clamp to Mimic Ketogenic Diet” Section (Kawamura et al., 2010).

These studies used acute hippocampal slices from ketogenic diet-fed rodents successfully to elucidate altered neuronal activity underlying this treatment. Interestingly, reducing extracellular glucose concentration is thought be one of the most important points for reproducing the effects of ketogenic diet in this approach. Synaptic transmission in hippocampal slices from ketogenic diet-fed rodents were not different from slices from control diet-fed rodents when extracellular glucose concentration in artificial cerebrospinal fluid is standard in all three reports [however, evidence is mounting that this standard glucose concentration for acute brain slices is higher than physiological brain glucose levels (Shram et al., 1997; Lowry and Fillenz, 2001; Kealy et al., 2013)]. Reduced glucose reveals the difference between ketogenic diet- and control diet-fed animals in two of these studies (Bough et al., 2006; Kawamura et al., 2014), which parallels the finding that the anticonvulsant effect of the ketogenic diet is correlated with plasma glucose levels (Mantis et al., 2004). Therefore it would be useful to make extracellular glucose concentrations lower than standard to reproduce or maintain effects of the ketogenic diet in acute hippocampal slices.

CONCLUSION

Here we describe three approaches for researching anticonvulsant mechanisms of ketogenic diets by using electrophysiological recording from hippocampal slices. The usefulness of hippocampal slices is that it is easy to elucidate the details of neuronal modulation by ketogenic diet as shown in Figure 4. All three approaches have contributed to finding detailed potential mechanisms underlying ketogenic diet effects including VGLUT modulation, KATP opening, activation of adenosine receptors, and ATP release from pannexin channels. Complementary in vivo work has provided additional evidence for some of these mechanisms (Masino et al., 2011; Giménez-Cassina et al., 2012). Taken together, it is clear that electrophysiological recordings from hippocampal slices is a good tool for ketogenic diet research. However, all three approaches need experimental manipulations for reproducing ketogenic diet effects in vitro such as ketone application, reduced extracellular glucose and increased intracellular ATP, and this requirement may explain the lack of a standardized protocol and a robust literature in this area. Finally, electrophysiology in slices is not a direct measurement of the in vivo anticonvulsant effects of ketogenic diet, and a combination of both in vivo and in vitro recordings is the best approach to provide further insight into the key anticonvulsant mechanisms underlying ketogenic diet and other metabolic therapies.
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Nutritional ketosis has been proven effective for seizure disorders and other neurological disorders. The focus of this study was to determine the effects of ketone supplementation on anxiety-related behavior in Sprague-Dawley (SPD) and Wistar Albino Glaxo/Rijswijk (WAG/Rij) rats. We tested exogenous ketone supplements added to food and fed chronically for 83 days in SPD rats and administered sub-chronically for 7 days in both rat models by daily intragastric gavage bolus followed by assessment of anxiety measures on elevated plus maze (EPM). The groups included standard diet (SD) or SD + ketone supplementation. Low-dose ketone ester (LKE; 1,3-butanediol-acetoacetate diester, ~10 g/kg/day, LKE), high dose ketone ester (HKE; ~25 g/kg/day, HKE), beta-hydroxybutyrate-mineral salt (βHB-S; ~25 g/kg/day, KS) and βHB-S + medium chain triglyceride (MCT; ~25 g/kg/day, KSMCT) were used as ketone supplementation for chronic administration. To extend our results, exogenous ketone supplements were also tested sub-chronically on SPD rats (KE, KS and KSMCT; 5 g/kg/day) and on WAG/Rij rats (KE, KS and KSMCT; 2.5 g/kg/day). At the end of treatments behavioral data collection was conducted manually by a blinded observer and with a video-tracking system, after which blood βHB and glucose levels were measured. Ketone supplementation reduced anxiety on EPM as measured by less entries to closed arms (sub-chronic KE and KS: SPD rats and KSMCT: WAG/Rij rats), more time spent in open arms (sub-chronic KE: SPD and KSMCT: WAG/Rij rats; chronic KSMCT: SPD rats), more distance traveled in open arms (chronic KS and KSMCT: SPD rats) and by delayed latency to entrance to closed arms (chronic KSMCT: SPD rats), when compared to control. Our data indicates that chronic and sub-chronic ketone supplementation not only elevated blood βHB levels in both animal models, but reduced anxiety-related behavior. We conclude that ketone supplementation may represent a promising anxiolytic strategy through a novel means of inducing nutritional ketosis.
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INTRODUCTION

Anxiety disorders, such as generalized anxiety disorder, phobia and panic disorder, are the most prevalent type of mental disorders (Li, 2012). Anxiety can be associated with psychiatric morbidity, disability, increased healthcare burden and mortality in the general population (Teri et al., 1999). These symptoms can cause significant distress interfering with a person’s quality of life, while they commonly occur along with other mental or physical illnesses, which may mask anxiety symptoms or aggravate them. Some symptoms, like fear and worry, occur in all anxiety disorders including generalized anxiety disorders, panic disorder and social anxiety disorder (Stahl, 2003; Mula, 2013). Our knowledge relating to exact cause and pathomechanism(s) of anxiety disorders is far from complete; however, it is known that the amygdala is determinant in the experience of fear and anxiety by mediating the autonomic and endocrine responses through the output to the hypothalamus, and avoidance behavior through the output to the periaqueductal gray matter (Stahl, 2003; Engin and Treit, 2008; Li, 2012; Mula, 2013). Previous studies also show that serotonergic, glutamatergic as well as GABAergic system have a role in the regulation of anxiety (Nagy et al., 1979; Kakui et al., 2009; Li, 2012; Dias et al., 2013). Anxiety and depression are common problems affecting people with epilepsy and Alzheimer’s disease (AD), and can exacerbate symptoms of Glucose transporter type-1 deficiency syndrome (GLUT1 DS). Comorbidity between anxiety, depression and AD has been recognized (Teri et al., 1999; Hamid et al., 2011; Mula, 2013), and anxiety plays a key role in suicidality among patients with depression (Placidi et al., 2000). Interestingly, the same brain regions involved in a significant proportion of patients with focal epilepsy, such as the amygdala and the hippocampus, also play a key role in the neurobiology of anxiety (Li, 2012; Dias et al., 2013).

Anecdotal reports suggest that nutritional ketosis can promote a reduction in anxiety, although there is currently no convincing evidence to indicate that elevated ketone levels would reduce anxiety in humans (Ehrenreich, 2006). The elevation of ketones such as beta-hydroxybutyrate (βHB) and acetoacetate (AcAc) associated with nutritional ketosis causes a fundamental shift in metabolic physiology and brain neuropharmacology that is associated with preservation of brain homeostasis (Bough and Rho, 2007; Yudkoff et al., 2007; D’Agostino et al., 2013). Ketosis can be achieved by prolonged fasting (Owen et al., 1967) or by strict adherence to a ketogenic diet (KD), which is a metabolic-based therapy, a high-fat (70%–85% kcal) and low carbohydrate (3%–5%) diet (Kwiterovich et al., 2003; De Giorgis and Veggiotti, 2013). Maintaining long-term ketosis has proven to be beneficial in epileptic patients by decreasing the frequency and severity of seizures (Kossoff et al., 2011). Nutritional ketosis has also confirmed beneficial effects in animal models and human patients with AD, GLUT1 DS and cancer (Poff et al., 2013, 2014; Veggiotti and De Giorgis, 2014; Newport et al., 2015). GLUT1 DS results from impaired glucose transport into the brain (Klepper and Voit, 2002), however, ketones use another transporter to enter the central nervous system (CNS) providing an alternative source of fuel. Therefore, nutritional ketosis is used as a treatment option in GLUT1 patients (De Giorgis and Veggiotti, 2013) effectively correcting the impaired brain energy metabolism, reducing the frequency of the seizures (Leen et al., 2010) and improving behavior in autism spectrum disorder (Herbert and Buckley, 2013). Despite the proven and emerging therapeutic applications of the KD, many patients experience difficulties with compliance or experience a loss of effectiveness over time; therefore, new therapeutic strategies are needed.

The Wistar Albino Glaxo/Rijswijk (WAG/Rij) rat strain was originally developed as an animal model of human absence epilepsy, as the animals show spontaneous spike-wave discharges in the EEG (Coenen and Van Luijtelaar, 2003). Nevertheless, WAG/Rij rats are often used for investigation of different CNS diseases, such as anxiety, similar to Sprague-Dawley (SPD) rats by means of elevated plus maze (EPM; Sarkisova et al., 2003; Kovács et al., 2006, 2012, 2015; Sarkisova and Kulikov, 2006; Sarkisova and van Luijtelaar, 2011; Rebuli et al., 2015). EPM is a widely used behavioral assay for rodents, and it has been validated to assess the anxiety responses of rodents (Pellow et al., 1985; Walf and Frye, 2007). This test relies upon rodents’ proclivity toward dark enclosed spaces (approach) and an unconditioned fear of heights/open spaces (avoidance; Barnett, 1975; Walf and Frye, 2007). It is a widely-used animal model and investigation method of anxiety that is primarily sensitive to benzodiazepine-type anxiolytics (e.g., diazepam; Paslawski et al., 1996). Anti-anxiety behavior (increased open arm time and/or open arm entries) can be determined, which reflects the rodent’s preference for protected areas (e.g., closed arms) and their innate motivation to explore novel environments (Walf and Frye, 2007). Consequently, EPM assay on SPD and WAG/Rij rats is a suitable method for investigate the effect of ketone supplementation-evoked changes on anxiety level.

We hypothesized that ketone supplementation would decrease measures of anxiety-related behavior assessed with EPM behavioral assay in two rat strains. We have previously characterized the effects of ketone supplementation on blood ketone levels given via intragastric gavage (D’Agostino et al., 2013; Kesl et al., 2015) in rats and via chronic feeding mice (Poff et al., 2014). Ketone supplementation causes a rapid and sustained increase in blood ketone level, which may evoke anxiolytic effect by the increase of the GABAergic effects (Yudkoff et al., 2007; Li, 2012) or through numerous neuropharmacological pathways (Rho, 2015). To ensure that our results were not strain dependent, we assessed the effects of ketone supplementation on anxiety in SPD rats as well as in WAG/Rij rats, which have reduced activity of GABAergic system (Luhmann et al., 1995). Thus, the focus of this study was to test and determine the effects of several forms of ketone supplementation on anxiety-related behavior by using EPM behavioral assay in two rat strains. Exogenous ketone supplements were fed chronically to SPD rats and administered sub-chronically (gavage bolus) to SPD rats and WAG/Rij rats prior to assessment of anxiety measures.

MATERIALS AND METHODS

Animals

Two months old male SPD (n = 87) and 8 months old male WAG/Rij (n = 32) rats were used in the experiments. The animals were housed at Department of Molecular Pharmacology and Physiology (Hyperbaric Biomedical Research Laboratory, Morsani College of Medicine, University of South Florida, Tampa, FL, USA) and the Department of Zoology (University of West Hungary, Savaria Campus, Szombathely, Hungary). Animals were kept in groups of 2–4 under standard laboratory conditions (12:12 h light-dark cycle, light was on from 08:00 AM to 08:00 PM) in air-conditioned rooms at 22 ± 2°C.

Animal treatment and measuring procedures were performed in accordance with the University of South Florida Institutional Animal Care and Use Committee (IACUC) guidelines (Protocol #0006R) and with the local ethical rules in accordance with the Hungarian Act of Animal Care and Experimentation (1998. XXVIII. Section 243/1998) in conformity with the regulations for animal experimentation in the European Communities Council Directive of 24 November 1986 (86/609/EEC). All experiments were approved by the University of South Florida IACUC and all efforts were made to reduce the number of animals used.

Synthesis and Formulation of Ketone Precursors

Ketone ester (KE; 1,3-butanediol-acetoacetate diester) was synthesized as previously described (D’Agostino et al., 2013). Ketone salt (KS, which is Na+/K +–β-hydroxybutyrate mineral salt) is a novel agent that was mixed into a 50% solution supplying approximately 375 mg/g of pure βHB and 125 mg/g of Na+/K+ in a 1:1 ratio. Both KE and KS were developed and synthesized in collaboration with Savind Inc. Human food grade medium chain triglyceride (MCT) oil (~60% caprylic triglyceride/40% capric triglyceride) was purchased from Now Foods (Bloomingdale, IL, USA). KS was mixed with MCT in a 1:1 ratio (KSMCT) at the University of South Florida (USF, Tampa, FL, USA).

Ketone Supplementation

In order to determine the effect of different administration forms, we tested chronic administration, when the ketone supplementation was mixed into the regular rodent chow, which the animals had access to all day for several weeks, and sub-chronic administration when the ketone supplementation was gavaged orally at a single time point daily for only 7 days.

Chronic Administration

A total of 48 male SPD rats were fed for 83 days with either standard rodent chow (2018 Teklad Global 18% Protein Rodent Diet (#2018), Harlan) standard diet (SD)/control; n = 9) or SD + ketone supplementation. Four treatment animal groups included low-dose KE (~10 g/kg b.w./day, Low-dose ketone ester (LKE); n = 10), high-dose KE (~25 g/kg b.w./day, high dose ketone ester (HKE); n = 10), KS (~25 g/kg b.w./day, KS; n = 9) and KSMCT (~25 g/kg b.w./day, KSMCT; n = 10). Higher dose was used for chronic administration, as the rats were consuming food-integrated ketone supplementation throughout the day, not at a single time point.

Sub-Chronic Oral Gavage

In order to familiarize the animals to the intragastric gavage method, water was gavaged for 5 days before ketone supplementation. Following the adaptation period to the intragastric gavage method, 39 male SPD rats were fed with standard diet, described in previous studies (Poff et al., 2013) and gavaged daily with 5 g/kg b.w./day water (SD/control; n = 11) or ketone supplements KE (n = 9), KS (n = 9), KSMCT (n = 10) sub-chronically for 7 days.

In addition, following the adaptation period to the intragastric gavage method, WAG/Rij male rats (n = 32) were fed with SD and gavaged sub-chronically with ~2.5 g/kg b.w./day water (SD/control; n = 8), KE (n = 8), KS (n = 8) or KSMCT (n = 8) for 7 days. For the sub-chronic gavage administration the gavage dose was used that induced desired elevation of blood ketone based on our previous studies (Kesl et al., 2016).

Anxiety Assay

EPM (Coulbourn Instruments) was used to assess anxiety-related behavior of the rats after 83 days of chronic feeding or after 7 days of oral gavage. EPM experiments were carried out under non-stress conditions (in dimly lit and quiet room) between 12.00 h and 14.00 h.

The rats were transferred in their home cage to the experimental room 30 min prior to beginning the experiment. Briefly, rats were placed in the intersection of the four arms of the EPM, facing the open arm opposite to where the experimenter was and their behavior was recorded for 5 min. The amount of time spent and number of entries made on the open arms, closed arms and the center zones were video recorded. Latency to entry into the closed arms and the distance traveled in each zones was also measured in chronically treated SPD rats. Only those behaviors are discussed at each experimental scenario where significant difference was found. At the end of the 5 min test the rats were removed from the maze and placed back into their home cage. The maze was cleaned with 70% alcohol and later with tap water and dried with paper towel between rats. The primary method for data collection was a video-tracking system with computer interface and video camera (SMART V3.0 PLATFORM, Panlab, Harvard Apparatus, Holliston, MA, USA), to automatically collect behavioral data in SPD rats. A blinded observer was present in the testing room separated from the maze by a curtain, and collected EPM data in both SPD and WAG/Rij animals.

Blood Analyses and Weight Measurement

In the chronic feeding study, blood βHB and glucose levels were measured 24 h before the 1st day of ketone treatments (baseline levels) and at 13th week after the EPM experiment. In the 7 day oral gavage studies, blood βHB and glucose levels were measured 24 h before the 1st day of ketone treatments (baseline levels; SPD and WAG/Rij rats), 24 h after the first gavage and 60 min after gavage on the 7th day (SPD and WAG/Rij rats). Whole blood samples (10 μL) were taken from the saphenous vein for analysis of blood glucose (mg/dl) and βHB (mmol/l) levels with the commercially available glucose and ketone (βHB) monitoring system Precision XtraTM (Abbott Laboratories, Abbott Park, IL, USA).

The body weight of all animals was recorded before the first ketone treatment (before) and on the last day of the ketone treatment (after).

Statistics

All data are presented as the mean ± standard error of the mean (SEM). We compared the effects of ketone supplementations on anxiety-related behavior as well as on blood βHB and glucose levels to control or/and baseline levels. Data analysis was performed using GraphPad PRISM version 6.0a. Results were considered significant when p < 0.05. Significance was determined by one-way analysis of variance (ANOVA) with Fisher’s LSD test for the behavioral data. Blood ketone, blood glucose and body weight change were compared using a two-way ANOVA with Tukey’s multiple comparisons test.

RESULTS

Ketone Supplementation Reduced Anxiety on Elevated Plus Maze

More Time Spent in Open Arms with Ketone Supplements

After chronic feeding of ketone supplementation in SPD rats the time spent in the open arms was significantly more in KSMCT group (p = 0.0094), while time spent in the closed arms was significantly less in LKE, KS and KSMCT groups (p = 0.0389, 0.0077 and 0.0019, respectively), compared to the control (SD) in SPD rats. Time spent in the center was significantly more in KS group (p = 0.0239; Figure 1A).
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FIGURE 1. Response of Sprague-Dawley (SPD) rats to chronic feeding of exogenous ketone supplementation. (A) Rats consuming KSMCT supplements spent more time in open arms (open), Low-dose ketone ester (LKE), KS and KSMCT groups spent less time in closed arms (closed), showing reduced anxiety compared to control (SD) group; (B) Rats consuming ketone supplements traveled more distance in open arms (KS and KSMCT) and less in closed arms (LKE, KS and KSMCT), showing reduced anxiety compared to control group; (C) Rats consuming KSMCT entered the closed arms later, showing reduced anxiety compared to control group; (D) Rats consuming high dose ketone ester (HKE), KS and KSMCT showed elevated blood ketone levels after 13 weeks (after) compared to control group; (E) Blood glucose levels did not change significantly were lower in HKE and KSMCT groups compared to control after 13 weeks; and (F) body weight was lower in HKE group after 13 weeks compared to control. Abbreviations: SD, standard rodent chow + water (~25 g/kg b.w. water/day); LKE, SD + LKE (1,3-butanediol-acetoacetate diester, ~10 g/kg b.w./day); HKE, SD + HKE (~25 g/kg b.w./day); KS, SD + beta-hydroxybutyrate-mineral salt (βHB-S; ~25 g/kg b.w./day); KSMCT, SD + βHB-S+medium chain triglyceride (MCT; ~25 g/kg b.w./day); (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).



After 7 days of gavage administration in SPD rats, the time spent in the open arms increased in the KE group (p = 0.0281), whereas time spent in the center decreased in KE, KS and KSMCT groups (p = 0.0005, <0.0001 and 0.023, respectively; Figure 2A). In WAG/Rij rats the KSMCT treated rats spent more time in the open arms (p = 0.0018) and less time in the closed arms (p = 0.0003), whereas KE treated rats spent more time in the center (p = 0.0027), compared to the control (SD) group (Figure 3A).
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FIGURE 2. Response of SPD rats to 7 days oral administration (gavage) of exogenous ketone supplementation. (A) More time spent in open arms (open) by KE group and less time spent in center by KE, KS and KSMCT groups were detected compared to control; (B) Less entries in closed arms (closed) by KE and KS groups; (C) Blood βHB levels were higher in KE group after 24 h and in KS and KSMCT groups after 7 days, compared to control; (D) Blood glucose levels were lower in KE group after 24 h and in KSMCT group compared to baseline, control and 24 h; (E) Body weight was lower in KE and KS groups compared to control after 7 days. Abbreviations: SD, standard rodent chow + water (~5 g/kg b.w. water/day); KE, SD + ketone ester (1,3-butanediol-acetoacetate diester, ~5 g/kg b.w./day); KS, SD + beta-hydroxybutyrate-mineral salt (βHB-S; ~5 g/kg b.w./day); KSMCT, SD + βHB-S + MCT (~5 g/kg b.w./day); (*p < 0.05; ***p < 0.001; ****p < 0.0001).
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FIGURE 3. Response of Wistar Albino Glaxo/Rijswijk (WAG/Rij) rats to 7 days oral administration of exogenous ketone supplementation. (A) More time spent in open arms (open) and less time spent in closed arms (closed) by KSMCT group were demonstrated compared to control; (B) Less entries in closed arms by KSMCT group and in open arms by KE group; (C) Blood βHB levels were higher in all treatment groups (KE, KS and KSMCT) after 7 days, compared to baseline, 24h and control. (D) Blood glucose levels decreased after 24 h in KE group compared to control and baseline, but increased after 7 days compared to 24 h in KE and KSMCT group; (E) Body weight did not change significantly in either groups. Abbreviations: SD, standard rodent chow + water (~2.5 g/kg b.w. water/day); KE, SD + ketone ester (1,3-butanediol-acetoacetate diester, ~2.5 g/kg b.w./day); KS, SD + beta-hydroxybutyrate-mineral salt (βHB-S; ~2.5 g/kg b.w./day); KSMCT, SD + beta-hydroxybutyrate-mineral salt (BHB-S) + MCT (KSMCT; ~2.5 g/kg b.w./day); (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).



Less Entries to Closed Arms with Ketone Supplements

Entries to the closed arms were less frequent with KE and KS treatment (p = 0.0436, 0.0234, respectively) in SPD and with KSMCT treatment (p = 0.0014) in WAG/Rij rat models, respectively, after 7 days of administration (Figures 2B, 3B). SPD rats also entered fewer times to the center when treated with KS (Figure 2A; p = 0.0193), compared to control (SD) animals. Conversely, WAG/Rij rats made less entries to open arms in KE treated group (p = 0.0318).

More Distance Traveled in Open Arms, Less in Closed Arms and Delayed Latency of Entrance to Closed Arms with Ketone Supplements

After chronic feeding in SPD rats, the distance traveled in the open arms was significantly greater in KS and KSMCT groups (p = 0.036 and 0.0165), and distance traveled in the closed arms was significantly less in LKE, KS and KSMCT groups (p = 0.0252, 0.00041 and 0.0032), compared to the control (SD). Distance traveled in the center was more in KS and KSMCT groups (p = 0.0206 and 0.0482; Figure 1B).

The latency to first entrance of closed arms was significantly greater in KSMCT group after chronic feeding (p = 0.0038; Figure 1C).

Elevation of Blood βHB Levels with Ketone Supplements

After 83 days of chronic feeding in SPD rats, blood βHB levels remained significantly elevated in HKE, KS and KSMCT groups, compared to control (p = 0.0004, <0.0001, 0.0014; Figure 1D) while it decreased in SD compared to baseline (p = 0.0307).

Blood βHB levels were elevated in SPD rats after 24 h of a single gavage in KE group (Figure 2C; p = 0.0325), compared to control.

In SPD rats βHB was elevated in KSMCT groups at 7 days compared to their level at 24 h and baseline (p < 0.0001; Figure 2C). Blood βHB was also elevated in KS and KSMCT treatment groups compared to control group (p = 0.0194, <0.0001; Figure 2C). After 7 days of gavage, blood βHB was elevated in KE, KS and KSMCT groups in WAG/Rij rats (p < 0.0001) compared to baseline, 24 h and control (Figure 3C).

Ketone Supplementation and Blood Glucose Levels

After 13 weeks of chronic feeding in SPD rats blood glucose did not change significantly in any groups (Figure 1E).

However, in SPD rats, after sub-chronic ketone treatments, blood glucose levels were lower at 24 h in KE group compared to control (p < 0.0001; Figure 2D). After 7 days of oral gavage blood glucose was lower in KSMCT compared to control, to baseline and to the level at 24 h in SPD rats (p < 0.0001; Figure 2D).

In WAG/Rij rats the KE group had lower glucose levels after 24 h, compared to baseline levels (p = 0.0064), however after 7 days their level were elevated again, compared to the level at 24 h (p = 0.0006; Figure 3D). Moreover, glucose levels were also elevated after 7 days compared to 24 h in KSMCT group (Figure 3D).

Differences in Changes of Blood Ketone and Glucose Levels Between the Two Animal Models

There was significant difference in βHB levels between the two animal models in KE and KSMCT groups at 7 days only (Figure 4A). The glucose levels were different between the two animal models in each treatment groups at each time points, except in KSMCT group at 7 days (Figure 4B).
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FIGURE 4. Blood βHB and glucose levels compared between the two animal models. (A) Blood βHB levels were higher at 7 days in WAG/Rij rats after KE and KSMCT treatment. (B) Blood glucose levels were significantly lower in WAG/Rij rats, except in KSMCT group at 7 days. (**p < 0.01; ***p < 0.001; ****p < 0.0001).



Body Weight Changes during Ketone Supplementation

After chronic feeding, the body weight of SPD rats was lower in HKE group compared to the control (p = 0.0366). The body weight increased in SD and KSMCT groups, compared to their baseline (p = 0.0015, 0.0012; Figure 1F).

After 7 days of treatment the body weight of SPD rats increased in SD group, compared to its baseline (p = 0.0297). The body weight was lower in KE and KS treatment groups after 7 days, compared to control (p = 0.0005, <0.0001; Figure 2E). In WAG/Rij rats the body weight did not change significantly in either group during the treatment period (Figure 3E).

DISCUSSION

The current study demonstrated the anxiolytic effect of chronic (13 weeks) and sub-chronic (7 days) administration of several forms of ketone supplementation in both SPD and WAG/Rij rats. Anxiolytic effect was assessed by means of EPM and measured by less entries and time spent in closed arms, more entries and time spent in open arms, more distance traveled in open arms, and delayed latency to entrance into closed arms.

Ketones are produced naturally in the liver only under certain physiological conditions associated with the suppression of the hormone insulin: starvation, fasting, calorie restriction, prolonged exercise, or during the consumption of high fat, low carbohydrate KD. The restrictive nature of these states has limited the clinical applicability of therapeutic ketosis due to practical considerations. In an effort to circumvent this dilemma, researchers have recently developed a number of exogenous ketogenic supplements, ketogenic precursors that are metabolized to produce a dose-dependent elevation of βHB and AcAc in the blood (Veech, 2004; Clarke et al., 2012; Kesl et al., 2016). Induction of hyperketonemia produces acute and chronic changes in metabolic physiology and neuropharmacological pathways that provide therapeutic effects in varied disease states. The ketone supplements tested in this study allowed for a rapid and controlled induction of physiologic ketosis without the need for fasting or severe dietary restrictions. Previous studies have demonstrated the use of exogenous ketones as a means to induce a dose-dependent hyperketonemia (1–7 mM) in rats, mice, dogs, pigs and humans (Desrochers et al., 1992, 1995; Ciraolo et al., 1995; Brunengraber, 1997; Puchowicz et al., 2000; Clarke et al., 2012; Srivastava et al., 2012). Exogenous ketogenic supplementation mimics the metabolic and physiologic effects of the KD, including enhancing mitochondrial biogenesis, anaplerosis, suppression of glycolysis and increasing ATP and adenosine production, all thought to mediate the therapeutic effects of KD in epilepsy (Veech, 2004; Srivastava et al., 2012; Kesl et al., 2014; Poff et al., 2015). Since many of the benefits of ketosis are mechanistically attributable to the ketone bodies, it is possible that exogenous ketone supplementation could mimic the therapeutic efficacy of the KD for certain disorders, including anxiety disorders, or other disorders, such as seizure disorders and AD that have a comorbidity of anxiety.

The differences in blood βHB and glucose levels between the two animal models both before and after the treatment highlight the need to examine the response to ketone supplementation in more rodent models with different pathologies. Both in chronic and sub-chronic KE treatment resulted in lower body weight in SPD animals, however, the body weight did not change significantly during the treatment period in WAG/Rij rats.

Previous studies have shown a clear anxiolytic effect in the EPM when the antidepressant/antipanic drug phenelzine, agonists and/or antagonists of different neurotransmitter systems (e.g., GABAergic and glutamatergic system) were given acutely to rats (Paslawski et al., 1996; Engin and Treit, 2008). Although, there is no compelling evidence that the KD or elevated blood ketone levels would induce global changes in GABA levels (Hartman et al., 2007), the exogenous ketone supplementation tested in the present study similarly increased the open arms exploration in the EPM and increased the latency to enter the closed arms, showing anxiolytic effect.

In summary, LKE decreased time spent in closed arms and reduced distance traveled in closed arms after chronic treatment. Moreover, KE increased time spent in open arms, decreased time spent in center and decreased number of entries in closed arms after sub-chronic treatment in SPD rats. KS was proven to be effective in reducing time spent and distance traveled in closed arms and increase distance traveled in open arms after chronic treatment. It also reduced time spent and number of entries to center, while decreasing number of entries in closed arms after sub-chronic treatment in SPD rats. KSMCT effectively increased time spent and distance traveled in open arms and decreased time spent and distance traveled in closed arms, as well as delayed latency to first entrance to closed arms after chronic treatment in SPD rats. In WAG/Rij rats KSMCT successfully increased time spent in open arms and decreased time spent and number of entries in closed arms after sub-chronic treatment. Differences could be observed between the effects of different ketone supplements on anxiety. These results indicate that KS and KSMCT are the most effective after chronic treatment, while KE and KS seem to be the most effective after sub-chronic treatment in rats without pathology (SPD). In rats with pathology (WAG/Rij) KSMCT was the most effective treatment after sub-chronic administration.

Previous studies showed that the percentage of open arm entries linearly increase with age (Lynn and Brown, 2010) and the aging-related changes in EPM behavior are strain-specific (Ferguson and Gray, 2005), therefore the rats used in the present study involved two strains and animals of different age. In other studies, those rats that were pre-treated with amphetamine exhibited increased anxiety-like behavior on the EPM, which was successfully reversed by paroxetine, a selective serotonin (5-HT) reuptake inhibitor (Tu et al., 2014). Those results suggested that 5-HT levels in the ventral hippocampus are critical for regulating anxiety behavior and that increasing 5-HT levels may be an effective strategy for reducing anxiety (Tu et al., 2014). Therefore, we speculate that the ketone supplements reduced anxiety-related behavior not solely by elevating blood ketone levels, but may also effect the regulation of 5-HT levels. In spite of that WAG/Rij rats show different anxiety behavior compared to SPD rats (e.g., WAG/Rij rats spent approximately equal times in the closed and open arms without ketone supplementation: Figures 2A, 3A), sub-chronic ketone supplementation was effective not only in SPD rats but also in WAG/Rij rats (Figures 2A,B, 3A,B). Thus, our results on WAG/Rij rats strengthened the hypothesis on anxiolytic effect of exogenous ketone supplementation found in SPD rats.

Previous studies demonstrated that 18% of Americans and 14% of Europeans may be affected by one or more anxiety disorders (Kessler et al., 2005) that are associated with high financial costs, increased risk of mortality and morbidity as well as impaired workplace performance (Greenberg et al., 1999; Albert et al., 2005). Ketone supplementation may be a potential therapeutic intervention in treatment of anxiety disorders (Yudkoff et al., 2007; Engin and Treit, 2008; Masino et al., 2012; Lutas and Yellen, 2013), while very little is known about the link between ketone application-evoked changes in CNS and anxiety disorders. However, it has been demonstrated that KD may: (i) decrease extracellular glutamate release/level by means of inhibition of vesicular glutamate transporter; (ii) increase adenosine level; and (iii) augment the GABAergic effects by GABAA receptors (Yudkoff et al., 2007; Engin and Treit, 2008; Masino et al., 2012; Lutas and Yellen, 2013). It has been demonstrated that serotonergic, glutamatergic and GABAergic system of different brain areas such as hippocampus and/or amygdala have a role in the regulation of anxiety: 5-HT transporters, 5-HT receptors (e.g., 5-HT1A), N-methyl-D-aspartate (NMDA) receptors and GABA receptors (e.g., GABAA receptors) are potential targets in the treatment of anxiety disorders (Nagy et al., 1979; Kakui et al., 2009; Li, 2012; Sankar, 2012; Dias et al., 2013). It was concluded that GABAergic system may have critical role in the modulation of the level of anxiety: increased GABAergic transmission may evoke anxiolytic effect (Engin and Treit, 2008; Li, 2012). Thus, augmentation of the GABAergic effects by means of KD via GABAA receptors may evoke a decrease in anxiety level. It has also been demonstrated that: (i) KD may increase extracellular adenosine level (Masino et al., 2012; Lutas and Yellen, 2013); (ii) inhibition of adenosine receptors (A1R and A2AR) by means of caffeine promotes anxious behavior (Klein et al., 1991); (iii) A1R- or A2AR-knockout mice showed anxiogenic-like behaviors (Ledent et al., 1997; Johansson et al., 2001); and (iv) modulation of adenosine receptor activity might be an effective treatment strategy for patients with anxiety disorders (Kovács and Dobolyi, 2013). In addition, as KD may evoke decreased extracellular glutamate level (Lutas and Yellen, 2013) and NMDA receptor antagonists may have anxiolytic effects (Guimarães et al., 1991; Engin and Treit, 2008) KD may exert its alleviating effect on anxiety level via glutamatergic system. Thus, theoretically, as ketone supplementation may generate similar changes in brain neurotransmitter systems as KD by means of ketosis (Figures 1–3), chronic and sub-chronic ketone supplementation-provoked anxiolytic effects may be evoked by means of glutamatergic and/or GABAergic as well as adenosinergic system in SPD and WAG/Rij rats. Indeed, a recent study supports the effect of ketone esters increasing the brain GABA/Glutamate ratio in an animal model of Angelman’s syndrome (Ciarlone et al., 2016). However, our knowledge is not sufficient at present to explain the mechanism(s), by which ketone supplementation exerts its anti-anxiety effects.

We measured higher βHB levels after sub-chronic ketone supplementation in WAG/Rij rats (KE and KSMCT) compared to SPD rats (Figure 4A). This result and the reduced activity of GABAergic system in WAG/Rij rat brain (Luhmann et al., 1995) may explain that half doses of KE and KSMCT (~2.5 g/kg b.w./day) than applied in SPD rats (~5 g/kg b.w./day) effectively decreased the anxiety level in WAG/Rij rats. Higher basal ketone levels (and its putative anti-anxiety effects) in WAG/Rij rats may also cause lower basal anxiety levels compared to SPD rats (e.g., WAG/Rij rats spent more time in the open arms compared to SPD rats before ketone supplements; Figures 2A, 3A).

In conclusion, based on the present study, we can conclude that chronic and sub-chronic administration of exogenous ketone supplementation may be an effective way to reduce anxiety. Achieving nutritional ketosis with exogenous ketone supplementation while maintaining a normal diet might be an alternative to the KD, or may further augment the therapeutic efficacy of the KD. Therefore, it is important to understand the long-term effects of these supplements fed chronically. These preliminary data show that chronic and sub-chronic feeding of ketone supplements not only elevated blood ketone levels, but also reduced anxiety-related behavior, which can be highly beneficial for patients managing diseases like epilepsy and AD with nutritional ketosis. Since achieving nutritional ketosis requires strict dietary restrictions, compliance is a major difficulty in this treatment. The administration of exogenous ketone supplements that increase ketone levels in the blood without dietary restrictions may be an effective option to improve compliance. We propose that exogenous ketone supplementation could provide an alternative method to reduce anxiety for healthy individuals, as well as those with disorders that are metabolically managed with the KD. Therefore, further studies are needed to determine the molecular basis of ketone supplementation-induced anxiolytic changes, and how this strategy can be implemented in human clinical trials with patients suffering anxiety disorders.
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Nutritional ketosis may enhance cerebral energy metabolism and has received increased interest as a way to improve or preserve performance and resilience. Most studies to date have focused on metabolic or neurological disorders while anecdotal evidence suggests that ketosis may enhance performance in the absence of underlying dysfunction. Moreover, decreased availability of glucose in the brain following stressful events is associated with impaired cognition, suggesting the need for more efficient energy sources. We tested the hypotheses that ketosis induced by endogenous or exogenous ketones could: (a) augment cognitive outcomes in healthy subjects; and (b) prevent stress-induced detriments in cognitive parameters. Adult, male, Sprague Dawley rats were used to investigate metabolic and behavioral outcomes in 3 dietary conditions: ketogenic (KD), ketone supplemented (KS), or NIH-31 control diet in both control or chronic stress conditions. Acute administration of exogenous ketones resulted in reduction in blood glucose and sustained ketosis. Chronic experiments showed that in control conditions, only KD resulted in pronounced metabolic alterations and improved performance in the novel object recognition test. The hypothalamic-pituitary-adrenal (HPA) axis response revealed that KD-fed rats maintained peripheral ketosis despite increases in glucose whereas no diet effects were observed in ACTH or CORT levels. Both KD and KS-fed rats decreased escape latencies on the third day of water maze, whereas only KD prevented stress-induced deficits on the last testing day and improved probe test performance. Stress-induced decrease in hippocampal levels of β-hydroxybutyrate was attenuated in KD group while both KD and KS prevented stress effects on BDNF levels. Mitochondrial enzymes associated with ketogenesis were increased in both KD and KS hippocampal samples and both endothelial and neuronal glucose transporters were affected by stress but only in the control diet group. Our results highlight the complex relationship between peripheral metabolism, behavioral performance and biochemical changes in the hippocampus. Endogenous ketosis improved behavioral and metabolic parameters associated with energy metabolism and cognition while ketone supplementation replicated the biochemical effects within the hippocampus but only showed modest effects on behavioral improvements.

Keywords: nutritional ketosis, behavioral performance, metabolism, hippocampus, ketone supplements, stress

INTRODUCTION

In creased abundance of food choices has resulted in widespread consumption of convenient meals that often lack nutritional value, contributing to the epidemics of obesity, diabetes and metabolic disorders. Clinical studies indicate a strong association between stressful events with adiposity, increased body mass index and weight gain (Dallman et al., 2005; Block et al., 2009). These metabolic changes are due, in part, to higher circulating levels of glucose, insulin and insulin resistance induced by cumulative stress (Sinha and Jastreboff, 2013). In non-diabetic individuals, higher levels of peripheral glucose were predictive of cognitive decline within 5 years whereas in diabetic patients, higher glucose levels were related to increased risk of dementia (Crane et al., 2013).

In the brain, prolonged periods of physiological and psychological stress are associated with decreased glucose availability, leading to impaired decision making abilities, reaction time, changes in attention and memory and learning deficits (Baran et al., 2009; Yuen et al., 2012; Olver et al., 2015). In rodents, performance in challenging tasks reduced glucose availability in several brain areas, particularly in the hippocampus (McNay et al., 2000), with more demanding tasks resulting in greater decreases compared to less demanding tasks (McNay et al., 2001). Therefore, nutrient availability and the inability to effectively utilize alternative fuel sources may contribute to deteriorating performance during physically and cognitively taxing settings. This underscores the importance of optimizing metabolic interventions targeting the homeostatic control of brain networks involved in efficient energy utilization.

The beneficial effects of low carbohydrate, ketogenic diets (KDs) on metabolism have been extensively described (Vernon et al., 2004; Westman et al., 2007). KDs enhanced athletic outcomes (Phinney et al., 1983; Volek et al., 2016) and reversed motor deficits in a model of amyotrophic lateral sclerosis (Zhao et al., 2012). Recently, KDs have been considered a potential therapeutic approach to neurological disorders (Kashiwaya et al., 2000; Prins, 2008; Puchowicz et al., 2008; Kelley and Hartman, 2011; Kim et al., 2012; Choi et al., 2016). Its neuroprotective effects can be associated with the ability of ketone bodies to act as additional energy substrates (Keon et al., 1995), replacing glucose as the brain's main energy source (Cahill, 2006; Masino et al., 2009; Courchesne-Loyer et al., 2013). Furthermore, recent studies are unraveling ketone bodies' role as potent signaling molecules in the brain (Shimazu et al., 2013; Newman and Verdin, 2014a,b), leading to adaptive cellular responses to environmental stimuli such as fasting, exercise and dietary interventions (Marosi and Mattson, 2014).

Chronic use of KD can be challenging due to limitations such as restricted food choices, unbalanced macronutrient profile and gastrointestinal side effects. Therefore, the low compliance to this diet led to the development of supplements such as synthetic ketone esters that mimic ketosis achieved with KD or prolonged starvation (Veech, 2004; D'agostino et al., 2013; Kashiwaya et al., 2013). Nutritional ketosis resulting from adherence to KD is often referred to as endogenous ketosis in contrast to peripheral ketosis induced by dietary supplements, referred to as exogenous ketosis. Ketone supplementation caused rapid and sustained elevation of blood ketones (1–5 mmol/L β-hydroxybutyrate) for hours after oral administration (D'agostino et al., 2013; Kesl et al., 2016). If demonstrated that exogenous ketones are capable of mimicking the beneficial effects of KD, dietary supplementation may be used to augment cognitive and physiological performance, bypassing the need for such a strict nutritional regimen.

While KD-induced benefits have been described in disease models, cognitive augmentation in healthy individuals still warrant investigation. Moreover, we sought to investigate the role of endogenous or exogenous ketosis following challenges known to result in functional, morphological and cognitive impairments. For instance, persistent stress and elevated corticosteroids are known to suppress neurogenesis and expression of brain-derived neurotrophic factor (BDNF) in the hippocampus (Rothman and Mattson, 2013) in addition to atrophy of dendritic branching (Sapolsky, 1985) and neuronal loss (Watanabe et al., 1992).

Taken together, the role of ketones in augmenting performance and cognition in the absence of disorders has only recently been the subject of investigation and merely anecdotal evidence is currently available. Thus, our aim was to test the hypothesis that ketone bodies are capable of preserving cognition during performance of cognitively demanding tasks or following exposure to stressful events. We investigated whether endogenous or exogenous ketones modulated metabolic, behavioral and biochemical events relevant to cognitive performance in young rats with no underlying neurological or metabolic dysfunction.

MATERIAL AND METHODS

Ethical Approval

All animal handling and procedures were approved by the Wright-Patterson Air Force Base Institutional Animal Care and Use Committee in accordance with the NIH Guide for the Care and Use of Laboratory Animals.

Animals

Adult, male Sprague-Dawley rats (6–8 weeks old) were purchased from Charles River (Wilmington, MA). Animals were allowed to acclimate to Wright Patterson Air Force Base (WPAFB) animal facility (7–10 days) prior to experiments. Throughout experimental procedure, subjects were singly housed in clear Plexiglas cages (10.5W × 10L × 8H in) with ad libitum access to food and water. Ambient housing conditions were controlled for temperature (18–24°C), humidity (30–70%), and a standard 12 h light/dark cycle (0600–1800). All experiments were performed during the light phase (between 0700 and 1600). Animals were handled routinely from the time of their arrival to minimize any effects of handling stress on experimental measurements.

Experimental Procedure

Figure 1 summarizes the experimental design adopted. All animals were individually housed before the commencement of the study. Food intake and body weight were assessed three times a week for 3 weeks before assignment into diet groups. Metabolic and behavioral data gathered during baseline (Table 1) were used to evenly distribute animals into dietary treatments (n = 20/diet). Peripheral blood was collected by tail clipping (between 0700 and 0900) and non-fasting levels of glucose and β-hydroxybutyrate (BHB) were measured using a glucose/ketone meter (Precision Xtra™, Abbott Laboratories, Abbott Park, IL).
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FIGURE 1. Study timeline. The experimental design used in the comparison between endogenous and exogenous ketones prior to and during exposure to control or chronic stress paradigm is depicted. OF, open field; NOR, novel object recognition; MBT, marble burying test; PA, passive avoidance; MWM, morris water maze; wks, weeks.




Table 1. Baseline parameters prior to assignment into dietary treatment groups.
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Subjects were progressively transitioned into new dietary groups, while access to previous diet was gradually reduced, allowing habituation to the new food. Animals were allowed to adjust to new diets for a 3 week period prior to behavioral testing. Subsequently, each diet group was subdivided into control or stress (n = 10/group) to investigate whether prolonged exposure to endogenous vs. exogenous ketones could mitigate challenge-induced detriments on behavioral performance. The stress paradigm adopted was chosen according the published studies on chronic variable stress on rodents (Herman et al., 2008; Jankord and Herman, 2008; Shea et al., 2015) and consisted of once-daily exposure to randomly assigned stressors. Restraint stress was performed by inserting the animals into a custom made well-ventilated, flat bottom clear plastic rodent restrainer for 1 h. Cold exposure consisted of placing cages (with no food, bedding or water) in a cold room at 4°C for 30 min. Constant motion was performed by placing cages onto an orbital shaker set at 100 rpm for 1 h. Novel housing consisted of placing animals into a novel cage (different dimensions – 16W × 20L × 8H in; different bedding with ad libitum access to food and water) overnight. Exposure to hypoxic conditions was performed by placing groups of rats in chambers with a solid lid containing inlet and outlets ports; ambient air was slowly replaced by high nitrogen, low oxygen gas mixture until it reached concentrations in the range of 8–12% O2. Animals were monitored throughout the hypoxia procedure (1 h). Stressors were randomly presented daily throughout the experimental paradigm. Serial blood collection was carried out during a 1 h restraint challenge to assess plasma levels of the stress hormones adrenocorticotrophic hormone (ACTH) and corticosterone (CORT). Moreover, all rats were fasted for 4 h, followed by ad libitum access to food for 2 h, after which food intake was calculated along with tail blood collection for measurements of postprandial levels of glucose, ketones and insulin. Animals were monitored daily for signs of distress and body weight was assessed three times a week to confirm normal growth rates for all animals.

Diets

Three different diets were utilized for this study and the macronutrient distribution in each diet is detailed in Table 2. Briefly, the ketogenic diet (KD, Teklad, Madison, WI) consisted of a low carbohydrate, medium chain triglyceride diet (carbohydrates: 0.5%; proteins: 22.4%; fats: 77.1%; 4.7 kcal/g). This diet has been shown to successfully achieve ketosis in rodents (Brownlow et al., 2013), without introducing high amounts of omega-6 or hydrogenated fats when compared to the standard rodent NIH-31 diet (carbohydrates: 62.2%; proteins: 23.8%; fats: 14%; 3.0 kcal/g). We performed a preliminary study to ensure that a mixture of the commercially available ketone supplements Caprylic Triglyceride (CT, a medium chain triglyceride—MCT- purchased from Parrillo Performance, Fairfield, OH) and KetoCaNa (Prototype Nutrition, Urbana, IL; 20 g of KetoCaNa mixed into 100 ml of CT) successfully modulated peripheral levels of glucose and ketone bodies following intragastric administration at a 10 g/kg dose (Figures 2A,B). A mixture of ketone salts and MCTs was considered due to the finding of immediate induction of ketosis elicited by the salts coupled with a slower, more sustained increase following MCT processing in the liver, resulting in increased ketone production (Kesl et al., 2016). The proportion of supplements used was chosen based on suggestions by colleagues and experimental testing in pilot studies. We adjusted the final numbers based on how well the salts stayed in solution after being mixed with CT. Hence, the ketone supplemented diet (KS; carbohydrates: 59.5%; proteins: 21.8%; fats: 9.1%; ketone supplements: 10.2%; 4.3 kcal/g) consisted of adding the mixture of ketone supplements (described above) at a 10% concentration (w/v) into the powdered NIH-31 diet (CTL, Teklad, Madison, WI). Due to the soft consistency of both KD and KS, these diets could not be pelleted and were placed in jars on the bottom of the animal's cage. Food was replaced three times a week to ensure freshness and ad libitum consumption.


Table 2. Nutritional information of diets used.
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FIGURE 2. Metabolic and behavioral changes induced by endogenous vs. exogenous ketosis. Intragastric administration of exogenous ketones (mixture of KetoCaNa + Caprylic Triglyceride, CT) induces a reduction in blood glucose (A) while increasing and sustaining higher blood ketone levels for up to 4 h (B). (C) No differences in body weight gain were observed during baseline assessment or transition into new diets whereas decreased body weight gain was observed in KD-fed rats following the start of dietary interventions. (D) KD-fed rats showed slower weight gain compared to control or KS diets after onset of chronic administration. (E) Blood glucose levels were significantly reduced in KD group 1 week after the start of dietary treatment. (F) KD feeding resulted in significantly elevated blood levels of the ketone body β-hydroxybutyrate (BHB) starting 1 week following dietary treatments. (G) Blood insulin levels at week 1 were significantly decreased in KD group. Data presented as mean ± S.E.M. (n = 6–8/group). *p ≤ 0.05; **p < 0.01; ***p < 0.001.



Behavioral Testing

The open field (OF) test was used as a standard test of general activity. Animals were placed for 5 min in an arena (40.5 × 45 × 36 cm Plexiglas) while their locomotor activity was monitored and quantified using EthoVision XT system (version 7.0.418, Noldus Information Technology, Leesburg, VT).

Short-term memory was assessed by the novel object recognition (NOR) test. Two identical objects were placed along the center line of the arena and animals were allowed to explore for 5 min. After each trial, the arena and objects were cleaned to minimize olfactory cues. Twenty four hours following the acclimation trial, one of the objects was replaced with a novel object. Animals were given a 5 min exploratory trial and working memory was evaluated by the percentage of exploration index (time exploring the novel object divided by the combined time spent exploring both novel and familiar objects multiplied by 100).

To assess memory acquisition and consolidation following hypoxia, passive avoidance (PA) was performed using classical conditioning chambers (Med Associates Inc., St. Albans, VT), as previously described (Sandusky et al., 2013). Briefly, animals in the stress groups were exposed for 1 h to hypoxic conditions (8–12% O2), prior to being placed in the brightly-lit side of the testing chamber for 30 s, after which a door opened, allowing entry to a dark chamber. Upon entry to the dark chamber on day 1, animals immediately received a mild foot shock (1.0 mA, 2s), ending their training trial and being subsequently placed back in the hypoxia chamber for 1 h prior to returning to their home cages. On day 2, animals were again placed in the brightly-lit chamber for 10s before the door was opened and latency to cross into the dark compartment (maximum of 10 min) after the door opened was taken as a measure of memory for the aversive experience.

The Morris Water Maze (MWM) tests spatial navigation and memory measured by the latency to find the escape platform (Morris, 1984). Water temperature was maintained at 19–23°C and extra-maze cues were placed on the walls. A clear platform (6 cm diameter) was located approximately 1.0 cm below the water in the southwest (SW) quadrant. Four alternating training days were completed, each with four 60 s trials with randomized starting positions. Inter-trial intervals were increased by testing all animals before the start of the next trial. On the first training day, animals that did not reach the platform within 60 s were gently guided to the platform. Probe trial was performed 48 h following the last (4th) training day, in which the platform was removed. Swim path, position, speed and latency to reach platform were recorded using EthoVision XT system (version 7.0.418, Noldus Information Technology, Leesburg, VT).

Tissue Processing

Rats were killed with pentobarbital (100 mg/kg) and transcardially perfused with 0.1M phosphate buffered saline (PBS). Interscapular brown adipose tissue (BAT), white adipose tissue (epididymal and perirenal fat pads), adrenals, thymus, and spleen were carefully harvested and weighed. Briefly, BAT was visually located after separating the skin on the back of the neck and dissected, cleaned from muscle and connective tissue prior to being weighed. Epididymal fat pads were dissected after opening the abdominal cavity, locating white adipose tissue in the inguinal anatomical region (slightly lateral to midline). After gently pulling the fat pad upward, the epididymus was visualized and gently separated from white adipose tissue so epididymal fat pad could be weighed. This was done on both sides. After locating the kidneys, perirenal fat pads were identified as the white adipose tissue located around the kidneys and extracted by carefully pulling and separating the fat from the kidney. Brains were collected immediately following perfusion; one hemisphere was dissected and immediately frozen on dry ice for biochemical analysis. The other hemisphere was immersion fixed in 4% phosphate-buffered paraformaldehyde for 24 h and cryoprotected in 30% sucrose solution for at least 24 h prior to sectioning on the coronal plane (25 μm thickness) on a sliding microtome with a freezing plate (Leica SM2010R). Sections were placed into cryoprotectant solution and stored at −20°C until further processing. Freshly frozen hippocampi were quickly minced and homogenized in RIPA homogenization buffer (pH 7.2) containing phosphatase and protease inhibitors (Sigma Aldrich, St Louis, MO) and soluble (cytosolic) fraction was separated following centrifugation at 20,000 rpm for 30 min. Pellets were then treated with Mem-Per Solubilization buffer, according to manufacturer's instructions (ThermoFisher Scientific, Waltham, MA) for extraction of membrane fraction. Hippocampal samples were used for further biochemical analysis by enzymatic or western blotting assays.

Biochemical Analysis

All enzymatic assays were run in duplicate, analyzed within the same assay and performed according to manufacturer's instructions. Blood samples were centrifuged at 4,000 × g for 15 min at 4°C and plasma was stored at −20°C until processed. Plasma levels of ACTH and CORT were measured using a rat stress hormone magnetic multiplex bead assay (RSHMAG-69K, EMD Millipore, Temecula, CA). Insulin concentrations were determined by ELISA (Crystal Chem., Downers Grove, IL). Protein content in hippocampal homogenates was determined using BCA protein assay kit (Pierce, Rockford, IL); BDNF levels were quantified in the cytosolic fraction using ELISA (Bolster Biological, Pleasanton, CA) and normalized to total protein content. BHB concentration was measured using a commercially available kit (Cayman Chemicals, MI).

Western Blotting

Following tissue homogenization and determination of protein concentration, equal amounts of proteins (12 μg/well) were loaded in each well of a 4–20% SDS PAGE gel and transferred onto a 0.2 μm pore size nitrocellulose membrane. Membranes were blocked in 5% blocking solution (Bio-Rad Laboratories, Inc. Hercules, CA) in 0.01% PBS-Tween and immunoblotted overnight (4°C on shaker) with different primary antibodies. Blots were washed with 0.01% PBS-T and incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG secondary antibody (ThermoFisher, Waltham, MA) for 1 h at room temperature. After incubation, membranes were washed before visualization using enhanced chemiluminescence (SuperSignal West Femto, ThermoFisher Scientific, Waltham, MA). Primary antibodies used were all rabbit polyclonal: BDH1 (Proteintech, 1:1,000); ACAT1 (Proteintech, 1:1,000); GLUT1 (Proteintech, 1:1,000); GLUT3 (Abcam, 1:2,000); COX IV (Abcam, 1:1,000) and β-actin (Invitrogen, 1:5,000). Band intensities were quantified by densitometry analysis using ImageJ software; corrected for background intensities and normalized to levels of β-actin (soluble fraction) or cytochrome oxygenase IV (COX IV, for mitochondrial enzymes) used as loading controls.

Statistical Analysis

Statistical analysis was carried out using SigmaPlot (SigmaPlot 11.0, San Jose, CA) by ANOVA followed by Fisher's Least Significant Difference (FLSD) post-hoc analysis for all comparisons performed. One-way ANOVA was performed with diet as independent variable; two-way ANOVA with diet and stress or time points as independent variables and three-way ANOVA with diet, stress and test session (training, testing, or 2 week test for passive avoidance test and testing days for MWM). One-, two-, or three-way repeated measures (RM) ANOVA were used when necessary and are indicated in corresponding results section. Statistical significance was established with p ≤ 0.05 for all tests. Graphs were generated using Graph Pad Prism 5.01 (La Jolla, CA).

RESULTS

Acute Administration of Exogenous Ketones Rapidly Changed Blood Glucose and Ketones

An initial time course experiment was performed to ensure that ketone supplements successfully induced and maintained ketosis in rodents. Administration of exogenous ketones by oral gavage reduced blood glucose within the first 30 min (95.3 mg/dl; two-way RM ANOVA treatment and time interaction, p = 0.02, Figure 2A), when compared to animals gavaged with water (116.0 mg/dl). Peripheral levels of BHB seemed to peak 1 h following administration and were significantly elevated for the duration of testing (ketone: 2.6 mM vs. water: 0.5 mM; two-way RM ANOVA main effects of treatment: p = 0.0002; time: p < 0.0001 and treatment and time interaction: p < 0.0001; Figure 2B).

KD, but not KS, Impacted Body Weight and Blood Levels of Glucose, Ketones, and Insulin

Body weight data collected was averaged for different experimental phases (3 weeks of baseline, transition week and 3 weeks of dietary interventions) and percentage of body weight change from initial week (wk -3) was calculated (Figure 2C). No differences in body weight gain were observed during the initial 3 weeks of baseline assessments (one-way RM ANOVA, p = 0.64) or during the transition week (p = 0.80) and a main effect of diet (one-way RM ANOVA, p < 0.001) was observed following the start of diet treatments. Body weight gain was significantly slower in KD-fed rats when compared to both control and KS diets (FLSD, p < 0.001 for both comparisons). One-way ANOVA revealed a main effect of diet (p < 0.0001), starting at week 2, when KD was compared to both the NIH-31 and KS groups, depicted in Figure 2D.

After transitioning into new dietary groups, a significant decrease in blood glucose levels was found in KD-fed rats (one-way RM ANOVA, main effect of diet, p = 0.007, Figure 2E) together with increased peripheral levels of BHB (one-way RM ANOVA, main effect of diet, p < 0.0001, Figure 2F). Plasma insulin levels from rats fed KD were lower than other groups (p < 0.001 when compared to both NIH-31 and KS groups, week 1 time point, Figure 2G), showing a 50% reduction in comparison to the NIH-31-fed group (FLSD, p < 0.001). Ketone supplementation did not affect insulin levels when compared to the NIH-31 diet (FLSD, p = 0.21). On week 3, behavioral testing was performed to assess diet-induced changes in short-term memory and tail blood collection was not performed to avoid possible confounding variables in both behavioral and biochemical measures.

24 h Retrieval in the Novel Object Recognition Test Was Enhanced in KD Fed Rats

Short-term memory was assessed by the novel object recognition test. One-way ANOVA revealed a main effect of diet (p = 0.03); Figure 3A highlights the post-hoc comparison showing that the KD-fed group exhibited significantly greater percentage of novel object exploration compared to NIH-31-fed group (FLSD, p = 0.009). No differences were observed between KD-fed and either KS (FLSD, p = 0.11) or between KS vs. NIH-31 (FLSD, p = 0.29) groups.
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FIGURE 3. Diet and stress-induced effects on behavioral performance prior to and during daily exposure to stressors. (A) KD-fed rats showed greater percentage of novel object exploration compared to NIH-31 diet. This improvement occurred regardless of changes in locomotor activity (not shown). No differences in total distance traveled or speed were observed in any of the groups. The dotted line represents chance exploratory preference. (B) Hypoxia exposure prior to and following training trials significantly decreased latency to cross 24 h later (shadedbars) in the passive avoidance test. This impairment, however, was not present 2 weeks later (dashed bars). (C) KD-fed rats displayed shorter path lengths on days 2 and 3 of testing in the Morris water maze. Stress significantly increased path length on day 4 of testing, regardless of diet. (D) Morris water maze performance was significantly improved in both KD and KS groups on day 3, regardless of stress, and was impaired by stress on day 4. KD feeding prevented stress-induced impairments in performance on day 4 (E) Percentage of trial time spent in each quadrant during probe trial. KD-fed rats spent more time in target quadrant (SW) than NIH-31-fed groups. Data are presented as mean ± S.E.M. (n = 9–10/group). *p ≤ 0.05; **p < 0.01.



24 h Performance in the Passive Avoidance Was Negatively Affected by Hypoxia

The passive avoidance test was used to investigate learning and memory performance following exposure to stress induced by exposure to hypoxia prior to and immediately after training trials. All animals entered the dark chamber rapidly on training day and two-way ANOVA revealed no diet (p = 0.74) or hypoxia (p = 0.63) differences when latency to cross was analyzed (Figure 3B, clear bars). Three-way RM ANOVA (diet, hypoxia and testing session) revealed main effects of hypoxia (gray box, p = 0.05), testing session (p < 0.0001) and significant interaction between testing session and hypoxia (p = 0.02). Specifically, groups that were exposed to hypoxia showed significantly shorter latencies to cross over to the dark chamber when compared to animals kept in normoxic conditions during testing session (two-way RM ANOVA p = 0.01), indicating poorer performance. This detrimental effect was, however, no longer present when animals were tested 2 weeks later (p = 0.45; Figure 3B, striped bars). There were no significant effects of diet during training, 24 h or 2 weeks testing for the passive avoidance test (three-way RM ANOVA, p = 0.61).

Performance in the MWM Was Modulated by Both Diet and Stress

Spatial learning and memory were assessed by the MWM after multi-modal stress exposure. All animals swam without difficulty and no differences in swim speed were observed between diets or stress (p = 0.95 and p = 0.92, respectively, data not shown). A non-significant trend was observed for a main effect of stress on path length (p = 0.07), suggesting that exposure to stress resulted in a trend for increased swim distance. This effect reached statistical significance on day 4 (two-way ANOVA, main effect of stress, p = 0.02, Figure 3C). Individual analysis of daily path length revealed that KD-fed rats swam significantly shorter distances when compared to NIH-31-fed rats on both days 2 and 3 (p = 0.05 and p = 0.04, respectively) regardless of exposure to stressors.

As evidenced by Figure 3D, all groups improved with gradual decreases in latency to reach the escape platform (three-way RM ANOVA main effect of days, p < 0.0001). Three-way ANOVA revealed a main effect of stress (p = 0.05), although no main effects of diet (p = 0.22) were observed when averaged latencies were compared across all 4 days. Stress-induced increase in latency to reach platform was most pronounced on day 4 of testing (p = 0.02). Significant differences between groups were observed within days when latency to reach platform on testing days was compared to initial performance on Day 1 (three-way RM ANOVA main effect of diet, p = 0.003). For instance, on Day 2 groups fed control diet showed a non-significant trend for increased latencies when compared to both KD (FLSD, p = 0.1) and KS groups (FLSD, p = 0.06). This difference reached statistical significance on Day 3 (main effect of diet, p = 0.005), with KD and KS groups displaying shorter latencies than control diet groups (FLSD, p = 0.004, and p = 0.006, respectively). Main effects of both diet (p = 0.03) and stress (p = 0.05) were observed on Day 4. KD-fed animals displayed significantly shorter latencies compared to the control diet (FLSD, p = 0.008, Figure 3D).

All animals spent the majority of probe testing time in the target quadrant (outlined by boxed area in Figure 3E). No differences in swim speed or distance were observed (data not shown). Three-way RM ANOVA (diet, stress, and quadrants) revealed a main effect of quadrant (p < 0.0001) and a significant interaction between quadrant and diet (p = 0.03) vs. a non-significant trend for quadrant and stress interaction (p = 0.07). KD-fed animals spent significantly more time in the target quadrant than NIH-31-fed groups (FLSD, p = 0.02).

Neither Diet Affected Hypothalamic-Pituitary-Adrenal Axis Response to Acute Stressor

Diet-induced changes in stress hormone levels were assessed by a 1 h restraint challenge, during which blood samples were collected at 0 (baseline), 30 and 60 min and then after 1 h recovery (120 min). Figure 4 summarizes restraint-induced changes in peripheral levels of glucose (Figure 4A), BHB (Figure 4B), ACTH (Figure 4C), and CORT (Figure 4D). Glucose levels steadily increased (two-way RM ANOVA main effect of time p < 0.0001, Figure 4A) but no main effects of diet were observed (p = 0.15). Area under the curve analysis (AUC, Figure 4A inset) showed that KD group exhibited lower overall levels of glucose than NIH-31 group (p = 0.05). Blood glucose levels in KS group were intermediate and did not differ from either NIH-31 or KD groups (AUC analysis: FLSD, p = 0.28 and p = 0.36, respectively). Two-way RM ANOVA revealed main effects of time (p < 0.0001) and diet (p < 0.0001) when ketone levels were analyzed throughout all time points, suggesting that ketone levels gradually dropped after the onset of the stressor, concomitantly with the increase in glucose levels. Post-hoc analysis showed that this difference was due to KD-fed group presenting higher levels of ketone bodies at all time points tested when compared to other dietary groups [Figure 4B: KD vs. NIH-31, FLSD baseline (p = 0.02), 30 min (p = 0.001), 60 min (p = 0.0002) and 120 min (p < 0.0001); KD vs. KS, FLSD baseline (p = 0.01), 30 min (p = 0.004), 60 min (p = 0.007) and 120 min (p = 0.0001)]. Accordingly, area under the curve analysis (Figure 4B inset) revealed a main effect of diet (p < 0.001 and FLSD, p < 0.001) when compared to both groups.
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FIGURE 4. Effects of endogenous (KD) vs. exogenous (KS) ketones on blood chemistry and the stress response. (A) Blood glucose and (B) ketone levels during and following 1 h restraint challenge (n = 9–10/group). Plasma levels of the stress hormones (C) ACTH and (D) corticosterone were unchanged by either KD or KS. Insets represent area under the curve (AUC) analysis for each measurement. Data shown as mean ± S.E.M. (n = 6–8/group). *p < 0.05, **p < 0.01 and ***p < 0.001.



No differences were observed in the total levels or area under the curve analysis for ACTH (Figure 4C and inset) or CORT (Figure 4D and inset) between groups. ACTH secretion profile in both KD and KS groups seemed slightly different, with peak levels appearing somewhat faster (at 30 min) and lower than control counterparts. However, these differences did not reach statistical significance which may be due in part to great individual variability in the biochemical measurements of ACTH in plasma samples.

Postprandial Levels of Glucose, Ketones, and Insulin

In order to determine diet-induced metabolic changes, all animals had food removed for 4 h (0800–1,200) followed by ad libitum access to respective diets for 2 h (1,200–1,400), after which food consumption was calculated and blood was collected for assessments of glucose, ketones and plasma insulin levels (Figure 5). Two-way ANOVA revealed main effects of both diet (p = 0.01) and stress (p = 0.04) on glucose levels 2 h after feeding. Stressed rats had greater postprandial glucose levels than control rats (FLSD, p = 0.03). Consistent with previous measurements, postprandial glucose measurements were attenuated in KD groups in comparison to both NIH-31 (FLSD, p = 0.01) and KS (FLSD, p = 0.004) groups (Figure 5A). Postprandial levels of BHB were increased in KD-fed group only (two-way ANOVA main effect of diet, p < 0.0001; FLSD, p < 0.0001 when compared to both other diets; Figure 5B), regardless of stress (p = 0.26). Of note, at the time point investigated, consumption of ketone supplements in the context of a normal carbohydrate diet was not effective in inducing significant ketosis when compared to NIH-31 diet alone (FLSD, p = 0.53). Food consumption was not affected by diet (p = 0.14) but was significantly increased in stressed groups (p = 0.04, Figure 5C).
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FIGURE 5. Postprandial measurements of glucose, ketones, food intake and insulin. (A) Blood glucose was reduced in KD-fed groups and elevated in stressed groups. (B) Ketone (BHB) levels were elevated in KD groups only and not affected by stress. (C) Food intake was not different across diets but was elevated in stressed groups. (D) Non-fasting insulin levels were reduced by KD. Data shown as mean ± S.E.M. (n = 8–10/group). *p < 0.05, **p < 0.01, and ***p < 0.001.



Non-fasting insulin levels revealed a main effect of diet (p = 0.04, Figure 5D). Post-hoc comparisons showed that this effect was due to a pronounced decrease in insulin levels in KD-fed groups when compared to KS-fed (FLSD, p = 0.01) while displaying a non-significant trend in comparison to NIH-31-fed groups (FLSD, p = 0.10).

Neither Dietary Treatment Prevented Body Weight Changes during Chronic Stress

Weekly assessments (three-way RM ANOVA with diet, stress and weeks as independent variables) showed main effects of both stress (p = 0.04) and diet (p < 0.0001). All groups exposed to stressful conditions displayed smaller body weight changes throughout the 4 weeks of daily exposure to stressors (Figure 6A). The diet effect observed was due to KD-fed groups remaining significantly smaller than animals from the other dietary groups. Averaged body weight changes during the last 4 experimental weeks were analyzed to investigate the combined effects of both diet and stress (Figure 6B). Two-way ANOVA revealed main effects of both diet (p < 0.001) and stress (p = 0.04) on percentage of body weight change with post-hoc analysis indicating that KD-fed rats presented significantly smaller body weight changes when compared to both NIH-31 and KS diets (FLSD, p < 0.001 for both comparisons, Figure 6B). Importantly, chronic supplementation with ketones did not affect body weight gain in comparison to the control diet (FLSD, p = 0.75).
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FIGURE 6. Anatomical changes at euthanasia following chronic exposure to stressors. (A) Following exposure to stressors, main effects of diet (p < 0.0001) and stress (p = 0.04) were observed, with KD-fed rats exposed to stress displaying significantly lower body weight changes. (B) Averaged percentage of body weight change values during the stress exposure period showed main effects of diet (p < 0.001) and stress (p = 0.04) and showed that KD groups showed consistent lower weight gain. (C) KS-fed rats showed increased brown adipose tissue weight (BAT, normalized to body weight) in comparison to KD-fed group (p = 0.002). (D) Normalized perirenal fat pad weights were larger in both KD and KS in comparison to NIH-31-fed groups (p = 0.01 and p = 0.0006, respectively). (E) A trend for main effect of diet (p = 0.07) was observed with normalized epididymal fat pad weights, with increased weights in KS groups, compared to both NIH-31 (p = 0.03) and KD (p = 0.04) groups. Data represented as mean ± S.E.M. (n = 9–10/group). *p < 0.05; **p < 0.01, and ***p < 0.001.



Chronic Effects of Both Diet and Stress on Anatomy

No differences in brain (diet: p = 0.12 and stress: p = 0.99), adrenal (diet: p = 0.39 and stress: p = 0.93) or spleen (diet: p = 0.90 and stress: p = 0.15) raw weights were observed. Thymus involution was observed in stressed animals, regardless of dietary group (p = 0.04). In addition to raw tissue weights, brown adipose tissue (BAT), perirenal, and epididymal fat pads are also shown as percentage of final body weight. Normalized BAT weight was significantly increased in KS groups (main effect of diet, p = 0.01, Figure 6C) and this effect was observed when compared to KD groups (FLSD, p = 0.0025). No stress-induced differences were observed in raw values (p = 0.87) or normalized BAT weight (p = 0.53). Perirenal and epididymal fat pads were dissected and weighed to assess chronic effects of diet and stress on peripheral energy deposits. Two-way ANOVA revealed a significant effect of diet on normalized perirenal fat pad weight (p = 0.002). Figure 6D highlights the post-hoc comparisons showing that perirenal fat pads obtained from NIH-31-fed animals were significantly smaller than the ones dissected from both KD (FLSD, p = 0.01) and KS (FLSD, p = 0.0006) groups. When analyzing normalized epididymal fat pad weights, a trend for diet-induced differences was observed (p = 0.07, Figure 6E). Overall, KS groups displayed larger epididymal fat pads when compared to both NIH-31 (FLSD, p = 0.03) and KD (FLSD, p = 0.05) groups. No stress effects were observed in either perirenal (p = 0.77) or epididymal (p = 0.38) fat pads, regardless of dietary treatment.

Stress-Induced Reduction in Hippocampal BHB and BDNF were Attenuated by KD and Both KD and KS, respectively

Two-way ANOVA revealed a main effect of stress (p < 0.001) on hippocampal levels of BHB, with all diet groups showing lower levels following exposure to stressors (Figure 7A). While post-hoc comparisons did not find differences between any of the dietary groups in the control condition, stressed animals fed KD showed significant attenuation of decrements in hippocampal BHB levels, when compared to stressed NIH-31-fed group (FLSD, p = 0.02). Figure 7B depicts changes in the ratio of BDNF levels to hippocampal weight. Two-way ANOVA revealed a main effect of stress (p = 0.03), while post-hoc comparisons showed that NIH-31 fed groups showed a 13% reduction BDNF levels after repeated exposure to stressors (FLSD, p = 0.008) but no effect of stress was observed in either the KD or KS groups (Figure 7B).
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FIGURE 7. Hippocampal levels of β-hydroxybutyrate (BHB) and brain derived neurotrophic factor (BDNF). (A) Daily exposure to stress resulted in decreased hippocampal levels of BHB. This decrease, however, was attenuated in KD-fed rats compared with stressed rats on control diet (indicated by bracket with arrows). (B) Decreased BDNF levels were observed in stressed NIH-31 fed rats compared with non-stressed NIH-31 fed rats. However, both KD and KS groups showed a non-significant trend (p = 0.10) for lower levels of hippocampal BDNF. Data shown as mean ± S.E.M. (n = 8–10/group). *p ≤ 0.05; **p < 0.01.



Diet and Stress-Induced Changes in the Protein Levels of Mitochondrial Enzymes and Glucose Transporters

β-hydroxybutyrate dehydrogenase-1 (BDH1), the enzyme that catabolizes BHB in the brain, was significantly increased in the hippocampi of rats fed either KD or KS (two-way ANOVA main effect of diet, p < 0.001, Figure 8A). After stress, a further increase was more prominent in KD when compared to both KS and NIH-31 groups (FLSD, p < 0.001 for both comparisons). Post-hoc comparison between KS and NIH-31 groups showed a significant increase in BDH1 levels (FLSD, p = 0.03). Despite the lack of main effects of stress, post-hoc analysis showed a significant increase in stress-induced levels of BDH1 levels in KD group (FLSD, p = 0.005). Figure 8B illustrates changes in acetyl-CoA transferase (ACAT1), a mitochondrial enzyme that catalyzes the reversible formation of acetoacetyl-CoA from two molecules of acetyl-CoA. Here we show that both endogenous and exogenous ketones induced a significant increase in hippocampal ACAT1 levels (main effect of diet, p < 0.001), when compared to control diet (FLSD, p < 0.001 and p = 0.003, respectively). Furthermore, a non-significant trend for a main effect of stress was observed (p = 0.06), mostly driven by the increase within KD-fed group (FLSD, p = 0.08). Figure 8C depicts representative blots for all groups probed with either BDH1 or ACAT1 and loading control (COX IV).
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FIGURE 8. Diet and stress-induced biochemical changes in mitochondrial enzymes and glucose transporters. Hippocampal levels of the mitochondrial enzymes (A) 3-hydroxybutyrate dehydrogenase, type 1 (BDH1), and (B) acetyl-Coenzyme A acetyltransferase 1 following nutritional interventions and exposure to stressful conditions in healthy adult male rats. (C) Representative blots and corresponding loading control (COX IV). Diet and stress-induced changes in the levels of glucose receptors GLUT1 (D) and GLUT3 (E). (F) Representative immunoblots used and loading control (β-actin). Data shown as mean ± S.E.M. (n = 8–10/group). *p < 0.05; **p < 0.01, and ***p < 0.001.



Two-way ANOVA revealed significant diet (p = 0.008), stress (p < 0.001) and diet and stress interaction (p < 0.001) in the levels of vascular endothelium glucose transporter (GLUT1, Figure 8D). Stress-induced decrease was only observed in the NIH-31 fed group (FLSD, p < 0.001). However, KD and KS groups displayed lower baseline levels of hippocampal GLUT1 when compared to NIH-31 group (FLSD, p < 0.001), regardless of stress exposure. Similarly, main effects of diet (p < 0.001), stress (p = 0.009) and diet × stress interaction (p < 0.001) were observed in the levels of neuronal glucose transporter (GLUT3, Figure 8E). Figure 8F depicts representative blots for all groups probed with either GLUT1 or GLUT3 and loading control (β-actin).

DISCUSSION

In this study, we investigated the effects of a ketogenic (KD) or ketone supplemented (KS) diet on metabolic, behavioral and biochemical outcomes associated with cognitive performance. Our results show that the KD, but not KS (at the dose tested here), elicited pronounced metabolic effects, and prevented some of the stress-induced effects on behavioral performance. Both KD and KS ameliorated decrements during day 3 of the water maze testing while improved performance during the probe trial was only observed in the KD group. During restraint stress, the KD group maintained peripheral ketosis despite increased glucose levels. The KD elicited biochemical changes in hippocampal levels of mitochondrial enzymes, glucose transporters and BDNF. Of interest, these biochemical changes were also observed in the KS group despite lack of peripheral ketosis and were not affected by exposure to stressors. Table 4 summarizes the main findings described in this report, showing that KD had effects on multiple outcomes examined in this study while the ketone supplemented diet studied was only able to replicate a portion of these observations.

To investigate the effects of nutritional treatments on behavior, all rats were tested on the novel object recognition tasks 3 weeks after transitioning into dietary groups and prior to starting the chronic stress paradigm. Our finding of increased novel object exploration in young subjects fed KD suggests that endogenous ketosis augmented short term memory acuity in healthy rats. Ketosis-induced improvement in the novel object recognition test had been previously reported in aged rats kept under normoxic conditions or after 1 day in hypobaric chambers (Xu et al., 2010). Subjects tested in our study did not show anxious or compulsive-like behaviors assessed by the marble burying test or time spent in the center of arena during novel object recognition testing (data not shown).

Next, we aimed to determine the impact of an acute restraint challenge on peripheral levels of stress hormones. Despite an overall increase in glucose, KD-fed animals sustained lower glucose levels (10% reduction in the area under the curve values) and greater ketosis throughout procedure, compared to both control and KS diets (52 and 38% higher, respectively). Even in the absence of statistically significance, subtle changes were observed in the profile of ACTH secretion, with a tendency for a shift in peak values and quicker return to baseline. These results were, nonetheless, not statistically significant and may benefit from further investigation using different dietary formulations, additional rodent species or continuous measurements to better investigate time course changes. Notably, several ACTH values from both KD and KS samples obtained during baseline and 120 min time points were below detection levels, whereas this was not observed with samples from rats fed the control diet. More studies are needed to better understand how changing cerebral energy metabolism to ketone utilization may affect the response to acute or chronic stressors.

Animals completed two behavioral tasks to determine whether the nutritional interventions adopted would prevent or diminish stress-induced detriments. Altitude sickness due to hypoxic conditions resulted in impaired performance on cognitive tasks in humans (Virues-Ortega et al., 2006) while KD showed neuroprotective properties following 3 weeks of hypoxia (Puchowicz et al., 2005, 2008). Neither KD nor KS prevented the hypoxia-induced impairment in the passive avoidance test. In fact, on testing day, animals on KD showed a slightly shorter latency to cross, suggesting that neuroprotective effects elicited by KD during hypoxic conditions may require prior adaptation, as evidenced by changes in cerebral energy utilization described in Puchowicz et al. (2005).

Previous investigations of KD-induced performance in the water maze have shown protective (Kim et al., 2012), detrimental (Zhao et al., 2004), or inconclusive (Fukushima et al., 2015) effects. Our findings reveal beneficial effects of KD despite repeated exposure to stressors known to elicit detriments in behavioral performance. Surprisingly, these effects were also observed in KS groups on the third day of testing; suggesting that supplementation with ketones may modulate biological pathways relevant to cognitive outcomes, despite lack of observable peripheral effects. Although, stress-induced increases in escape latency were observed, these effects only reached statistical significance on the fourth testing day and were prevented by KD feeding, suggesting that endogenous ketones positively impacted adaptation to the cumulative effect of stress on performance in the water maze. Several mechanisms have been suggested to explain ketone bodies effects on cognition. For instance, brain uptake of ketone bodies is proportional to their circulating levels (Blomqvist et al., 2002; Cahill, 2006), providing a more efficient fuel (Veech et al., 2001) for neuronal and glial cells and bypassing possible deficits in glucose uptake and utilization, prevalent in cases of neurodegenerative diseases (Mosconi et al., 2008), or during challenging situations (McNay et al., 2000).

Ketone bodies have also been reported to increase mitochondrial efficiency and biogenesis (Bough et al., 2006; Kashiwaya et al., 2010), which may also contribute to improved cerebral energy metabolism. Furthermore, ketones have also shown to act as potent signaling molecules, modulating energy metabolism (Marosi et al., 2016), epigenetic events (Shimazu et al., 2013) and neuronal excitability (Masino et al., 2011) (for a review, see Newman and Verdin, 2014b). Accordingly, the novel finding that KD attenuated stress induced decrease in hippocampal BHB levels may suggest that increased cerebral availability of ketone bodies plays a role in brain homeostatic mechanisms, modulating hippocampal energy utilization.

The KD diet was chosen based on its high MCT content, knowing that MCT ingestion can rapidly increase liver production of ketone bodies. Moreover, the MCTs included were chosen with the intent to induce neuroprotective effects, replacing standard saturated and hydrogenated fats present in other commercially available rodent KDs. The combination of canola and flaxseed oil was chosen to generate a 2:1 omega-3 to omega-6 ratio, a ratio suggested to be beneficial in well-formulated ketogenic diets. Given the neuroprotective properties associated with flaxseed oil (rich in 18:3 α-linolenic acid) (reviewed in Piermartiri et al., 2015), we acknowledge that the possibility remains that the increased levels of α-linolenic acid generated could also have contributed to the cognitive improvements observed, independently of the ketone bodies.

Hippocampal BDNF levels and expression can be upregulated following interventions that activate hormetic pathways (voluntary exercise, calorie restriction and environmental enrichment) (Mattson, 2008) or down regulated following chronic stress (for a review, see Rothman and Mattson, 2013). Our findings confirmed stress-induced decrements in hippocampal BDNF levels; however, this effect was only significant in NIH-31 fed rats. Due to its effect on decreased hippocampal excitability (Bough et al., 2003; Kawamura et al., 2014), KD is suggested to reduced BDNF signaling on the brain (Masino and Rho, 2012). This is in contrast with compelling evidence of up regulation of BDNF by strategies that, similarly to KD, reduce glycolytic activity such as caloric restriction (Stranahan et al., 2009) and 2-deoxy glucose treatment (Yao et al., 2011). Although, not statistically different, our findings are indicative of lower BDNF levels in both KD and KS control groups (7 and 8% lower, respectively). One other study described that feeding Wistar rats a KD for 8 weeks reduced BDNF levels in the striatum, but not the hippocampus (Vizuete et al., 2013).

Chronic administration of exogenous ketones via diet did not result in physiological levels of ketone bodies despite pronounced effects following acute administration. Intragastric administration of ketone supplements for 28 days resulted in rapid and sustained elevation of ketone bodies and decreased glucose levels in the absence of changes in lipid biomarkers (Kesl et al., 2016). Given that daily oral administration by gavage is a stressful method, we sought translatable approaches for human applications. Higher doses of ketone supplements may have successfully modulated peripheral metabolism considering the route of administration adopted in this study. However, incorporating large amounts of ketone supplements into one's diet may not be a feasible alternative, resulting in adverse gastrointestinal effects in addition to being a less palatable and more costly approach.

One advantage of choosing ad libitum feeding is that animals in all groups were able to decide how much food they wanted to eat and were not given an additional stressor (limited food availability), which would have been a confound to interpreting our results with chronic stress. We do, however, acknowledge that pair-feeding comparisons between KD and KS groups might address some of the differences reported in our study. Of note, considerable evidence from the literature has reported that KD-fed animals gain less weight despite showing no differences in food intake (Brownlow et al., 2013; Poff et al., 2013; Srivastava et al., 2013). We suggest that the changes described in our study are due to the dietary composition of each diet though the possibility remains that differences in energy intake contributed to our observed results. Although, food intake was not measured, body weight changes were similar between NIH-31 and KD-fed groups suggesting similar total caloric intake between these groups. Moreover, we observed a lack of diet-induced differences in food consumption following 4 h fasting. Exposure to stress, however, increased food intake following a brief period of food withdrawal (Figure 5C).

Overall, repeated exposure to stressors resulted in classical biochemical, behavioral and anatomical changes. Accordingly, hallmark features of the general adaptation syndrome (Selye, 1976) were seen with: increased energy expenditure suggested by reduced body weight gain despite increased food intake and thymus involution (Table 3). Neither diet was effective in preventing these outcomes, suggesting a possible disconnect between physiological mechanisms underlying the beneficial behavioral outcomes observed. Indeed, ketone supplementation resulted in behavioral improvements (shorter escape latencies on day 3 of MWM testing) and anatomical alterations (changes in peripheral energy deposits such as BAT, perirenal, and epididymal fat pads) being observed even in the absence of peripheral ketosis.


Table 3. Brain and peripheral tissue weights at euthanasia.
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Table 4. Summary of main findings.
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Ketone supplementation resulted in increased brown adipose tissue, although this difference only reached statistical significance in comparison to KD groups. This finding is in agreement with other groups claiming that exogenously delivered ketones resulted in increased resting energy expenditure and sympathetic activity (Srivastava et al., 2012; Veech, 2013), an effect not observed in KD groups. In rodents, increased adiposity has been reported in KD-fed rats (Kinzig and Taylor, 2009), an effect abolished in the presence of voluntary exercise (Kinzig et al., 2010). On the contrary, humans kept on KD display greater weight loss and reduced fat mass. This discrepancy highlights inherent challenges of utilizing rodent models. Lack of fidelity when translating rodent outcomes into human applications has been previously described (Martin et al., 2010; Hodge et al., 2016); thus, caution should be exercised and clinical studies remain necessary.

Next, we sought to investigate the interplay between stress and metabolic control of cerebral energy regulation by assessing hippocampal levels of mitochondrial enzymes involved in ketogenesis pathways and glucose transporters. Both KD and KS groups significantly upregulated key mitochondrial enzymes associated with the catalytic conversion and utilization of ketone bodies (BDH1 and ACAT1). This novel finding indicates that chronic administration of exogenous ketones may be capable of modulating brain energy pathways regardless of changes in peripheral metabolism. Furthermore, reduced GLUT1 levels following chronic stress observed in control diet group was not present in either KD or KS groups. Taking into consideration that the capacity for glucose transport depends on the concentration of transporter proteins (Simpson et al., 2007), this decrease suggests an impairment in brain glucose availability.

Our findings of stress-induced increase in GLUT3 levels in control diet animals is in agreement with previous findings in rodents (Reagan et al., 1999), suggesting that stress may contribute to increased neuronal energy demands under conditions of high allostatic load. The increase in neuronal glucose transporter, coupled with a decrease in the levels of the vascular glucose transporter highlights a mismatch in energy availability/demand, likely underlying detriments in brain homeostasis following exposure to stressors. This effect was not observed in either dietary condition, suggesting that the presence of an alternative energy substrate may be efficiently buffering the stress-induced imbalance in hippocampal energetic demands. The observed changes in mitochondrial enzymes and glucose transporters resulting from both endogenous and exogenous ketones support the concept of ketone bodies being readily “pushed” into the brain in direct proportion to circulating levels vs. glucose being actively “pulled” depending on its utilization by neurons and astrocytes, described in Cunnane et al. (2016).

We chose to investigate whether a nutritional intervention increasingly used for its therapeutic properties augmented performance and mitigated challenge-induced deficits in healthy young rodents. Mixed results can often be attributed to methodological approach, such as: rodent model (different strains of rats or mice) (Ari et al., 2016), age (McNay and Gold, 2001), diet formulation and study length. For instance, metabolic effects of a western diet were more pronounced in Wistar rats when compared to Sprague-Dawley rats (Marques et al., 2016). Accordingly, in vitro hippocampal slices from Sprague-Dawley rats treated with a mixture of ketone bodies failed to show antiseizure effects or changes in synaptic transmission when using extracellular glucose concentrations commonly used by acute physiological recordings (Thio et al., 2000; Youssef, 2015), whereas other studies have found significant differences using different rodent models or by changing extracellular glucose concentrations during incubation and recording of slices (for a review, see Kawamura et al., 2016).

Furthermore, different ketone supplements, supplement mixture, dosage or administration route could have also impacted our findings and further studies need to be carried out for optimization purposes. Despite these potential differences in design, our study was able to detect changes in metabolic, behavioral and biochemical parameters associated with cognitive performance in both control and stress conditions in the ketone supplemented group.

Our results highlight the dissociation between metabolic, behavioral and biochemical outcomes reported, with the novel finding that exogenous ketones mimic KD changes in both mitochondrial enzymes and glucose transporters. The exogenous ketone mixture tested, when added to a normal carbohydrate content diet (at the dose adopted), were below detection limits in the periphery. However, changes to biochemical machinery associated with ketogenesis pathways and glucose uptake were modulated similarly by both dietary interventions. We hypothesize that, after digestion and absorption into circulation, the ketone bodies produced were available for brain uptake, possibly displacing glucose as the brain's preferred fuel (Veech et al., 2001; Lamanna et al., 2009) and leading to the biochemical effects described. This intriguing finding warrants further investigation as it is likely a promising mechanism by which brain adaptive responses can be modulated, leading to enhanced performance.

In conclusion, we describe here that endogenous ketosis affected metabolic and behavioral outcomes in both stressed and control conditions, whereas these results were only observed in part with the exogenous ketone supplementation protocol tested. However, we report that, in the hippocampus, both endogenous and exogenous ketones were effective in modulating biochemical parameters associated with metabolic and cognitive responses. Our study advances the current views on the subject of performance optimization through a nutritional approach using ketone bodies to modulate metabolic and cognitive outcomes. Taken together, our findings suggest that ketogenic diets and, to a lesser extent, ketone supplements can modulate brain adaptive responses mediating cognitive performance in healthy young subjects during both control or stressed conditions.
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Autism spectrum disorder (ASD) is characterized by deficits in sociability and communication, and increased repetitive and/or restrictive behaviors. While the etio-pathogenesis of ASD is unknown, clinical manifestations are diverse and many possible genetic and environmental factors have been implicated. As such, it has been a great challenge to identify key neurobiological mechanisms and to develop effective treatments. Current therapies focus on co-morbid conditions (such as epileptic seizures and sleep disturbances) and there is no cure for the core symptoms. Recent studies have increasingly implicated mitochondrial dysfunction in ASD. The fact that mitochondria are an integral part of diverse cellular functions and are susceptible to many insults could explain how a wide range of factors can contribute to a consistent behavioral phenotype in ASD. Meanwhile, the high-fat, low-carbohydrate ketogenic diet (KD), used for nearly a century to treat medically intractable epilepsy, has been shown to enhance mitochondrial function through a multiplicity of mechanisms and affect additional molecular targets that may address symptoms and comorbidities of ASD. Here, we review the evidence for the use of metabolism-based therapies such as the KD in the treatment of ASD as well as emerging co-morbid models of epilepsy and autism. Future research directions aimed at validating such therapeutic approaches and identifying additional and novel mechanistic targets are also discussed.
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AUTISM SPECTRUM DISORDER—COMPLEX ETIOLOGY, LIMITED THERAPIES

Autism spectrum disorder (ASD) is characterized by persistent deficits in sociability and communication, as well as restricted and repetitive patterns of behavior and interests (DiCicco-Bloom et al., 2006; Llaneza et al., 2010; Lai et al., 2014). The term “spectrum” refers to the wide range of symptoms and levels of impairment that can occur in individuals with ASD. Beyond these core behavioral symptoms, ASD is increasingly shown to affect the gastrointestinal, immune, hepatic, and endocrine systems (Goines and Van de Water, 2010; Patterson, 2011; Hsiao, 2013; Frye et al., 2015; Mayer et al., 2015). Common co-morbidities include neurologic, psychiatric and physical conditions: neurologic comorbidities include epilepsy, sleep impairment, sensory abnormalities, and delays and/or deficits in motor function; psychiatric conditions such as depression, anxiety, irritability and attention deficit hyperactivity disorder; and physical health issues such as chronic gastrointestinal disturbance. The co-occurrence rate of one or more non-ASD developmental diagnoses is as high as 83% (Levy et al., 2010).

ASD occurs in all racial, ethnic, and socioeconomic groups and is highly prevalent. It affects tens of millions individuals worldwide and costs millions of US dollars on average to support an affected individual during his/her lifespan (Buescher et al., 2014). In the U.S., the incidence of ASD is 1 in 68 children (1 in 42 boys and 1 in 189 girls) based on data released by the Centers for Disease Control and Prevention (CDC) in 2014. The prevalence appears to be on the rise (a 10-fold increase in 40 years), and is explained only in part by improved diagnosis and awareness (Hansen et al., 2015). Developmental delay in ASD can be detected as early as 6 months of age, a critical time for the development of higher-order social, emotional, and communications functions (Courchesne et al., 2007); the importance of early intervention is recognized (Orinstein et al., 2014). However, on average, children are not diagnosed until after 4 years of age (CDC, 2014), even though patients can now be reliably diagnosed at 2 years of age (Lord et al., 2006; Kleinman et al., 2008).

Given that ASD has broad and heterogeneous manifestations, and has been associated with a plethora of possible etiological factors (both genetic and environmental), ASD remains a clinical and broad-spectrum diagnosis. In most cases, ASD is diagnosed without any defined etiology. A dearth of knowledge about underlying causes has limited the ability to develop and mobilize effective treatments, and currently only co-morbid manifestations of the disorder can be alleviated. The hope is that reducing co-morbidities such as epileptic seizures, psychiatric disturbances, hyperactivity, sleep problems and digestive issues (DiCicco-Bloom et al., 2006; Llaneza et al., 2010; Lai et al., 2014) will improve overall function and reduce the severity of ASD symptoms (Kohane et al., 2012; Frye and Rossignol, 2016).

Genetic susceptibility factors and environmental influences (and likely often both) contribute to ASD (Chaste and Leboyer, 2012; Sandin et al., 2014; Tordjman et al., 2014; Kim and Leventhal, 2015). Genome screening and sequencing has identified rare chromosomal abnormalities and copy number variations, as well as hundreds of rare gene mutations associated with autism (Devlin and Scherer, 2012; Huguet et al., 2013; Jeste and Geschwind, 2014; Baker and Jeste, 2015). A small number of these genetic changes appear highly penetrant and sufficient to cause autism. However, most genetic factors only increase the risk to varying degrees, and likely combine with additional influences such as advanced parental age at time of conception, adverse metabolic conditions and/or maternal illness during pregnancy, birth complications, and exposure to toxins and/or drugs during early brain development (Stromland et al., 1994; Durkin et al., 2008; Gardener et al., 2011; Krakowiak et al., 2012; Christensen et al., 2013). Not surprisingly, the molecular pathways implicated in ASD are also highly complex and diverse, and include synaptic dysfunction and plasticity of various neurotransmitter systems, transcriptional regulation and chromatin remodeling, protein translation and modification, neuroimmunological modulation, and mitochondrial function (Veenstra-Vanderweele et al., 2004; Bourgeron, 2015; De Rubeis and Buxbaum, 2015; Kopp et al., 2015; Loke et al., 2015; Mahfouz et al., 2015; Nelson and Valakh, 2015; Subramanian et al., 2015; de la Torre-Ubieta et al., 2016; Wen et al., 2016).

METABOLISM, MITOCHONDRIA, AND ASD

Given such extreme etiological diversity, it is reasonable to hypothesize that perturbation of a common nexus can precipitate the behavioral hallmarks of ASD (Geschwind, 2008; Berg and Geschwind, 2012). Identifying such a common factor would provide novel insights into the development of ASD. Further, targeting this pathway could lead to selective therapeutic approaches that might enhance efficacy and address core symptoms. One possibility is mitochondrial function, which is integral to many cellular pathways. In addition to its well-known role as the “powerhouse of the cell,” producing the bulk of the cellular energy, mitochondria are also critically involved in cellular metabolism, intracellular calcium signaling, generation of reactive oxygen species (ROS), and apoptosis (Suen et al., 2008; Murphy, 2009; Palmieri et al., 2010; Antico Arciuch et al., 2012; Rizzuto et al., 2012), as well as in the regulation of innate and adaptive immunity (Weinberg et al., 2015). For example, mitochondria carry out both cleavage and synthesis of glycine (Kikuchi et al., 2008), which is the ligand of glycine receptors. These receptors are chloride channels that mediate inhibitory neurotransmission in the adult nervous system. However, they are highly expressed in the embryonic brain and mediate excitatory neurotransmission, and are believed to promote cortical interneuron migration and generation of excitatory projection neurons (Pilorge et al., 2016). Interestingly, recent genetic and functional studies have identified a role of abnormal glycinergic signaling in ASD (Pilorge et al., 2016). Furthermore, mitochondria are known to be affected by many of the same endogenous and exogenous risk factors of ASD, such as toxins, drugs, immune activation, and metabolic disturbances (Frye and Rossignol, 2011). Thus, elucidating the role of mitochondrial dysfunction in ASD may help unify our understanding of this complex disorder.

Mitochondria play a particularly vital role in the central nervous system. The brain has very high energy demands, consuming approximately 20% of calories while accounting for only 2% of total body weight (Raichle and Gusnard, 2002), and demanding a great amount of adenosine triphosphate (ATP) to maintain ionic gradients essential for neurotransmission and plasticity (Harris et al., 2012). In addition, mitochondria are involved in the proliferation, differentiation and maturation of neural stem cells, formation of dendritic processes, developmental and synaptic plasticity, and cell survival and death (Li et al., 2004; Kann and Kovacs, 2007; Mattson et al., 2008; Kimura and Murakami, 2014; Xavier et al., 2016). Thus, it is not surprising that multiple lines of evidence in both human and animal models support a role for mitochondrial dysfunction in the etiology of ASD (Haas, 2010; Dhillon et al., 2011; Frye and Rossignol, 2011; Rossignol and Frye, 2012; Legido et al., 2013).

The prevalence of mitochondrial disease in the ASD population is estimated to be about 5.0%, 500 times higher than that found in the general population (≈0.01%). The prevalence of abnormal metabolic biomarkers is even higher, suggesting that as many as 30% of children with ASD may experience metabolic abnormalities: almost one-third of autistic children have documented elevations in plasma lactate and/or the lactate-to-pyruvate ratio, and the levels of many other mitochondrial biomarkers (pyruvate, carnitine, and ubiquinone) are significantly different between ASD and controls (Rossignol and Frye, 2012). In addition, several genes known to regulate mitochondrial function are clearly autism-risk genes. These include SLC25A12 (Ramoz et al., 2004; Segurado et al., 2005; Silverman et al., 2008; Turunen et al., 2008; Kim et al., 2011), which encodes the predominant form of mitochondrial aspartate/glutamate carrier (however, also see Correia et al., 2006; Palmieri et al., 2010). These carriers participate in a wide range of mitochondrial functions, including control of respiration, calcium signaling and antioxidant defense, as well as glutamate-mediated excitotoxicity (Amoedo et al., 2016). Furthermore, TMLHE, (trimethyllysine hydroxylase epsilon), which encodes the first enzyme in carnitine biosynthesis, has also been associated with ASD (Celestino-Soper et al., 2012; Nava et al., 2012). It has been well established that carnitines are involved in mitochondrial transport of long-chain fatty acids and play an important role in maintaining normal mitochondrial function (Bremer, 1983). In addition, the gene encoding an inner mitochondrial membrane protease-like protein (IMMP2L) may help regulate susceptibility to ASD (Maestrini et al., 2010). It is important to note that metabolic and mitochondrial dysfunction may not exist in all patients with ASD, and biomarkers to identify this impairment would be advantageous in developing personalized treatment.

In parallel with clinical findings, many animal models of ASD also display mitochondrial dysfunction, including those based on susceptibility genes such as MECP2, UBE3A, TSC, and FOXG1. Mitochondrial dysfunction has also been observed in animal models of ASD induced by environmental risk factors such as maternal immune activation and exposure to propionic acid or valproic acid (VPA). Current evidence linking mitochondrial perturbations to ASD and the corresponding references are summarized in Tables 1, 2.


Table 1. Studies showing linkage between ASD and mitochondrial dysfunction in ASD patients (only those reporting more than 25 subjects are included in this table).
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Table 2. Studies showing association between ASD and mitochondrial dysfunction in animal models of ASD.
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Common co-morbidities of ASD also suggest metabolic and mitochondrial dysfunction. One of the most significant co-morbidities is epilepsy, with a prevalence of 5–38% in children with ASD—much higher than the 1–2% prevalence in the general population (Frye, 2015). Seizures also occur in 35–60% of individuals with biochemically-confirmed mitochondrial disease (Rahman, 2012), suggesting there may be a common etio-pathology. Similarly, gastrointestinal dysfunction, a frequent comorbidity of ASD (Chaidez et al., 2014), is also common in mitochondrial disease (Frye et al., 2015).

Taken together, we believe that mitochondria act as a central nexus responding to and regulating many domains of cellular biology that have been implicated in ASD. Given the prevalence of metabolic/mitochondrial dysfunction in ASD, options for metabolic therapy should be explored. Below we review some of the emerging clinical and research evidence that metabolic therapy and improved mitochondrial function can ameliorate ASD symptoms and comorbidities.

METABOLIC THERAPY FOR ASD

A metabolic therapy in use for decades is the ketogenic diet (KD), a high-fat, low-carbohydrate diet—a remarkably effective non-pharmacological treatment for medically intractable epilepsy (Neal et al., 2008). Based on historical observations that either fasting or starvation rendered anti-seizure effects, the KD was designed to reproduce the biochemical changes seen in these physiological states (Masino and Rho, 2012). Recently, various dietary and metabolic therapies have been attempted in a wider variety of neurological diseases including ASD, Alzheimer's disease, Parkinson's disease, amyotrophic lateral sclerosis, sleep disorders, multiple sclerosis, brain trauma, stroke, pain, Huntington's disease and brain cancer (Ruskin et al., 2009; Stafstrom and Rho, 2012; Napoli et al., 2014). Although generally limited in scope, clinical studies thus far showed promising results in conditions such as Alzheimer's disease and ASD and are discussed in more detail below. In addition, research using animal models has pointed to a common mechanism of regulating energy metabolism to afford neuroprotective effects (Stafstrom and Rho, 2012).

Overall, recent clinical and laboratory evidence suggests that the KD may have positive effects in ASD. The complex pathophysiology of ASD and the diversity of mechanisms mobilized by dietary therapy combine to make identifying the key molecular mechanisms challenging, but a number of candidates are emerging. Two hallmark biochemical features after the KD treatment are increased ketone body production by the liver through fatty acid oxidation and reduced blood glucose levels (Stafstrom and Rho, 2012). More specific metabolic effects, such as increases in specific polyunsaturated fatty acids, might regulate neuronal membrane excitability (Voskuyl and Vreugdenhil, 2001), reduce inflammation (Cullingford, 2008; Jeong et al., 2011), or decrease the production of ROS by mitochondria (Kim do and Rho, 2008). Additionally, ketone bodies themselves have been shown to possess neuroprotective properties through improved bioenergetics - raising ATP levels and reducing ROS production through enhancement of NADH oxidation and inhibition of mitochondrial permeability transition (Kim do et al., 2007, 2015); related to this, a KD has also been shown to stimulate mitochondrial biogenesis (Bough et al., 2006; Ahola-Erkkila et al., 2010). In parallel, reduced glycolysis can suppress seizures, improve mitochondrial function, decrease oxidative stress, reduce activity of pro-apoptotic factors, and inhibit inflammatory mediators such as interleukins and tumor necrosis factor alpha (Garriga-Canut et al., 2006; Maalouf et al., 2009). The KD has also been proposed to increase adenosine (a product of extracellular ATP dephosphorylation); ATP and adenosine are purines with pleiotropic neuromodulatory and neuroprotective roles proposed to underlie in part the diet's clinical efficacy (Masino and Geiger, 2008; Masino et al., 2009, 2010). Separately, increased adenosine has been proposed to reduce symptoms and comorbidities of ASD (Masino et al., 2013). In addition, the KD has been reported to regulate energy-sensing pathways such as those involving the insulin-like growth factor and the mammalian target of rapamycin (McDaniel et al., 2011; Gano et al., 2014). Epigenetic regulation is a new but potentially important mechanism as well (Boison, 2016).

Given the effects of the KD and its substrates (e.g., ketone bodies, fatty acids) on cognitive and behavioral functioning, it is reasonable to speculate that this diet would induce changes in synaptic morphology and function. Studies have shown that the KD can modulate excitability through actions on potassium ion channels (Tigerholm et al., 2012; Lutas and Yellen, 2013) and glutamatergic synaptic transmission (Xu et al., 2006; Juge et al., 2010; Lutas and Yellen, 2013; Chang et al., 2016), as well as possible regulation of GABA production (Yudkoff et al., 2007). In addition, the KD or its metabolic mediators can induce changes in synaptic vesicular cycling (Hrynevich et al., 2016), hippocampal mossy fiber sprouting (Muller-Schwarze et al., 1999), and both age- and region-dependent changes in synaptic morphology (Balietti et al., 2008, 2009).

Collectively, evidence thus far indicates that the KD affords broad neuroprotective effects, and hence, it is reasonable to hypothesize that this diet could prove to be beneficial for individuals with ASD.

METABOLIC THERAPY AND ASD—CLINICAL EVIDENCE TO DATE

To date, there have been limited clinical trials involving treatment of ASD patients with metabolic therapy using variants of a KD. The first report was a pilot prospective study in autistic children aged between 4 and 10 years carried out by Evangeliou and colleagues; they applied an intermittent modified medium-chain triglyceride (MCT) diet (Evangeliou et al., 2003). Most of the 18 patients who adhered to the diet improved based on the Childhood Autism Rating Scale (CARS) and several additional clinical parameters. Significant (i.e., >12 units of decrease in CARS) and average (>8–12 units of decrease in CARS) improvement was recorded in two and eight patients, respectively, while minor (2–8 units of decrease in CARS) improvement was reported in the remaining eight patients. More recently, Spilioti and colleagues reported the effects of KD treatment in a group of Greek children with ASD aged between 3.5 and 6 years (Spilioti et al., 2013). Of the 6 patients who implemented the diet successfully, significant and average improvement was recorded in one and two patients, respectively, and minor improvement was reported in the remaining three patients.

The diet is also effective in reducing common comorbidities of ASD such as seizures, not surprisingly, but also improved cognition and behavior. A pilot retrospective study analyzed outcomes in children prescribed the KD to treat epileptic seizures; among these children, some also had autistic symptoms and abnormal behaviors. Children assigned in the KD group were currently on the diet and had been for at least 6 months; children assigned in the non-KD group stopped the diet at least 2 months prior. Fewer abnormal behaviors and significant behavioral improvement were found in the KD group, and behavioral improvement was not correlated with seizure control (Masino et al., 2011). More recently a randomized control trial showed improved cognition, mood and behavior—particularly reduced anxiety—in children prescribed the KD for refractory epilepsy. These behavioral benefits were also unrelated to seizure control (IJff et al., 2016). In a remarkable case study, Herbert and Buckley reported on a 12-year-old child with comorbid autism and epilepsy treated with a gluten- and casein-free KD (fats composed mostly of MCTs) (Herbert and Buckley, 2013). In addition to a significant reduction in seizures, the diet resolved morbid obesity and improved cognitive and behavioral function. Over the course of several years following initial diagnosis, the child's CARS score decreased from 49 to 17, representing a change from severe autism to a non-autistic state, and her intelligence quotient increased by 70 points.

In summary, clinical evidence to date remains limited, but results from the aforementioned studies show promise that metabolic therapy with several different versions of a KD can improve symptoms of ASD and can also improve cognition and behavior—the latter benefits that can facilitate optimal outcomes in ASD. In patients with diagnosed ASD, greater than 50% of autism patients who received this metabolic therapy showed moderate-to-significant clinical improvement, while the remainder displayed minor improvement. At present, more larger-scale clinical studies are required. Meanwhile, as mentioned earlier, metabolic and mitochondrial dysfunction may represent only a subgroup of the ASD population. Thus, it would be important to determine the relation between the effects of the KD and metabolic/genetic profile of ASD patients.

METABOLIC THERAPY AND ASD—EVIDENCE FROM ANIMAL MODELS

Due to the complexity of ASD, investigators have developed and employed numerous animal models. Some have clear metabolic underpinnings, underscoring the link between metabolic dysfunction and symptoms of autism. Metabolic therapy with a KD and/or a restricted diet has already been examined in several models. In agreement with the aforementioned clinical studies, reports in animal models have been positive. The ASD models tested with metabolic therapy discussed here include genetic disorders that mirror clinical conditions, induced ASD that models environmental conditions found to increase ASD risk in humans, and behavioral ASD models with unknown etiologies that recapitulate all or some of the core symptoms, and may or may not have comorbid seizures.

As one genetic example, succinic semialdehyde dehydrogenase (SSADH) deficiency is a rare autosomal recessive condition that results in mild-to-moderate mental retardation, disproportionate language dysfunction, seizures, hypotonia, hyporeflexia, hallucinations, and autistic behaviors (Pearl et al., 2003). In an animal model of SSADH deficiency, the SSADH knockout mouse, Nylen and colleagues found that KD treatment normalized electroencephalogram (EEG) activity and restored miniature inhibitory post-synaptic currents recorded in CA1 pyramidal cells using hippocampal slices. In contrast, there were no significant differences between the groups in terms of miniature excitatory post-synaptic currents. Behaviorally, KD-treated mutant animals experienced significantly fewer seizures compared to mutant animals fed the control diet (Nylen et al., 2008).

Metabolic therapy with dietary restriction (either a standard diet or KD) was tested in another clinically relevant genetic model of Rett syndrome. Rett syndrome is a neurodevelopmental disorder characterized by normal early maturation, followed by a slowing of development, impairment of motor functions, seizure susceptibility, and intellectual disability. In most cases, Rett syndrome is caused by mutations in the methyl-CpG-binding protein 2 (MECP2) gene (Amir et al., 1999). Children with Rett syndrome often exhibit autistic-like behaviors in the early stages of the disease (Percy, 2011). Mantis and colleagues found that Mecp2 mutant mice performed significantly worse in assays of motor function and anxiety compared to wild-type control animals, and restriction of either standard diet or the KD improved motor behavior and reduced anxiety in these mutant animals (Mantis et al., 2009). There is also limited clinical evidence for anti-seizure efficacy and improved behavior after KD treatment in Rett syndrome (Liebhaber et al., 2003).

Most cases of ASD have unknown genetic underpinnings (Gaugler et al., 2014), and models of unidentified etiology have been characterized with behavioral tests assessing autistic symptomatology. The BTBR T+tf/J (BTBR) inbred mouse strain is one of the most clinically relevant animal models of autism; it was identified in an extensive effort to characterize ASD-like behaviors in ten inbred mouse strains (Moy et al., 2007) and displays all the core behavioral features that define the disorder (Moy et al., 2007; McFarlane et al., 2008; Meyza et al., 2013; Ruskin et al., 2013; Smith et al., 2014; Ellegood and Crawley, 2015). BTBR mice display deficits in social interaction and communication assays and exhibit repetitive and stereotyped behaviors. During the relatively short time since its discovery as an ASD model, the BTBR strain has been increasingly used to study the etiology and to uncover potential interventions for ASD (Moy et al., 2007; McFarlane et al., 2008; Llaneza et al., 2010; Ruskin et al., 2013; Cheng et al., 2016; Mychasiuk and Rho, 2016; Newell et al., 2016). Ruskin and colleagues reported that the BTBR mice showed decreased sociability in the three-chamber test, decreased self-directed repetitive behavior, and improved social communication in a food preference assay after being fed a KD (Ruskin et al., 2013). In addition, the authors showed that the behavioral improvements were probably not related to any anti-seizure effect of the diet, because no spontaneous seizures or abnormal EEG features were observed in the BTBR animals.

Interestingly, a recent study showed that gut microbiota composition of cecal and fecal samples was significantly altered in BTBR mice compared to B6 animals (Newell et al., 2016). In addition, a KD decreased total host bacterial abundance in both sample types, and in the BTBR animals counteracted a low Firmicutes to Bacteroidetes ratio, which is commonly observed in patients with ASD (Finegold et al., 2010; De Angelis et al., 2013). Related to these findings, it has been shown that dietary glycemic index, which is a measure of how much the carbohydrate in a food item affects blood glucose level, modulates behavioral and biochemical phenotype in the BTBR mice (Currais et al., 2016). These data support the idea that in the context of genetic predisposition to ASD, diet could potentially alter the expression of the disorders.

More recently, Ruskin et al. also showed KD-induced behavioral improvements in the EL mouse, a model of comorbid ASD-associated behaviors and progressive spontaneous epilepsy. Mice (of both sexes) were fed a KD for 3 weeks after weaning and prior to the age of onset of the seizure phenotype. Sociability improved and repetititve behaviors decreased; intriguingly, these effects were more pronounced in females. Also, some behavioral benefits were observed in females even when a more liberal dietary formulation was applied (Ruskin et al., 2016).

As mentioned above, environmental factors also contribute to the risk of developing ASD. In this regard, exposure to exogenous chemicals is best exemplified by VPA use during pregnancy. VPA is a pharmacological anticonvulsant used in humans primarily for the treatment of epilepsy and migraine, and epidemiological studies have shown that use of VPA during pregnancy is associated with an increased risk of ASD in the offspring (Bromley et al., 2013; Christensen et al., 2013). The VPA exposure model is one of the most frequently studied models of autism (Chomiak et al., 2013; Roullet et al., 2013) since it exhibits many similar structural and behavioral features seen in ASD individuals. Ahn and colleagues found that KD treatment recovered part of the play behavior of juvenile rats exposed to VPA prenatally (Ahn et al., 2014). Interestingly, the authors also found that prenatal exposure to VPA altered mitochondrial respiration, and the KD was able to partially restore this. A recent study in VPA-treated mice also found improved social behavior (Castro et al., 2016).

Taken together, there is increasing evidence for the beneficial effects of the KD in different animal models of ASD. However, clear evidence for converging mechanistic links remains hypothetical, and few fundamental mechanistic studies have been conducted to date in either animal models or human ASD tissues. Thus, there is a need for further studies utilizing diverse animal models and incorporating comprehensive behavioral assays to elucidate common molecular pathways in ASD and to validate the positive effects of the KD observed thus far in animal models. Equally important, studies aimed at identifying the mechanisms relevant to such models of ASD are required to optimize treatment, discover novel therapeutic targets, and ultimately provide key insights to the neurobiology of ASD. Borrowing from the rich literature on the KD in epilepsy, shifts in energy metabolism, the direct actions of the ketone bodies on the mitochondria, neuromodulatory functions of ATP and adenosine, regulation of excitation/inhibition balance, and epigenetic effects of the diet are among the promising candidate mechanisms.

FUTURE DIRECTIONS: METABOLIC THERAPY AND ASD

At present, there is strong evidence that mitochondrial and metabolic dysfunction may underlie the complex pathophysiology of ASD. Precise mechanisms remain elusive and many questions remain unanswered: Is mitochondrial dysfunction a cause or a consequence of ASD? In which specific organs and cell types is it most relevant? Can addressing mitochondrial and metabolic disturbances directly help at least a subgroup of patients with ASD for more targeted treatments that will ameliorate the diverse symptom complex? Thus far, the KD is a proven metabolic therapy for medically intractable epilepsy, but there are only limited data for its use in ASD and a rudimentary understanding of how the KD may exert positive behavioral effects. The optimum formulation of the KD needs to be established and may be different for ASD compared to epilepsy. Proper efforts to address these fundamental questions and to identify molecular mechanisms and biomarkers will require the collective and collaborative efforts of many, including basic, translational and clinical researchers, as well as investigators with diverse expertise in multi-organ dysfunction, metabolism, and genetic and environmental risk factors. The ultimate reward could be a major breakthrough in understanding its causes and developing much-needed broadly effective therapies for ASD—and in particular, treatments that address core symptoms.
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Clinical radiation therapy for the treatment of CNS cancers leads to unintended and debilitating impairments in cognition. Radiation-induced cognitive dysfunction is long lasting; however, the underlying molecular and cellular mechanisms are still not well established. Since ionizing radiation causes microglial and astroglial activation, we hypothesized that maladaptive changes in astrocyte function might be implicated in radiation-induced cognitive dysfunction. Among other gliotransmitters, astrocytes control the availability of adenosine, an endogenous neuroprotectant and modulator of cognition, via metabolic clearance through adenosine kinase (ADK). Adult rats exposed to cranial irradiation (10 Gy) showed significant declines in performance of hippocampal-dependent cognitive function tasks [novel place recognition, novel object recognition (NOR), and contextual fear conditioning (FC)] 1 month after exposure to ionizing radiation using a clinically relevant regimen. Irradiated rats spent less time exploring a novel place or object. Cranial irradiation also led to reduction in freezing behavior compared to controls in the FC task. Importantly, immunohistochemical analyses of irradiated brains showed significant elevation of ADK immunoreactivity in the hippocampus that was related to astrogliosis and increased expression of glial fibrillary acidic protein (GFAP). Conversely, rats treated with the ADK inhibitor 5-iodotubercidin (5-ITU, 3.1 mg/kg, i.p., for 6 days) prior to cranial irradiation showed significantly improved behavioral performance in all cognitive tasks 1 month post exposure. Treatment with 5-ITU attenuated radiation-induced astrogliosis and elevated ADK immunoreactivity in the hippocampus. These results confirm an astrocyte-mediated mechanism where preservation of extracellular adenosine can exert neuroprotection against radiation-induced pathology. These innovative findings link radiation-induced changes in cognition and CNS functionality to altered purine metabolism and astrogliosis, thereby linking the importance of adenosine homeostasis in the brain to radiation injury.
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INTRODUCTION

The adverse neurocognitive side effects of radiotherapy used to treat CNS cancers are unintended and largely unavoidable. It is now well-documented that major changes occur in the brain following exposure to clinical radiotherapy protocols, including severe morphologic and physiological damage that coincides with substantial depletion of CNS stem cell populations (Monje et al., 2002; Mizumatsu et al., 2003; Rola et al., 2004; Limoli et al., 2007; Parihar et al., 2014a). These changes occur along with reductions in dendritic complexity and synaptic density of more mature neurons (Parihar and Limoli, 2013; Parihar et al., 2014b). Consequently, cranial radiotherapy causes substantial decrements in short- and long-term learning and memory function that persist well after exposure (Greene-Schloesser and Robbins, 2012; Greene-Schloesser et al., 2013). We have previously shown in rodent models that exposure to radiation leads to long lasting reductions in neural stem cell (NSC) proliferation, prolonged oxidative stress, inhibition of neurogenesis, elevated CNS inflammation and cognitive dysfunction (Acharya et al., 2009, 2010, 2011, 2014a,c; Lan et al., 2012; Parihar et al., 2014a). While these factors are likely to contribute to the disruption of CNS function, our current understanding of the molecular and cellular mechanisms underlying radiation-induced damage in the brain, and how they impact neurocognition, are limited.

Astroglial activation is known to be a major consequence of radiation-induced chronic injury (Zhou et al., 2011; Ballesteros-Zebadua et al., 2012; Osman et al., 2014). Astrocytes form complex networks by contacting thousands of synapses and any disruption of astrocytic function following exposure to radiation will disrupt the global homeostasis of the brain (Giaume et al., 2010; Pannasch et al., 2011). Astrocytes also constitute a ‘sink’ for the metabolic clearance of neurotransmitters and the signaling molecule adenosine (Boison, 2007, 2008, 2009, 2013; Halassa et al., 2007). Adenosine is a ubiquitous modulator of synaptic transmission and neuronal activity, exerting its functions via activation of Gi/o protein coupled- A1 and A3 and Gs coupled A2A and A2B receptors (Boison, 2009, 2013; Boison et al., 2010; Diogenes et al., 2014). Mechanisms and physiologic functions of adenosine receptors have extensively been studied (for details see: Boison, 2013). A shift in the A1/A2A receptor ratio/activation during radiation-induced CNS injury may reinforce the excitatory tone at synapses and contribute to cognitive dysfunction. Therefore, adenosine regulates global brain function under normal physiological settings and under pathophysiological conditions to provide neuroprotection.

Due to the widespread distribution of adenosine receptors in the brain, a tight regulation of endogenous levels of adenosine is a necessity (Boison, 2007, 2008, 2009, 2013). Astrocytes play a key role in regulating the levels of extracellular adenosine through cytosolic adenosine kinase (ADK) (Boison, 2007, 2008, 2009, 2013). ADK, which phosphorylates adenosine to 5′-AMP, is considered to be the key metabolic enzyme for the regulation of extracellular adenosine in the brain (Lloyd and Fredholm, 1995). Thus, inhibition or knockout of ADK leads to rapid increases in extracellular adenosine, while overexpression of ADK leads to a reduction of the synaptic adenosine tone. During astrogliosis, ADK is overexpressed, thereby limiting the availability of synaptic adenosine that fosters neurodegeneration (Boison, 2007, 2008, 2009, 2013). Thus, metabolic regulation of adenosine by astroglial-synaptic compartments directly impacts neuronal plasticity. Importantly, relatively little is known about the impact of radiation-exposure on adenosine metabolism, astroglial and synaptic function and its correlation with cognitive function. We hypothesized that adenosine-dependent metabolic regulation is a key mechanism in ionizing radiation-induced neurodegeneration and cognitive dysfunction. Using a specific ADK inhibitor, this proof-of-principle study delineates the protective role of adenosine to attenuate radiation-induced cognitive decline.

MATERIALS AND METHODS

Animals, Irradiation and 5-ITU Treatment

All animal procedures described are in accordance with NIH guidelines and approved by the University of California Institutional Animal Care and Use Committee. Four month old male athymic nude (ATN) rats (Cr:NIH-Foxn1rnu, strain 316; Charles River, San Diego) were maintained in sterile housing conditions (20°C ± 1°C; 70% ± 10% humidity; 12 h:12 h light and dark cycle) and had free access to sterilized diet and water. Rats were divided into 4 experimental groups (8–10 animals per group): 0 Gy receiving vehicle (Con), 0 Gy receiving 5-iodotubercidin, 5-ITU (Con+5-ITU), 10 Gy head-only irradiation receiving vehicle (IRR) and 10 Gy head only irradiation receiving 5-ITU (IRR + 5-ITU). Animals showing signs of eye infection and/or neophobic behavior were excluded from the study. In order to augment adenosine signaling in the brain we decided to use a pharmacological approach using the well-characterized ADK inhibitor 5-iodotubercidin (5-ITU), which induces mild and transient sedation after brain penetration. The use of a pharmacological agent allows us to test a possible clinical route of therapeutic adenosine augmentation and to prepare for future cell transplantation approaches, which will require the use of immunocompromised ATN rats, used in the present study. The ADK inhibitor 5-ITU (HY-15424, NSC 113939, MedChem Express, Princeton, NJ, USA) was made up fresh daily by dissolving in saline with 2% ethanol (v/v, Sigma, St. Louis, MO, USA). Animals received either vehicle (2% ethanol in saline, i.p.) or 5-ITU daily (3.1 mg/kg, i.p.) for 6 days in order to precondition the brain with neuroprotective adenosine. One hour after the last 5-ITU injection, animals received 0 or 10 Gy head-only X-rays. For cranial irradiation, animals were anesthetized with isoflurane (5% for induction and 2% for maintenance of anesthesia), placed ventrally on the treatment table (XRAD 320 irradiator, Precision X-ray, North Branford, CT, USA) without restraint, and positioned under a collimated (1.0 cm2 diameter) beam for head-only irradiation delivered at a dose rate of 1.10 Gy/min. 5-ITU dosing was based on our previous studies (Fedele et al., 2005; Williams-Karnesky et al., 2013). Neither irradiation nor 5-ITU treatment resulted in a change in the body weight of animals. All behavioral and immunohistochemical analyses were carried out at 1 month post-irradiation.

Behavior Testing

To determine the effect of 5-ITU treatment on radiation-induced alteration in hippocampal- and frontal cortex-dependent cognition, rats from each group were subjected to cognitive testing 1 month after irradiation. Behavioral testing was conducted over 3 weeks and included two open arena, spontaneous exploration tasks (novel place recognition, NPR and NOR) followed by a fear conditioning (FC) task. Behavioral testing closely followed our previously described protocols (Acharya et al., 2009, 2015a; Christie et al., 2012) in immunocompromised animals. To avoid infections in our strain of rats, we avoided water-based test paradigms such as the Morris water maze and opted for NOR and NPR as open arena tests. All behavioral testing data were collected by independent, blinded observers and the average of these data was used to compute the results for each task. Animals were first subjected to the NPR task followed by the NOR task. For the NOR and NPR tasks, the ‘head direction to zone’ function in Ethovision XT (Noldus) was used to track object exploration. An animal was considered to be exploring an object when its head was oriented toward it and its nose was within a 1-cm radius. All experimenters were blinded to the experimental condition and animal identification. Furthermore, an additional observer blinded to all experimental conditions re-scored the behavioral data (video files) thereby confirming the automated tracking results of Ethovision XT independently. The average of both scores was used to compute all behavioral data. We did not observe animals climbing on the object or any neophobic behavior. NPR and NOR data are presented as a discrimination index (DI) and calculated as ([Novel location exploration time/Total exploration time] – [Familiar location exploration time/Total exploration time]) × 100. A positive index indicates that rats spent more time exploring novelty (i.e., switched objects or locations), while a negative score indicates that rats exhibited little or no preference for exploring novelty. The FC task was administered in three sequential phases over 3 days including a training phase, a context test and a cue test as described previously (Christie et al., 2012; Acharya et al., 2015a).

Immunohistochemistry

Following completion of behavioral testing, animals were euthanized and perfused (intracardiac) with 4% paraformaldehyde (Acros Organics) made in phosphate buffered saline (100 mM, pH 7.4, Gibco), brains were cryoprotected (10–30% sucrose gradient) and sectioned coronally (30 μm thick) using a cryostat (Leica Microsystems, Germany). For the dual-immunofluorescence analysis of ADK and glial fibrillary acidic protein (GFAP), the following antibodies were used: rabbit anti-ADK (from the same batch that was previously characterized and validated on knockout tissue; Gouder et al., 2004), mouse anti-GFAP (EMD Millipore), goat anti-rabbit or anti-mouse conjugated with Alexa Fluor 488 or 594 (Life Technologies/Invitrogen) and DAPI (Sigma–Aldrich). Representative sections (3–4 sections/animal, four animals/group) through the middle of the hippocampus were selected for staining and stored in Tris-buffered saline (TBS, 100 mM, pH 7.4, Sigma–Aldrich) overnight. Free floating sections were first rinsed in TBS followed by Tris-A (TBS with 0.1% Triton-X-100, Sigma–Aldrich), blocked with 10% normal goat serum (NGS with Tris-A, Sigma–Aldrich) and incubated overnight in a mixture of rabbit anti-ADK (1:3000) and mouse anti-GFAP (1:500) antibodies prepared in 3% NGS and Tris-A. The next day, the sections were treated with a mixture of goat anti-rabbit Alexa Fluor 488 (1:750) and goat anti-mouse Alexa Fluor 594 (1:500 dilution each) made with Tris-A and 3% NGS for 1 h. The sections were light protected, washed with Tris-A, and counterstained with DAPI nuclear dye (1 μmol/L in TBS, 15 min) for visualization of hippocampal morphology. Immunostained sections were rinsed in TBS and mounted on clean gelatin coated slides using SlowFade Anti-fade Gold mounting medium (Life Technologies/Invitrogen). ADK positive cells were visualized under fluorescence as green and GFAP as red fluorescence.

Confocal Microscopy, Image Processing and 3D Quantification of Immunoreactivity

Immunostained sections were imaged using a laser-scanning confocal microscope (Nikon Eclipse Ti C2) equipped with a 40× PlanApo oil-immersion lens (1.3 NA) and an NIS-Elements AR module (v4.30, Nikon). 30 z stacks (1024 bit depth) at 1 μm from three different fields (318 μm × 318 μm area) in each section were imaged from the dentate gyrus. ADK immunofluorescence was imaged with 493 nm excitation and 518 nm emissions and GFAP was imaged with 592 nm excitation and 617 nm emissions. Images were deconvoluted using the AutoQuant software (version X3.0.4, Media Cybernetics, Rockville, MD, USA) with 1.26867 × 1.26867 × 1 μm spacing, and wavelengths set at 447 nm (DAPI), 510 (ADK) and 594 nm (GFAP). An adaptive, 3D blinded deconvolution method was used (Figure 3). AutoQuant automatically creates and stores deconvoluted images for direct import into the Imaris module (version 8.1.2, Bitplane, Inc., Zurich, Switzerland). The 3D algorithm-based surface rendering and quantification of fluorescence intensity for ADK and GFAP were carried out in Imaris at 100% rendering quality. Each channel was analyzed separately. 3D surface rendering detects immunostained puncta (ADK) or cell processes [GFAP, satisfying pre-defined criteria, verified visually for accuracy] (Figure 3). A channel mean intensity filter was applied and minimum thresholds were used for all the experimental groups. The pre-set parameters were kept constant throughout the subsequent analysis of ADK and GFAP immunoreactivity. The quantification of astrocyte number (GFAP co-labeled with DAPI) was facilitated using the Co-localization and the Spot tools of Imaris module. ADK and GFAP data was expressed as a mean immunoreactivity (percentage) relative to unirradiated controls. The method is summarized in Figure 3.

Statistical Analysis

Statistical analyses were carried out using GraphPad Prism (v6). One-way ANOVA was used to assess the normal distribution of data and significance between control and irradiated groups receiving either vehicle or 5-ITU treatment. When overall group effects were found to be statistically significant, a Bonferroni multiple comparisons test was used to compare the IRR with individual experimental groups. For analysis of FC data, repeated measures two-way ANOVA were performed. All analyses considered a value of P ≤ 0.05 to be statistically significant.

RESULTS

ADK Inhibition and Cognitive Function

Novel Place Recognition (NPR)

One month post-IRR, rats were habituated in an open field arena and then tested on the NPR task (Figure 1A). The ability to explore a novel spatial location on the NPR task is dependent on intact hippocampal function (Save et al., 1992; Mumby et al., 2002; Barker et al., 2007; Barker and Warburton, 2011). The total exploration of both objects during the familiarization and test phases were comparable between all groups for this task. The DI was calculated to measure preference or indifference for exploring novelty. A positive DI indicates a preference, or more time exploring the novel place, while a negative DI indicates indifference, or more time exploring the familiar object. Following a 1 h retention interval between the familiarization and test phases, a significant overall group effect was found for the DI [F(3,28) = 5.88, P = 0.003] that differed between the groups. In the test phase, IRR animals spent significantly less time exploring the novel place compared to Con (P = 0.001), Con + 5-ITU (P = 0.01) and IRR + 5-ITU groups (P = 0.05, Figure 1A). Unirradiated animals receiving vehicle (Con) or 5-ITU (Con + 5-ITU) treatment showed comparable novel place exploration. Furthermore, after the 1 h retention interval, irradiated animals treated with 5-ITU (IRR + 5-ITU) did not differ from either Con or Con + 5-ITU animals. These data indicate that ADK inhibition by 5-ITU treatment prior to cranial IRR improved object location exploration on the NPR task as compared to irradiated animals receiving vehicle.
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FIGURE 1. Adenosine kinase (ADK) inhibition by systemic 5-iodotubercidin (5-ITU) treatment protects against radiation-induced cognitive dysfunction. Adult rats received 5-ITU (3.1 mg/kg, i.p., daily for 6 days) and were irradiated (0 or 10 Gy, head only) 1 h after the last injection. Animals were divided into four experimental groups: 0 or 10 Gy whole brain irradiated receiving either vehicle or 5-ITU (Con, Con + 5-ITU, IRR, IRR+5-ITU). (A,B) 1 month post-irradiation, animals were tested on spatial and episodic memory retention using the NPR and NOR tasks followed by fear conditioning (FC). The tendency to explore a novel place (NPR) or object (NOR) was derived from the Discrimination Index (DI). (A,B) Whole brain irradiation (IRR) shows significant behavioral deficits on NPR and NOR tasks compared to controls (Con and Con + 5-ITU) as indicated by impaired preference to a novel place or object. Irradiated animals treated with 5-ITU (IRR + 5-ITU) show significant preference for the novelty when compared with irradiated (IRR) animals receiving vehicle. (C) 5-ITU treatment also improves behavior on the hippocampal-dependent contextual FC task. The baseline freezing levels were comparable across groups, and all groups showed elevated freezing behavior following a series of 5 tone-shock pairings. The context test was administered 24 h later, and IRR animals showed significantly decreased freezing compared to controls (Con and Con + 5-ITU). Irradiated animals receiving 5-ITU showed a significant elevation in freezing behavior that was indistinguishable from the Con group. Data are presented as mean ± SEM. (N = 8–10 animals/group). P-values are derived from ANOVA and Bonferroni’s multiple comparisons test. ∗∗∗P < 0.001; ∗∗P < 0.01; ∗P < 0.05 compared with the IRR group.



Novel Object Recognition

After NPR testing, rats were habituated and then tested on the NOR task 1 month post-IRR (Figure 1B). Impairment in prefrontal cortex and hippocampal function manifests as an inability to discriminate a novel from a familiar object in the NOR task (Barker et al., 2007; Barker and Warburton, 2011). The total exploration times for both objects were not different between all experimental groups for this task. In the test phase, a significant overall group difference was found between the four cohorts for the DI [F(3,28) = 8.95, P = 0.001]. After a 5 min retention interval between the familiarization and test phases, Con and Con + 5-ITU rats showed a preference for the novel object (Figure 1B). However, irradiated rats receiving vehicle (IRR) showed a significantly diminished preference to explore novel object compared to either Con or Con + 5-ITU animals (P < 0.01). The novel object exploration for the Con and Con + 5-ITU animals did not differ. 5-ITU treated irradiated animals (IRR + 5-ITU) exhibited significantly improved performance on the NOR task compared to the IRR group (P = 0.01). The DIs for Con, Con + 5-ITU and IRR + 5-ITU groups were statistically indistinguishable. Thus, 5-ITU treatment improved novel object exploration behavior in irradiated animals.

In summary, for each of the open arenas, episodic memory tasks (NPR and NOR), a preference toward novelty (as indicated by DI) was found to be significantly greater for Con, Con + 5-ITU and IRR + 5-ITU groups in comparison with IRR group (Figures 1A,B), demonstrating the protective effect of ADK inhibition. These spontaneous exploration tasks (NPR, NOR) rely on the innate curiosity of an animal to explore a ‘new object placement’ or a ‘new object.’ Other factors such as fatigue, depression and/or anxiety may also affect the overall performance on these tasks, although differences in exploration during either the habituation or familiarization phases of these tasks were not found. To account for these possible confounds, animals were subsequently tested in the FC task to interrogate hippocampal function using a task not reliant on spontaneous exploration.

Contextual Fear Conditioning (FC)

Three distinct phases of the FC task – training, context and cue – were administered over 3 days. Group means and 95% CIs for the post-training and context phases freezing (percent) were as follows: Post-training Con (mean = 97.6, 95% CI = 95.0–100.2); IRR (mean = 94.56, 95% CI = 88.66–100.5); Con + 5-ITU (mean = 80.32; 95% CI = 69.10–91.54); IRR + 5-ITU (mean = 82.17; 95% CI = 66.35–97.98); Context Con (mean = 50.71, 95% CI = 32.88–68.54); IRR (mean = 20.68, 95% CI = 9.34–32.02); Con + 5-ITU (mean = 45.81, 95% CI = 34.78–56.83); IRR + 5-ITU (mean = 51.11, 95% CI = 39.47–62.75). Repeated measure (RM) ANOVA for the context phase (Figure 1C) revealed significant differences between IRR and Con groups (P = 0.001); between IRR and Con + 5-ITU groups (P = 0.001) and between IRR and IRR+5-ITU groups (P = 0.001). Groups did not differ significantly in the freezing behavior across baseline, post-training, pre-cue and post-cue phases (data not shown), indicating a selective deficit on the hippocampal-dependent contextual memory phase of the task (Phillips and LeDoux, 1992; Winocur et al., 2006). Irradiation did not impair motor or sensory function, since all groups demonstrated significant increases in freezing behavior after the tone-shock pairings (post-training phase). Group means and 95% CIs for the cue phase (percent time freezing) were: Con (mean = 91.53, 95% CI = 82.36–100.7); IRR (mean = 85.71, 95% CI = 66.72–104.7); Con + 5-ITU (mean = 84.48; 95% CI = 73.56–95.41); IRR+5-ITU (mean = 93.86; 95% CI = 86.02-101.7). Thus, intact amygdala-dependent cued memory acquisition of the tone-shock pairing was not impaired, and that the deficit was specific to the hippocampal-dependent contextual memory (Figure 1C) in which the pairing was learned.

Radiation-Induced Elevation in ADK and Astrogliosis

To assess the impact of cranial irradiation on the status of ADK and astrocytes, immunoreactivity for ADK and GFAP was assessed via dual-immunofluorescence confocal microscopy (Figure 2). Representative confocal micrographs revealed a marked impact of cranial irradiation on ADK and GFAP immunoreactivity. Compared to Con and Con + 5-ITU groups, irradiated animals (IRR) showed increased expression of ADK in the hippocampal granule cell layer (GCL), sub-granular zone (SGZ) and dentate hilus (DH) at 1 month post-IRR (Figure 2B). Concurrently, GFAP staining in unirradiated controls (Con and Con + 5-ITU) show morphological characteristics consistent with resting astrocytes (Figure 2C). Astrocytes in the IRR group display enlarged cell bodies with thicker and longer processes; this is consistent with hypertrophic, reactive astrocytes, or astrogliosis (Figure 2C).
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FIGURE 2. Cranial irradiation elevates adenosine kinase (ADK) immunoreactivity and astrogliosis. Immunofluorescence analysis demonstrates that at 1 month post-treatment, compared to controls (Con and Con + 5-ITU), exposure to cranial irradiation (10 Gy) leads to elevated ADK immunoreactivity (A,B; IRR group; ADK, green; DAPI nuclear counterstain, blue) that is reduced to control levels in irradiated animals treated with 5-ITU (IRR + 5-ITU). Representative confocal micrographs show the presence reactive astrocytic cell bodies (A,C; glial fibrillary acidic protein; GFAP, red) in the hippocampal dentate hilus (DH), sub-granular zone and granule cell layer (GCL) indicating astrogliosis. IRR + 5-ITU animals showed reduced ADK and GFAP immunoreactivity compared to IRR animals. Scale bar: 30 μm.



High resolution, 3D algorithm-based quantification of ADK, GFAP and astrocyte number from the confocal z stacks was facilitated by blinded deconvolution (AutoQuant) and subsequent analysis using Imaris module (Figure 3). ADK and GFAP quantitative immunofluorescence revealed a significant increase in the immunoreactivity of the IRR group compared to controls (Con and Con + 5-ITU, Figure 4). Cranial radiation exposure (IRR group) significantly elevated ADK levels by 1.5 fold (P = 0.01 vs. Con and P = 0.02 vs. Con + 5-ITU group) in the hippocampus 1 month after exposure (Figure 4A). In parallel, hippocampal GFAP immunoreactivity was elevated by ∼2 fold in the IRR group (P = 0.001, Figure 4B) without a significant change in the total number of astrocytes (Figure 4C) at 1 month. However, irradiated animals receiving 5-ITU treatment (IRR + 5-ITU) showed a significant reduction in ADK immunoreactivity (P = 0.02) and astrogliosis (P = 0.001) throughout the hippocampus compared to IRR animals. These qualitative (Figure 2) and quantitative (Figure 4) data demonstrate that pharmacological ADK inhibition could substantially protect against radiation-induced neuropathology.
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FIGURE 3. Work flow of quantitative immunofluorescence. Blinded deconvoluted volume of z stacks (step 1) were uploaded into Imaris (v8.1.2) for quantification of GFAP and ADK immunoreactivity (step 2). 3D algorithm-based Surface rendering of individual channels (pseudo-colored, steps 3–4) provide quantitative analyses of fluorescence intensity (GFAP, ADK) and Spot tool and Co-localization modules provide quantification of the number of astrocytes (steps 4–5). Data bin (step 6) provide quantitative immunofluorescence data for the individual channels. Scale bars: 5 μm.
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FIGURE 4. Treatment with 5-iodotubercidin (5-ITU) attenuated radiation-induced elevation in adenosine kinase (ADK) and astrogliosis. 3D algorithm-based deconvolution and quantification (Imaris, Bitplane, Inc.) of ADK and glial fibrillary acidic protein (GFAP) immunoreactivity show that compared to controls (Con and Con + 5-ITU), irradiation significantly increased the ADK (A) and astrogliotic cell bodies (B) in the hippocampal dentate hilus, granule cell layer, sub-granular zone and CA3/CA1 subfields. Compared with the irradiated cohort (IRR), animals receiving 5-ITU (IRR + 5-ITU) had significantly lower ADK and GFAP immunoreactivity in all hippocampal subfields. The reduced ADK and GFAP immunofluorescence was comparable to controls (Con). The number of astrocytes per hippocampal section did not change after irradiation or 5-ITU treatment (C). All data are presented as mean ± SEM. (N = 4 animals per group). ∗P < 0.02; ∗∗P < 0.01; ∗∗∗P < 0.001 compared with the IRR group (ANOVA and Bonferroni multiple comparisons test).



DISCUSSION

Our findings demonstrate that adenosine’s well-known protective role also extends to the attenuation of radiation-induced cognitive impairments. Our previous data demonstrated persistent, long-term cognitive impairments from 1 to 8 months following a single IRR exposure (Acharya et al., 2014b, 2015b; Parihar et al., 2014b, 2015), and suggest that global disruption of homeostatic functions in the brain combine to compromise cognitive performance over protracted post-IRR intervals. Several neurodegenerative conditions (Alzheimer’s Parkinson’s, ALS, epilepsy) share two key features with radiation-induced neuropathology: (i) astrogliosis as a histopathological hallmark and (ii) the onset of cognitive impairment (Bell and Zlokovic, 2009; Palop and Mucke, 2009; Aarsland and Kurz, 2010; Rusina et al., 2010). Astrocytes play a key role in regulating the levels of extracellular adenosine via cytosolic ADK to form a metabolic reuptake system. Our data show that cranial irradiation triggers astrogliosis and ADK overexpression 1 month after exposure that could lead to enhanced metabolic clearance of adenosine and resulting adenosine deficiency. Radiation-induced synaptotoxicity, astrogliosis, and adenosine deficiency in turn influence cognitive function (Boison and Aronica, 2015).

Our data critically test our hypothesis that adenosine augmentation prior to irradiation is protective against radiation-induced neuropathology. Animals receiving the ADK-inhibitor prior to cranial IRR were characterized by improved behavioral performance as characterized in three distinct tasks to assess cognitive function (Figure 1). Treatment with 5-ITU prior to irradiation (IRR + 5-ITU) prevented development of radiation-induced memory impairments on the NPR and NOR tasks at 1 month post-exposure. In contrast to irradiated rats receiving vehicle (IRR), DIs of irradiated animals with 5-ITU treatment (IRR + 5-ITU) were indistinguishable from unirradiated controls, where both controls (Con) and 5-ITU injected animals (Con + 5-ITU) showed significant preference for exploring the novel place or object. Moreover, unirradiated animals receiving 5-ITU were statistically indistinguishable from the controls receiving vehicle. In these preventative studies we chose a time point of analysis (4 weeks after irradiation), which reflects the delayed onset of cognitive dysfunction after radiation therapy (Tofilon and Fike, 2000) in combination with the prophylactic use of an ADK inhibitor. Whether, prophylactic ADK inhibition affects cognitive function at different time points post irradiation, or whether post-irradiation treatment with an ADK inhibitor might be of therapeutic benefit has not been addressed here, but might be interesting to investigate in future work.

The effectiveness of ADK inhibition to prevent radiation-induced behavioral deficits was further confirmed using the contextual FC task (Figure 1C) that engages the hippocampus and does not rely on spontaneous exploration (Phillips and LeDoux, 1992; Winocur et al., 2006). Irradiated animals (IRR) spent significantly less time in freezing than Con and Con + 5-ITU cohorts during the context phase of the FC task. These data suggest that irradiation disrupted long-term (24 h) memory for the tone-shock (context) association that has been shown to rely on intact hippocampal function (Phillips and LeDoux, 1992; Winocur et al., 2006). Importantly, animals treated with 5-ITU prior to irradiation (IRR + 5-ITU) exhibited intact freezing behavior, and were statistically indistinguishable from Con and Con + 5-ITU animals in their contextual fear memory. This finding indicates that radiation-induced deficits in hippocampal-dependent long-term memory function may be prevented by ADK inhibitor-induced adenosine augmentation at the time of irradiation. The amount of post-training freezing observed was comparable between all experimental cohorts, suggesting that experimental procedures did not affect initial acquisition of the conditioned freezing response and memory consolidation. Similarly, irradiation or 5-ITU treatments did not affect freezing behavior during the cue test phase, indicating intact amygdala-dependent acquisition and memory formation (Phillips and LeDoux, 1992; Winocur et al., 2006). The specific deficits observed in contextual fear memory tasks are consistent with the impairments in the NPR and NOR tasks and suggest that cranial irradiation disrupts hippocampal and frontal cortex function, and pre-IRR treatment with an ADK inhibitor prevents radiation-induced cognitive deficits.

Our data clearly show that pharmacological inhibition of ADK can prevent a decline in cognition following cranial irradiation. In the present study, we demonstrate that in the irradiated brain (IRR), ADK is co-expressed in GFAP-positive reactive astrocytes, which are characterized by a hypertrophic morphology with larger soma and increased length and width of astrocytic stellae compared to unirradiated controls (Figures 2A,B). The total number of GFAP+ astrocytes did not differ between control and irradiated groups (Figure 4C). These findings indicate that astrogliosis is accompanied by ADK overexpression. Quantification of ADK and GFAP immunoreactivity by high resolution confocal microscopy showed a marked rise of fluorescence intensity in the irradiated hippocampus (Figures 4A,B) whereas, pre-treatment with the ADK inhibitor, 5-ITU, prevented increases in ADK and GFAP immunoreactivity in the irradiated brain. It is likely that pre-treatment with 5-ITU attenuated the initial radiation-induced injury and therefore the very processes that eventually cause increases in GFAP and ADK immunoreactivity, although epigenetic mechanisms (Williams-Karnesky et al., 2013; Boison, 2016) might also be implicated. At the doses used, 5-ITU is not known to exert any cytotoxic or apoptotic effects on astrocytes (Ugarkar et al., 2000).

Chronic inflammation is a hallmark of the irradiated brain that is linked with cognitive decline (Zhao and Robbins, 2009; Moravan et al., 2011; Belarbi et al., 2013; Acharya et al., 2014c; Parihar et al., 2014a). Our results suggest that: (1) increased ADK expression is associated with astrogliosis in the irradiated brain; ADK-induced adenosine deficiency in turn may contribute to the radiation-induced neuropathology, and (2) chronic upregulation of ADK in the irradiated brain can be prevented by the transient prophylactic administration of an ADK inhibitor; this finding is in line with a lack of radiation-induced cognitive impairments. Past studies have shown that 5-ITU was effective at increasing extracellular adenosine levels in the brain (Pazzagli et al., 1995; Boison and Stewart, 2009; Boison, 2013), and supports our current findings suggesting that inhibition of ADK prior to irradiation is neuroprotective through a similar mechanism. Inhibition of ADK reduced synaptotoxicity in the hippocampus by modulating adenosine receptors, indicating an important role of ADK in the regulation of basal extracellular adenosine (Pazzagli et al., 1995; Gouder et al., 2004; Boison and Stewart, 2009; Boison, 2013). (3) Lastly, the contribution of ADK expression to radiomimetic neuropathology would favor the development of adenosine-based therapeutic interventions such as stem cell therapies to augment adenosine signaling locally via transplanted adenosine releasing cells.

CONCLUSION

Our experimental data support the overall concept that a combination of neurotoxicity, astrogliosis, and elevation of ADK, resulting in a deficiency of extracellular adenosine can directly cause a broad spectrum of comorbid symptoms that are collectively present across several neurological conditions (Aronica et al., 2013; Boison and Aronica, 2015). If radiation-induced adenosine deficiency, triggered by ADK upregulation, is sufficient to precipitate neurocognitive impairments, then therapeutic adenosine augmentation (molecular, cellular or pharmacological) should ameliorate those symptoms. More work is needed to assess whether a neuroprotective treatment interferes with the therapeutic efficacy of radiotherapy or if transient treatment with ADK inhibitors post-irradiation are as effective as pre-irradiation treatments against radiation-induced CNS dysfunction. ADK inhibitors represent some of the most promising adenosine elevating agents (Kowaluk et al., 2000; McGaraughty et al., 2005; Boison, 2013). Our experimental data support the concept that such therapeutic approaches might be useful as prophylactic pre-treatment to avoid radiation-induced cognitive impairment.
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Neuroblastoma, the major cause of infant cancer deaths, results from fast proliferation of undifferentiated neuroblasts. Treatment of high-risk neuroblastoma includes differentiation with retinoic acid (RA); however, the resistance of many of these tumors to RA-induced differentiation poses a considerable challenge. Human achaete-scute homolog 1 (hASH1) is a proneural basic helix-loop-helix transcription factor essential for neurogenesis and is often upregulated in neuroblastoma. Here, we identified a novel function for hASH1 in regulating the differentiation phenotype of neuroblastoma cells. Global analysis of 986 human neuroblastoma datasets revealed a negative correlation between hASH1 and neuron differentiation that was independent of the N-myc (MYCN) oncogene. Using RA to induce neuron differentiation in two neuroblastoma cell lines displaying high and low levels of hASH1 expression, we confirmed the link between hASH1 expression and the differentiation defective phenotype, which was reversed by silencing hASH1 or by hypoxic preconditioning. We further show that hASH1 suppresses neuronal differentiation by inhibiting transcription at the RA receptor element. Collectively, our data indicate hASH1 to be key for understanding neuroblastoma resistance to differentiation therapy and pave the way for hASH1-targeted therapies for augmenting the response of neuroblastoma to differentiation therapy.
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INTRODUCTION

Neuroblastoma, a malignant tumor derived from the sympathetic nervous system, represents one of the most common solid childhood tumors. They are classified into different stages based on genetic profile, age of onset, and tumor stage, with amplification of the N-myc (MYCN) gene seen in 22% of primary tumors and associated with worse clinical outcome (Cohn et al., 2009; Brodeur and Bagatell, 2014). Gene expression profiles suggest neuroblastomas to be locked in development at an early stage, being irresponsive to the normal cues that trigger differentiation. They, however, have the capacity to differentiate into mature cells in response to a variety of physiological and pharmacological agents. Thus, retinoic acid (RA), by its ability to induce differentiation, remains the first line of therapy for high-risk neuroblastoma (Reynolds et al., 2003). The greatest obstacle to differentiation therapy lies in their refractiveness to RA and it is therefore desirable to understand the mechanisms of resistance and to identify means by which to improve RA effectiveness.

The transcription factor achaete-scute homolog 1 protein (hASH1 for human and Mash1 for mammalian), encoded by the achaete-scute complex-like 1 (ASCL1) gene and hereafter referred to as hASH1, is expressed in neural crest cells and neural crest derived progenitor cells of the sympathoadrenal system and is required for neurogenesis (Castro et al., 2011; Imayoshi et al., 2013; Jacob et al., 2013). The hASH1 transcriptional program and regulation of its activity have been well documented (Castro et al., 2011; Imayoshi et al., 2013; Huang et al., 2014; Raposo et al., 2015; Wylie et al., 2015). Detailed characterization of the transcription factor activity has previously revealed that it activates target genes involved in both proliferation and differentiation that are associated with its oscillatory or sustained mode of expression, respectively (Castro et al., 2011; Imayoshi et al., 2013). During development, hASH1 expression is mostly restricted to the embryonic state, being regulated spatially and temporally primarily by transcriptional inhibition by the Notch pathway (Axelson, 2004; Huang et al., 2014). hASH1 is also regulated by post-transcriptional mechanisms involving both mRNA stability and translation (Fähling et al., 2009; Benko et al., 2011). One such important post-transcriptional regulator of hASH1 expression is the heterogeneous nuclear ribonucleoprotein A2/B1 (hnRNP A2/B1) and its role has been described in neuroblastoma cells exposed to hypoxia, indicating that low oxygen tension could be an important determinant of neuroendocrine development and tumor development (Kasim et al., 2014). Surprisingly, aberrantly high levels of hASH1 have been detected only in neuroblastoma cell lines; these being mostly derived from highly malignant tumors and high hASH1 levels thus associated with poor clinical outcome (Isogai et al., 2011). Gaining insight into the regulatory cues leading to hASH1 down-regulation during development could therefore be important for understanding neuroblastoma. Consistently, expression of hASH1 is down-regulated during differentiation, independent of differentiation agent. Whether the down-regulation of hASH1 is essential for differentiation or a consequence thereof could not be clearly established as stable cell clones of the SH-SY5Y cell line expressing high levels of hASH1 were not tolerated (Söderholm et al., 1999). Thus, a functional link between hASH1 expression and the responsiveness of neuroblastoma to differentiation remains elusive (Söderholm et al., 1999; Grynfeld et al., 2000).

Here, we exploit two neuroblastoma cell lines, Kelly and SH-SY5Y as paradigms of malignant tumors expressing endogenously high and low levels of hASH1, respectively, to investigate the functional importance of hASH1 in neuroblastoma. By analysis of three publicly available microarray datasets of human neuroblastoma patients (n = 986) and by experiments performed in the above mentioned cell lines, we identify a crucial role for hASH1 in regulating the differentiation potential of neuronal cells via its ability to repress RA-mediated transcription. These results not only expand the repertoire of hASH1 functions but also help to explain and eventually overcome the refractiveness of many neuroblastomas to differentiation therapy. Our data further reveal the functionality of hASH1-targeted therapies for augmenting the response of neuroblastoma to differentiation therapy.

MATERIALS AND METHODS

Microarray Data Analysis

We used the R2: Genomics Analysis and Visualization web tool to find genes correlated with hASH1 (ASCL1). We included the following three public datasets for analysis: the Versteeg dataset (GSE16476) which included 88 human neuroblastoma samples (Valentijn et al., 2012), the Asgharzadeh dataset (Therapeutically Applicable Research to Generate Effective Treatments initiative1) included 249 human neuroblastoma samples (Russell et al., 2015) and the Kocak dataset (GSE45547) with 649 human neuroblastoma samples (Kocak et al., 2013), all with different clinical characteristics. We applied a p-value cut-off of 0.01 for the correlation coefficient (R value) to obtain significantly correlated genes. The p values were corrected for multiple testing according to the false discovery rate. Only for the Kocak dataset that yielded >4500 correlated genes, we applied an additional R-value cutoff of ≤ −0.3 or ≥ +0.3. Gene ontology (GO) analysis (database release date 2016-04-23), using the Bonferroni correction for multiple testing and a cutoff p value < 0.05, was independently performed on the list of significantly correlated genes obtained from each of the three datasets.

Cell Culture and Treatments

The human neuroblastoma cell lines, Kelly (ACC 355) and SH-SY5Y (CRL-2266), were grown at 37°C, 5% CO2 in RPMI medium supplemented with 10% Fetal Bovine Serum (FBS). Cells were differentiated with 1 μM and 10 μM all-trans RA for the indicated times. For shorter treatment times (up to 24 h), cells that had outgrowths greater than the length of the cell body were considered to be expressing neurites. For longer treatment times (4 days), cells that had one or more outgrowths that reached at least double the diameter of the cell body were considered to be differentiated. For hypoxia, a hypoxic chamber set at 1% O2, 37°C and 5% CO2 was used.

Antibodies

The following antibodies were used: mouse monoclonal anti-Mash1 (murine homolog of hASH1; BD Pharmingen), mouse monoclonal anti-hnRNP-A2/B1 (Acris Antibodies, Rockville, MD, USA), rabbit polyclonal anti-tubulin (Proteintech), rabbit polyclonal anti-neurofilament L (Proteintech). Secondary antibodies used were donkey anti-rabbit and goat anti-mouse IgG-HRP (Santa Cruz Biotechnology, Santa Cruz, CA, USA). The Cy3-coupled secondary antibody for immunofluorescence was from Jackson ImmunoResearch Laboratories.

Protein Isolation and Western Blot

Total cellular extracts were prepared by direct lysis of cells in 50 mM Tris (pH 6.8) buffer containing 4 M Urea and 1% SDS. Western blotting was performed as previously described (Fähling et al., 2006).

Real Time PCR Analysis

Total RNA was prepared using RNA-Bee (Biozol Diagnostica Vertrieb GmbH) and real-time PCR experiments performed as previously described (Kasim et al., 2014). Each sample was measured in triplicate. mRNA expression levels were normalized to 18S rRNA using the ΔΔCt method. Primer sequences used are listed in Supplementary Table S1.

RNA Interference

Control siRNA and siRNA targeting hASH1 and hnRNP-A2/B1 was transfected into Kelly cells using SilenceMag (Oz Biosciences) or DharmaFECT 2 (Thermo Scientific, Waltham, MA, USA) as specified by the manufacturer. All siRNAs were purchased as SMARTpool siRNAs from Thermo Scientific Dharmacon. Cells were analyzed 48 h post-transfection for knock-down efficiency or used for further experiments at 24 h or 48 h post-transfection.

Cell Transfection and Luciferase Reporter Assays

Control and backbone vectors were purchased directly from Clontech and Promega. For knock-down and overexpression experiments, cells were grown in 24-well plates. Following 24 h knockdown in Kelly cells, a control luciferase (CONTROL-LUC) plasmid or the RA receptor element containing luciferase plasmid along with the renilla luciferase phRL-TK vector (Promega) was co-transfected using PolyMag (Oz Biosciences). For over-expression of hASH1 in SH-SY5Y, a pCMV-Sport6-hASH1 plasmid or control plasmid was co-transfected with the reporter constructs. After an overnight incubation, the medium was changed and RA was supplemented at a final concentration of 1 μM. Cells were grown for an additional 18 h. Luciferase activity was measured using the Dual-GloTM luciferase assay system and the data collected using a luminometer (Berthold Detection Systems). Co-transfection of hASH1 with EGFP in SH-SY5Y was performed in 6-well plates with a final concentration of 2 μg DNA. The ratio of hASH1 to EGFP plasmid was maintained at 9:1.

Microscopy

The cell nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI). Immunofluorescence was performed as recommended in the antibody data sheet. An epifluorescence microscope (Axiovert100, Carl Zeiss, Berlin, Germany) connected to a digital camera (SPOT RT Slider, Diagnostic Instruments, Sterling Heights, MI, USA) with SPOT software (Universal Imaging Corp., Marlow Buckinghamshire, UK) was used for image acquisition. Where indicated, image analysis was performed using the ImageJ software with the NeuronJ plugin.

Statistics

If not indicated otherwise, all values are presented as mean ± SD of at least three independent experiments, each with three biological replicates. Student’s paired t test was applied to reveal statistical significances between two samples. To compare means of three or more groups, a one-way ANOVA was used. p < 0.05 was considered significant.

RESULTS

hASH1 Is Negatively Correlated with Genes Involved in Neuron Differentiation in Neuroblastoma Patients

We first identified genes correlated with either hASH1 or MYCN, the latter being a well-known proto-oncogene with clearly established prognostic value in neuroblastoma patients. We analyzed three datasets that are deposited in the R2 Genomics Analysis and Visualization platform2: the Versteeg dataset included 88 patient samples (Valentijn et al., 2012), the Asgharzadeh dataset contained 249 patient samples (Russell et al., 2015) and the Kocak dataset contained 649 patient samples (Kocak et al., 2013) (Table 1). The overall small number of genes correlated with hASH1 relative to MYCN highlights the specificity of its putative target group (Table 1). With focus on hASH1, we further narrowed our list for the Kocak dataset to the top most correlated genes by setting a cut off for the correlation coefficient (R value) of ≤ −0.3 or ≥ +0.3, which reduced the number of negatively and positively correlated genes to 419 and 809, respectively. The list of identified genes correlated with hASH1 for all three datasets along with their associated R and p values is given in Supplementary Tables S2–S4. We next performed gene ontology analysis3 in order to determine the significantly enriched biological processes (p ≤ 0.05) in these gene lists. Notably, the enriched biological processes were consistent with the known functions of hASH1 in cell proliferation and differentiation (Castro et al., 2011). This is exemplarily shown in Figure 1A for the negatively correlated genes identified in the Kocak dataset, which contained the largest number of patient samples. We observed a striking association of the negatively correlated genes predominantly with processes involved in neuron projection development (e.g., regulation of neuron differentiation, regulation of neurogenesis, regulation of cell projection organization) and neuron projection morphogenesis (e.g., neuron development, neuron differentiation, generation of neurons). These findings were independently validated in the Asgharzadeh dataset (Supplementary Table S5). Despite the smaller number of negatively correlated genes in the Versteeg dataset, the only significantly enriched biological processes belonged to the category “regulation of neuron projection development”, thus further supporting a negative influence of hASH1 on neuron differentiation (Supplementary Table S5). While a myriad of biological processes were highly represented in the positively correlated genes in all three datasets, we found that they were enriched for GO biological processes corresponding to various aspects of the cell cycle (e.g., G1/S phase transition, G2/M transition of the mitotic cell cycle, mitotic interphase, spindle checkpoint), DNA replication (e.g., DNA strand elongation, DNA metabolic processes), telomere maintenance and DNA damage response and repair (e.g., double-strand break repair, cellular response to DNA damage stimulus; Supplementary Table S5). Compared to the positively correlated genes, the negatively correlated genes had fewer biological processes associated with them, and the level of significance was lower (p ≥ 10−16 vs. p ≥ 10−96 for processes associated with the positively correlated genes). However, processes involving neurogenesis and neuron differentiation were the only significant associations among the negatively correlated genes that were consistently seen across all three datasets (Supplementary Table S5). We also identified a significant association of hASH1 with neuroblastoma stage and MYCN amplification status, pointing to its functional importance in neuroblastoma (Supplementary Figures S1, S2).

TABLE 1. Number of genes correlated with human achaete-scute homolog 1 (hASH1) and N-myc (MYCN) in human neuroblastoma.
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FIGURE 1. Human achaete-scute homolog 1 (hASH1) is negatively correlated with genes associated with neurite outgrowth in neuroblastoma. (A) Enrichment of Gene ontology (GO) biological processes in the 419 genes negatively correlated with hASH1 (R value < −0.3 and with a p value < 0.01) using the Kocak dataset (Kocak et al., 2013). This corresponds to the top 10% of the strongest correlated genes. A detailed view of all the categories related to regulation of neuron projection development and neuron projection morphogenesis is shown on the right. Each biological process is color coded according to its GO analysis p value as shown and the number of genes identified is also indicated. (B) Genes negatively correlated with hASH1 and N-myc (MYCN) were compared. GO analysis was performed separately for genes correlated with either MYCN or hASH1 and for the genes associated with both. A detailed list of all the GO processes and associated p values is provided in Supplementary Table S6. Note that the genes correlated only with hASH1 belong to the GO categories of neuron projection morphogenesis and development.



To exclude MYCN from mediating this effect, we compared the profile of genes correlated with both hASH1 and MYCN (Figure 1B). Despite the high overlap of genes (280/419 genes) between the two, the GO processes neuron projection morphogenesis and regulation of neuron projection development were significantly over-represented in the 139 genes not correlated with MYCN, highlighting hASH1 function in regulating these processes (Figure 1B). Interestingly, GO analysis of the MYCN correlated genes identified primarily categories associated with the immune response (e.g., T-helper 1 type immune response, regulation of T cell proliferation, T cell selection, interferon gamma mediated signaling pathway; Supplementary Table S6). These findings were corroborated in both of the other datasets (data not shown). Together, these gene expression data from three independent experiments containing a total of 986 human neuroblastoma samples reveal a significant negative correlation between hASH1 and genes involved in neuron differentiation in neuroblastoma that is independent of MYCN function.

Characterization of RA-Induced Differentiation in Neuroblastoma Cell Lines

To reconcile these findings with the known function of hASH1 in neurogenesis, we postulated that an increase in hASH1 expression would have an inhibitory influence on neuron differentiation. Therefore, to investigate the effect of hASH1 levels on neuron differentiation, we selected two neuroblastoma cell lines derived from metastatic bone tumor biopsies, Kelly and SH-SY5Y, expressing endogenous high and low levels of hASH1, respectively. As neuroblastomas are also genetically characterized based on their genomic MYCN amplification status and given the observed correlation with hASH1 (Supplementary Figure S2), the Kelly cells with the MYCN-amplified genome and the MYCN-non-amplified SH-SY5Y cells also enabled us to dissect the contribution of hASH1 independent of MYCN amplification. Since we have previously shown that hASH1 is regulated by hnRNP A2/B1 (Kasim et al., 2014), we monitored the levels of both hASH1 and hnRNP A2/B1 in these cells. Real-time PCR analysis revealed higher levels of both hASH1 and hnRNP A2/B1 mRNA in Kelly vs. SH-SY5Y cells (Figure 2A). Western blot analysis confirmed the high levels of hASH1 protein in Kelly cells and the relatively low levels in SH-SY5Y cells (Figure 2B), the multiple protein bands likely reflecting post-translational modifications (Wylie et al., 2015). We detected overall lower hnRNP A2/B1 protein levels in SH-SY5Y than in Kelly cells, which was primarily due to the decreased levels of the hnRNP B1 isoform (Figure 2B). Both cell lines expressed neuropeptide Y and neuronal marker genes, i.e., growth associated protein 43 and microtubule-associated protein 2, confirming their neuronal character (Supplementary Figure S3).
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FIGURE 2. Response of neuroblastoma cell lines to retinoic acid (RA)-induced differentiation is dependent on their hASH1 levels. (A) hASH1 and heterogeneous nuclear ribonucleoprotein A2/B1 (hnRNP A2/B1) mRNA as determined in Kelly and SH-SY5Y cells by real-time PCR. Values were normalized to 18S ribosomal RNA and significant differences between the cell lines indicated with asterisks (***p < 0.001, n = 6). (B) Western blot analysis of hASH1 and hnRNP A2/B1 protein levels in Kelly and SH-SY5Y cells. Tubulin served as a loading control. **p < 0.01 and *p < 0.05. Error bars indicate standard deviation (n = 6). (C) Quantitation by Western blot of the time-dependent decrease in hASH1 levels in Kelly and SH-SY5Y cells upon 1 μM RA treatment. (D) Phase contrast images showingthe time-dependent phenotypic response to 1 μM RA. Note that RA treatment causes outgrowth of neurite-like processes in SH-SY5Y cells, but not in the Kelly cells. (E) Percentage of neurite containing cells were defined as cells with at least one neurite extension greater than the length of the cell body. More than 100 cells for each cell type and treatment were counted using ImageJ software, and the percentage of cells with neurite extensions are indicated. *p < 0.05, nc: not counted as no cells matching the above criteria were observed, and ns = not significant. Error bars indicate standard deviation (n = 3).



We then used RA to differentiate the cells toward a neuronal phenotype. We first tested the response of the two cell lines to 1 μM RA (Figure 2C). As a rapid reduction in hASH1 levels upon RA treatment of SH-SY5Y cells has been reported (Söderholm et al., 1999), we monitored the decrease in hASH1 levels by Western blot analysis in both cell lines in a time course of up to 24 h. As expected, SH-SY5Y cells displayed a rapid decrease in hASH1 levels that was noticeable as early as 3 h (Figure 2C). Surprisingly, the Kelly cells maintained stable hASH1 expression at early time points with a decline in hASH1 levels becoming evident only at 18–24 h, which did not reach the low levels observed in the SH-SY5Y cells (Figure 2C). More interestingly, phase contrast microscopy revealed that these changes in hASH1 levels correlated with the cells ability to undergo the morphological changes associated with neuronal differentiation (Figures 2D,E). Although the SH-SY5Y cells contain small neurites even in the absence of retinoids, RA treatment enhanced neurite outgrowth in these cells. However, no similar morphological change was observed in the Kelly cells. Both cell lines responded to RA by down-regulating hASH1 mRNA and protein confirming that RA was indeed active in these cells (Figures 3A,B). Consistently, both cell lines also responded to RA by decreasing neuropeptide Y levels (Figure 3C); a decrease in levels of neuropeptide Y in RA-treated SH-SY5Y has already been documented (Edsjö et al., 2004). Although a higher concentration of RA was more effective at stimulating differentiation as assessed by the development of neurite-like processes in the SH-SY5Y cells (Figure 3D), the Kelly cells remained morphologically resistant to RA and lacked the neurite-like processes despite a similar down-regulation of hASH1 mRNA and protein levels (Figures 3A–C). Longer RA treatment times up to 4 days confirmed the resistance of majority of the Kelly cells to RA-induced differentiation (Figures 3E,F). The SH-SY5Y cells, on the other hand, showed an intense neurite network after a 4 day exposure to RA and a concomitant strong down-regulation in hASH1 (Figures 3E,F). Although the variability inherent to different cell lines raises the possibility of cell-type specific effects in the regulation of RA-induced differentiation, these data suggest that high hASH1 expression during the early phase of RA treatment inhibits the phenotypic changes associated with retinoid induced differentiation.
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FIGURE 3. Kelly cells are responsive to RA but resistant to RA-induced differentiation. (A) Decrease in hASH1 levels upon 1 and 10 μM RA treatment at 24 h monitored by real-time PCR and (B) Western blot analysis.***p < 0.001 and *p < 0.05. Error bars indicate standard deviation (n = 6). (C) Real-time PCR analysis of NPY levels upon RA treatment as in (A). Significant differences are indicated with asterisks ***p < 0.001 and **p < 0.01. Error bars indicate standard deviation (n = 3). (D) Phase contrast images showing concentration dependent effect of RA on the morphology of Kelly and SH-SY5Y cells. Note the formation of neurite-like processes in the RA-treated SH-SY5Y cells, whereas Kelly cells did not respond morphologically to RA. Percentage of neurite containing cells were counted as in Figure 2E. **p < 0.01, *p < 0.05, nc: not counted as no cells matching the above criteria were observed, and ns: not significant. Error bars indicate standard deviation (n = 3). (E) Kelly and SH-SY5Y cells were treated with 10 μM RA for 4 days and hASH1 mRNA levels monitored by real time PCR analysis. Values were normalized to 18S ribosomal RNA and significant differences indicated with asterisks (**p < 0.01 and ***p < 0.001). Error bars indicate standard deviation (n = 3). (F) Kelly and SH-SY5Y cells were treated with 10 μM RA and imaged at day 4. Percentage of differentiated cells were defined as those with neurite extensions at least two times the length of the cell body. The total number of cells were counted for each cell type and treatment and the percentage of differentiated cells for the SH-SY5Y cells indicated. ***p < 0.001. Error bars indicate standard deviation (n = 3). Note that for the Kelly cells, the neurite extensions did not fit our criteria to be counted as differentiated.



hASH1 Suppresses RA-Induced Differentiation

To determine if indeed hASH1 is responsible for the observed lack of responsiveness of the Kelly cells to RA, we silenced hASH1 in these cells by RNA interference. The efficiency of silencing was determined by Western blot analysis at 2 days post-transfection (Figure 4A). Interestingly, knock-down of hASH1 had no effect on hnRNP A2/B1 that we have shown previously to regulate hASH1 levels (Kasim et al., 2014). We next investigated the response of these Kelly cells with high (siControl) and with reduced hASH1 levels (sihASH1) to RA treatment for 4 days. We found that both siControl and sihASH1 cells responded effectively to RA by down-regulating hASH1 (Figure 4B). The sihASH1 cells retained their lower level of hASH1 for the course of the experiment (Figure 4B, compare siControl to sihASH1) and their lower hASH1 level is also reflected in their significantly lower levels of hASH1 at the end of RA treatment (Figure 4B, compare siControl + RA to sihASH1 + RA). Morphological examination by phase contrast microscopy revealed that in comparison to siControl cells, more RA-treated si-hASH1 Kelly cells developed neurite-like processes (Figures 4C,D). There was no significant difference in neurite length between differentiated cells obtained from the high and low hASH1 expressing cells (Figure 4E). Qualitatively similar results were obtained by silencing hnRNP A2/B1 that has previously been documented to decrease hASH1 protein levels (Supplementary Figure S4; Kasim et al., 2014), thus providing additional evidence for the inhibitory effect of high hASH1 on neuronal differentiation.
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FIGURE 4. hASH1 levels affect RA-induced differentiation in Kelly and SH-SY5Y cells. (A) siRNA mediated knock-down of hASH1 was performed in Kelly cells and cells were harvested following 2 days of siRNA transfection (10 nM final concentration). A representative Western blot experiment is shown demonstrating knock-down efficiency at the protein level (left panel) and quantitation of the data from n = 9 (right panel). (B) Kelly cells from (A) were allowed to differentiate for 4 days and the decrease in hASH1 levels monitored by real time PCR. Values were normalized to 18S ribosomal RNA and significant differences indicated with asterisks (***p < 0.001, **p < −0.01 and *p < 0.05). n = 8. (C) Kelly cells were imaged at day 4 of differentiation and the neurite-like processes indicated by red arrowheads. (D) Cells from RA treated siControl and sihASH1 were counted and neurites measured using NeuronJ software (*p < 0.05; total number of cells counted for siControl + RA = 680 and sihASH1 + RA = 776). Data is expressed as the ratio of differentiated cells to total cells counted. (E) Box plot analysis of neurite length of the differentiated cells from siControl and sihASH1. ns = not significant. (F) Western blot analysis of total cell populations of SH-SY5Y cells over-expressing EGFP or EGFP + hASH1. Tubulin served as a loading control. (G) SH-SY5Y cells overexpressing EGFP or EGFP + hASH1 were enabled to differentiate with RA and imaged at day 4. Long neurite-like processes are indicated by white arrowheads in the EGFP overexpressing cells and the shorter processes with red arrowheads in the EGFP + hASH1 overexpressing cells. (H) RA treated transfected cells were counted and neurites measured using NeuronJ software (total number of cells counted for EGFP + RA = 437 and EGFP + hASH1 + RA = 446). Data are expressed as the ratio of differentiated cells to total transfected cells counted. (I) Box plot analysis of neurite length of the differentiated cells from control and hASH1 transfected cells. ns = not significant.



The data described above indicate that hASH1 prevents RA-induced differentiation of neuroblastoma cells. To further prove the specificity of hASH1 in regulating this effect, we examined the hASH1-dependent RA-differentiation response in SH-SY5Y cells that have a lower basal expression of hASH1. We transiently overexpressed hASH1 in these cells (Figure 4F). Interestingly, ectopically expressed hASH1 had a lower molecular mass indicative of the non-phosphorylated form of hASH1 and unlike endogenous hASH1 that is phosphorylated in neuroblastoma cell lines (Wylie et al., 2015). Co-transfection with EGFP allowed for visualization of hASH1 transfected cells by fluorescence microscopy and allowed for live-cell imaging to monitor cell morphology following RA treatment. Since the hASH1 and EGFP plasmids were transfected at a 9:1 ratio, fluorescent cells are expected to overexpress hASH1. We confirmed the overexpression of hASH1 in the co-transfected cells by immunofluorescence microscopy and by co-localization of hASH1 and EGFP (Supplementary Figure S5). The EGFP + hASH1 co-transfected cells expressed up to 9.6-fold higher levels of hASH1 compared to the control EGFP transfected cells (Supplementary Figure S5). These transfected cells were then allowed to differentiate with RA for 4 days. The EGFP alone expressing cells also served as a transfection control and developed long neurites by day 4 of differentiation (Figure 4G, left upper panel, white arrowheads), while hASH1 overexpression strikingly diminished neurite extension in the majority of the cells (Figure 4G, right upper panels, red arrowheads). Notably, hASH1 overexpression resulted in a significant decrease in the number of differentiated cells (Figure 4H). There was no significant difference in neurite length between the differentiated cells from the control or high hASH1 overexpressing cell line (Figure 4I). Overlay of the fluorescent images on the phase contrast images confirmed the efficacy of RA to induce differentiation in both cell populations as the non-transfected cells in each showed a similar degree of neurite outgrowth (Figure 4G, lower panels). As EGFP alone had no influence on neurite extension, we conclude that overexpression of hASH1 inhibits neurite extension. Thus, our findings in the two cell lines reveal a universal role for hASH1 in regulating RA differentiation.

hASH1 Represses Retinoic Acid Receptor Element-Dependent Transcription

To gain insight into the molecular mechanism behind hASH1 repression of RA-induced differentiation, we examined the effect of hASH1 on RA-dependent transcription at a retinoic acid response element (RARE) in the context of a luciferase reporter construct. We first reduced hASH1 levels by siRNA-mediated knockdown in Kelly cells prior to RA treatment. As shown in Figure 5A, a 1.8 fold increase in RA-dependent luciferase activity upon hASH1 knockdown was observed, indicating a hASH1-dependent repression of retinoid activity. We then compared the retinoid activity upon hASH1 overexpression in SH-SY5Y cells and found that luciferase activity was significantly lower upon hASH1 overexpression, again indicating a hASH1-dependent repression of retinoid activity (Figure 5B). Collectively, these data show that hASH1 represses RA-dependent transcription at the RA receptor element.
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FIGURE 5. hASH1 represses RA-dependent transcription at the retinoic acid response element (RARE). (A) Kelly cells transfected with either control siRNA or siRNA targeting hASH1 or (B) SH-SY5Y cells transfected with control plasmid or a plasmid expressing hASH1 were also transfected with a control luciferase (CONTROL-LUC) reporter construct or a luciferase plasmid containing the RARE-LUC. Transcription of RARE-LUC is thus dependent on RA. Luminescence values were normalized to renilla activity. Asterisks indicate significant changes with ***p < 0.001, n = 6.



Hypoxic Preconditioning Promotes RA-Differentiation of High hASH1-Expressing Cells

To explore the possibility of promoting differentiation of the otherwise differentiation resistant Kelly cell line under physiological circumstances, we used hypoxia as a tool to first manipulate hASH1 levels (Kasim et al., 2014). To this end, Kelly cells were preconditioned to hypoxia for 24 h, a time point at which a strong reduction in hASH1 levels was observed (Figure 6A). The efficacy of hypoxia treatment was confirmed by up-regulation of hypoxia marker genes (aldolase C and prolyl-4-hydroxylase) as well as the down-regulation in NPY that has been previously documented (Figure 6A) (Jögi et al., 2002). Immediately after 24 h of hypoxic preconditioning, when these cells have lowered levels of hASH1, cells were induced to differentiate with RA under normoxic conditions. Control cells grown at normoxia for 24 h were processed similarly. Western blot analysis confirmed the down-regulation in hASH1 protein levels indicative of effective RA treatment after both normoxia and hypoxia growth conditions (Figure 6B). It is worth mentioning that no significant difference was observed in hASH1 levels between the control and hypoxia preconditioned cells when placed in normoxia for 24 h (Figure 6B). However, only the hypoxia preconditioned cells, with lower hASH1 levels at the time of RA treatment, displayed retinoid-induced neurite-like processes that stained positive for neurofilament L, which is expressed during neuronal differentiation (Figures 6C–E). Taken together, our data show that manipulation of hASH1 expression by hypoxia influences the sensitivity of neuroblastoma cells to RA-induced differentiation.
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FIGURE 6. Hypoxic preconditioning promotes RA-induced differentiation. (A) Representative Western blot showing decreased levels of hASH1 following 24 h of hypoxia (top panel). Tubulin served as a loading control. Efficacy of hypoxia treatment was monitored by real-time PCR analysis of hypoxia marker genes prolyl-4-hydroxylase and aldolase C. hASH1, hnRNP A2/B1 and neuropeptide Y levels are shown in addition (bottom panel). Values were normalized to 18S ribosomal RNA. Significant differences are indicated with asterisks ***p < 0.001, **p < 0.01, *p < 0.05; n = 6. (B) Representative Western blot showing hASH1 levels of control cells and cells preconditioned to hypoxia following RA treatment. Schematic of the experimental design is shown in the left panel. Values were normalized to tubulin. Significant differences are indicated with an asterisk *p < 0.05 and ns: not significant; n = 6. (C) Phase contrast images of cells as described in (B). Neurite-like processes in the hypoxia preconditioned cells are indicated by red arrows. (D) The number of RA treated cells expressing neurites and the total number of cells were counted using NeuronJ software (***p < 0.001; total number of cells counted for normoxia + RA = 2224 and hypoxia preconditioned + RA = 2139). (E) Immunofluorescence assays showing neurofilament L staining of normoxia and hypoxia preconditioned cells treated with RA for 24 h.



DISCUSSION

Neuroblastoma is one of the few malignancies capable of spontaneous differentiation and regression (Maris et al., 2007). Increasing the ability to induce neuroblastoma differentiation is thus key to disease therapeutics; however, this is often impeded by the acquired refractiveness of neuroblastoma to the differentiation agent. Our data here revealed hASH1 to play a decisive role in inhibiting the differentiation of neuroblastoma in response to RA, a finding that may have important implications in differentiation therapy.

We discovered a common function of hASH1 in inducing genes involved in cell cycle and DNA repair while repressing genes involved in neuron differentiation in neuroblastoma. This was evident across a large number of neuroblastoma tumors from three different datasets that were obtained using different microarray platforms, thus supporting the clinical significance of our findings. Interestingly, this function of hASH1 in neuroblastoma mirrors that of MYCN (Valentijn et al., 2012). The ability of MYCN to repress neuron differentiation was inferred from the neuronal expression of its negatively regulated genes, most of which were not identified to be correlated with hASH1 (data not shown; Valentijn et al., 2012). It is possible that MYCN cooperates with hASH1 to exert a concerted effect, which is reflected in the observed correlation of hASH1 expression with MYCN amplification. Nevertheless, the over-representation of MYCN non-amplified tumors in the neuroblastoma datasets that we used and the regulation of the MYCN non-amplified SH-SY5Y cell differentiation by hASH1 indicates that hASH1 function in neuron differentiation in neuroblastoma is likely to be independent of MYCN amplification status. The importance of this being underlined by the fact that MYCN amplification, although the most well-known prognostic marker, is observed in only 22% of primary tumors (Brodeur and Bagatell, 2014).

Given the lack of responsiveness of neuroblastomas to RA, the negative association of hASH1 with neuron differentiation was of particular interest as it provided the first clue to the inhibitory role of hASH1 on differentiation. The two neuroblastoma cell lines we used to confirm this are ideal examples of neuroblastoma that are either responsive or non-responsive to differentiation by RA. Interestingly, it was the low hASH1 expressing SH-SY5Y cells that were capable of undergoing the morphological changes associated with differentiation. In these cells, hASH1 levels decreased more or less concomitantly with RA treatment, evident as early as after 3 h. In contrast, majority of the high hASH1 expressing Kelly cells failed to express neurite-like processes even upon prolonged RA treatment. Here, it is important to emphasize that RA was indeed active in the Kelly cells, as evidenced by the down-regulation of NPY and also hASH1; yet, despite the decreased hASH1 levels, the Kelly cells failed to differentiate in response to RA. We assume that an initial threshold level for hASH1 expression exists beyond which the inhibitory effects on differentiation are observed. Therefore, it is the basal hASH1 level at the time of RA exposure (early phase) that is crucial in determining the differentiation fate of the cells. This is particularly true for Kelly cells that do not show a rapid decrease in hASH1 protein levels upon retinoid treatment. The hASH1 levels in both cell lines correlated with hnRNP B1 that is known to have a stabilizing effect on hASH1 mRNA and protein and could also play a role in their different basal hASH1 expression and their response to RA (Kasim et al., 2014).

Several lines of evidence strongly suggest hASH1 to be involved in modulating the cellular differentiation in response to RA. First, down-regulation of hASH1 by directly targeting the hASH1 gene by RNA interference in high-hASH1 expressing Kelly neuroblastoma cells promoted RA-induced differentiation. Conversely, over-expression of hASH1 in low-hASH1 expressing SH-SY5Y neuroblastoma cells conferred resistance to RA-induced differentiation. Second, down-regulation of hASH1 by targeting a modulator of hASH1, namely hnRNP A2/B1, also promoted RA-induced differentiation. Third, hypoxic preconditioning that significantly decreases hASH1 levels prior to RA treatment also enhanced differentiation. Finally, the ability of hASH1 to modulate RA-induced differentiation correlated with its influence on transcription at the RA receptor element. The mechanistic basis behind hASH1-dependent transcription repression is not known. To date, a myriad of transcription regulatory proteins have been described to influence retinoid signaling (Gudas and Wagner, 2011; Cunningham and Duester, 2015). For instance, Zinc Finger Protein 423 was identified by a large-scale RNA interference screen to be critically required for RA-induced differentiation of neuroblastoma cells (Huang et al., 2009). Here, we identified hASH1 to inhibit RA-induced transcription at the RA receptor element, thus, acting as a possible co-repressor of retinoid signaling. In this regard, binding of several proneural proteins including Neurogenin1, Neurogenin2 and hASH1 to RA receptor in the absence of ligand has already been described (Lee et al., 2009). We cannot, however, exclude the involvement of other factors that are targets of hASH1 in mediating this response. The known function of hASH1, a proneural transcription factor belonging to the achaete-scute gene family, is to promote neurogenesis by regulating the expression of differentiation genes; a function that is conserved in all organisms (Huang et al., 2014). In Drosophila, achaete-scute expression confers neural identity to the developing neuroblast, whereas in mammalian systems, expression is restricted to cells that already have neural identity (Lo et al., 1991; Skeath and Carroll, 1992). Regulation of hASH1 expression is critical to the development program (Imayoshi et al., 2013). Our data suggest that aberrant regulation of hASH1, leading to high hASH1 expression, would inhibit differentiation and maintain neuronal cells in a proliferative state. It is important to keep in mind that retinoid activity in vivo reciprocally maintains hASH1 at carefully regulated levels that in turn determines neuronal identities (Jacob et al., 2013). Thus, the dysregulation of hASH1 in neuroblastoma could in turn be linked to defects in the RA synthesis and metabolism pathway as has been described in glioblastoma (Campos et al., 2015).

A summary of our findings is depicted in Figure 7. RA remains one of the most potent inducers of differentiation for neuroblastomas and several derivatives are used as therapy for high-risk neuroblastomas (Reynolds et al., 2003). A high tumor differentiation grade is associated with a positive outcome. Since efficacy of RA in vivo is limited by the refractiveness of many neuroblastomas, combination therapy with, for instance, histone deacetylase inhibitors has been applied (Hahn et al., 2008; Brodeur and Bagatell, 2014). We propose that refractiveness to RA is a function of the hASH1 levels in these tumors. One of the surprising observations that we describe is that hypoxic preconditioning remarkably enhanced RA-differentiation efficacy. These data suggest that the local oxygen environment can serve as a tool to manipulate hASH1 levels in neuroblastomas that could effectively facilitate differentiation therapy. Here, we would like to add a cautionary note and stress the point that these data were obtained from cell lines in vitro. The Kelly and SH-SY5Y are two different cell lines, and additional cell type-specific effects of hASH1 on the regulation of RA-induced differentiation cannot be ruled out. Despite the negative correlation between hASH1 and neuron differentiation observed in neuroblastoma patients, future in vivo studies aimed at evaluating the potential prognostic usefulness of hASH1 in predicting the responsiveness of these tumors to RA-based therapies are needed. Although other factors have been described to modulate RA differentiation in neuroblastoma, hASH1 represents a unique target and a possible biomarker for all neuroblastoma, independent of MYCN amplification status (Shah et al., 2014; Cimmino et al., 2015; Heynen et al., 2016). Future studies will focus on defining the mechanism of action of hASH1 during the early phase of RA-differentiation, which may reveal novel cellular targets of importance to retinoid therapy. Taken together, this study highlights hASH1 to be a modulator of retinoid-induced differentiation that is of potential clinical significance to neuroblastoma.
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FIGURE 7. Proposed model of hASH1 function in neuroblastoma. High hASH1 levels in neuroblastoma inhibit RA-mediated transcription at the RARE resulting in low differentiation efficiency (A). Exposure to hypoxia causes an hnRNP A2/B1-dependent decrease in hASH1 levels (Kasim et al., 2014) and thus promotes RA-induced differentiation and neurite outgrowth, resulting in higher differentiation efficiency (B). Thus, hypoxic preconditioning could serve to enhance retinoid efficacy during differentiation therapy, especially for tumors refractive to RA. We propose that hASH1 levels in neuroblastoma is indicative of their differentiation potential and thus their response to differentiation therapy.
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Malignant brain tumors are devastating despite aggressive treatments such as surgical resection, chemotherapy and radiation therapy. The average life expectancy of patients with newly diagnosed glioblastoma is approximately ~18 months. It is clear that increased survival of brain tumor patients requires the design of new therapeutic modalities, especially those that enhance currently available treatments and/or limit tumor growth. One novel therapeutic arena is the metabolic dysregulation that results in an increased need for glucose in tumor cells. This phenomenon suggests that a reduction in tumor growth could be achieved by decreasing glucose availability, which can be accomplished through pharmacological means or through the use of a high-fat, low-carbohydrate ketogenic diet (KD). The KD, as the name implies, also provides increased blood ketones to support the energy needs of normal tissues. Preclinical work from a number of laboratories has shown that the KD does indeed reduce tumor growth in vivo. In addition, the KD has been shown to reduce angiogenesis, inflammation, peri-tumoral edema, migration and invasion. Furthermore, this diet can enhance the activity of radiation and chemotherapy in a mouse model of glioma, thus increasing survival. Additional studies in vitro have indicated that increasing ketones such as β-hydroxybutyrate (βHB) in the absence of glucose reduction can also inhibit cell growth and potentiate the effects of chemotherapy and radiation. Thus, while we are only beginning to understand the pluripotent mechanisms through which the KD affects tumor growth and response to conventional therapies, the emerging data provide strong support for the use of a KD in the treatment of malignant gliomas. This has led to a limited number of clinical trials investigating the use of a KD in patients with primary and recurrent glioma.
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INTRODUCTION

Human malignant glioma is a uniformly fatal disease due, in part, to the limitations of currently available treatments which include surgery, chemotherapy and radiation therapy. Average survival of patients with glioblastoma multiforme (GBM) is 1.5 years, and tumors of the central nervous system are the most common solid tumor in the pediatric population. It is therefore of paramount importance that new therapeutic strategies for brain cancer patients be developed, especially those that can enhance the efficacy of current treatment options without damaging normal brain tissue. Advances in our understanding of the biology of these tumors have led to an increase in the number of targeted therapies in preclinical and clinical trials (Roesler et al., 2010; Nicholas et al., 2011; Niyazi et al., 2011). While these therapies may prove somewhat effective, the heterogeneity of this tumor often precludes the targeted molecules from being found on all cells in the tumor thus reducing the efficacy of these treatments. In contrast, one trait shared by virtually all tumor cells is altered metabolism.

TUMOR METABOLISM

Alterations in the metabolism of cancer cells, what we now call the “Warburg effect” or aerobic glycolysis, was first described by Warburg et al. (1927). Cancer cells use glycolysis to provide energy and biomolecules regardless of the availability of oxygen. This results in the production of fewer ATP molecules per molecule of glucose, and thus tumor cells require large amounts of glucose. This shift towards increased glycolytic flux in the cytosol and away from the tricarboxylic acid cycle and oxidative phosphorylation in the mitochondria occurs very early in tumorigenesis. This allows for a rapid cell proliferation even under conditions of hypoxia and in the presence of dysfunctional mitochondria. Since Warburg’s discovery, metabolism has been of interest in the cancer field but it was often overshadowed by discoveries of oncogenes, tumor suppressor genes, growth factor pathways, molecular subtypes of cancers, etc. There is a resurgence of interest in metabolism as a central theme in cancer, and we continue to find that metabolic pathways intersect and often regulate key components of tumor initiation, progression and therapy response (Clark et al., 2016; Pavlova and Thompson, 2016). In fact, altered metabolism itself has been referred to as a hallmark of cancer (Hanahan and Weinberg, 2011; Cantor and Sabatini, 2012; Ward and Thompson, 2012) in addition to being involved in virtually all of the cancer hallmarks described in the seminal article by Hanahan and Weinberg (2011) (Figure 1; Lewis and Abdel-Haleem, 2013).
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FIGURE 1. An illustration of the interconnections between tumor metabolism with Hanahan and Weinberg’s Hallmarks of Cancer (Lewis and Abdel-Haleem, 2013).



The term “metabolic remodeling” has been used to describe metabolic changes that can occur in cancer cells (Obre and Rossignol, 2015), and oncogene associated pathways are now known to intersect with, and alter metabolic pathways. For example, the tumor suppressor protein p53 which plays a pivotal role in the cellular responses to hypoxia, DNA damage and oncogene activation is now known to regulate glycolysis and assist in maintaining mitochondrial integrity (Olovnikov et al., 2009; Madan et al., 2011; Puzio-Kuter, 2011; Kim and Kim, 2013; Iurlaro et al., 2014; Barron et al., 2016). Another important connection between metabolism and tumor growth is through regulation of c-MYC. Over-expression of c-MYC occurs in a wide variety of cancers including gliomas. c-MYC is a multi-functional transcription factor and the list of its target genes include those involved in both cell proliferation and cell metabolism (Miller et al., 2012; Zwaans and Lombard, 2014; Altman et al., 2015; Hsieh et al., 2015; Stine et al., 2015). In addition to stimulating glycolysis, c-MYC has been found to activate glutaminolysis and lipid synthesis from citrate (Obre and Rossignol, 2015).

With the advent of molecular analyses, studies of growth factor pathways seemed to overshadow the influence of metabolism on cancer growth. Over-activation of the stress responsive PI3K/AKT signaling pathway is typical in many cancers and often due to activation of growth factor signaling pathways involved in glioma growth such as platelet-derived growth factor, epidermal growth factor and insulin growth factor. We now know that these growth factor pathways are intertwined with metabolic signally pathways (Iurlaro et al., 2014; Martini et al., 2014; Courtnay et al., 2015; Dibble and Cantley, 2015; Roberts and Miyamoto, 2015). PI3K/AKT signaling has been closely linked to metabolism and under low glucose conditions results in rapid tumor cell death (Robey and Hay, 2009; Yang et al., 2009; Marie and Shinjo, 2011).

Another important “hub” linking metabolism and cancer is hypoxia-inducible factor 1 (HIF-1). HIF-1 expression is activated by hypoxia, which is typically found in high grade gliomas and other cancers. HIF-1 is a heterodimeric transcription factor that induces the transcription of a variety of genes involved in angiogenesis (vascular endothelial growth factor (VEGF) and other cytokines) in an attempt to improve tissue perfusion. This results in the formation of abnormal blood vessels that can increase inflammation and edema in brain tumors, as well as induction of the transcription of a variety of genes that promote invasion, migration and tumor growth (Fischer et al., 2002; Kaur et al., 2005; Fujiwara et al., 2007; Hayashi et al., 2007; Mou et al., 2010; Horing et al., 2012; Proescholdt et al., 2012; Yang et al., 2012; Masson and Ratcliffe, 2014; Justus et al., 2015). In addition to specific actions that relate to the tumor cell’s response to oxygen availability, HIF-1 interacts with the PI3K/AKT signaling path to act as a regulator of cancer metabolism, proliferation and glycolysis (Pore et al., 2006; Wei et al., 2013; Courtnay et al., 2015; Justus et al., 2015). It also affects the activation of nuclear factor-kappa B (NF-κB), a transcriptional activator that is central to the regulation of various signal transduction pathways and to transcriptional activation events that mediate inflammation, cell proliferation, cell migration and angiogenesis. HIF-1 may, at least in part, provide the molecular basis for the Warburg effect by “reprograming” cellular metabolism in response to oxygen availability (Corbet and Feron, 2015; Courtnay et al., 2015). HIF-1 also is a central figure in alterations to the tumor microenvironment which not only affects tumor cell growth, but also response to therapy (Yamada et al., 1999; Joon et al., 2004; Amberger-Murphy, 2009; Dewhirst, 2009; Hattingen et al., 2011; Metallo et al., 2011; Yang et al., 2012; Danhier et al., 2013; Justus et al., 2015).

It is clear that cancer cell metabolism is far more complex than originally thought. A number of cancer associated mutations affect metabolism and defects in mitochondria are seen in cancer that also link metabolism with cancer initiation and progression. Recent studies have shown that changes in cellular metabolism can alter the expression of specific microRNAs and promote epigenetic changes in tumor cells (Arora et al., 2015; Bishop and Ferguson, 2015; Chan et al., 2015). Although some of these interactions are mentioned above, in-depth discussions of all of the interactions that occur between cancer and metabolism are beyond the scope of this review and the reader is referred to a number of reviews on these subjects (Gatenby and Gillies, 2004; Vander Heiden et al., 2009; Cantor and Sabatini, 2012; Ward and Thompson, 2012; Semenza, 2013; Gaude and Frezza, 2014; Masson and Ratcliffe, 2014; Boroughs and DeBerardinis, 2015; Casey et al., 2015; Robey et al., 2015; Asati et al., 2016; Barron et al., 2016; Bost et al., 2016; Molon et al., 2016; Pavlova and Thompson, 2016; Pérez-Escuredo et al., 2016). The fact that metabolic dysregulation is seen in virtually all tumor cells has led to suggestions that a promising therapeutic strategy may be to exploit this feature. One potential way to achieve this goal is through the use of the therapeutic ketogenic diet (KD) or physiologically similar methods, such as caloric restriction (CR) or intermittent fasting.

THE KETOGENIC DIET: OVERVIEW AND PRECLINICAL EVIDENCE

The KD is a high-fat low protein/carbohydrate diet used to treat refractory epilepsy (Kim and Rho, 2008; Cross, 2013). It has been shown to have neuroprotective effects and there are now studies to determine its efficacy for a number of neurological disorders, including epilepsy, Alzheimer’s disease, Parkinson’s disease, sleep disorders, headache, traumatic brain injury, amyotrophic lateral sclerosis, pain and autism (Masino and Ruskin, 2013; Gano et al., 2014). The KD increases blood ketones and decreases blood glucose by simulating the physiological response to fasting, thus leading to high rates of fatty acid oxidation and an increase in the production of acetyl coenzyme A (acetyl-CoA). When the amount of acetyl-CoA exceeds the capacity of the tricarboxylic acid cycle to utilize it, there is an increase in the production of the ketone bodies β-hydroxybutyrate (βHB) and acetoacetate (ACA), which can be used as an energy source in the normal brain (Veech et al., 2001; Cahill and Veech, 2003; Vanitallie and Nufert, 2003; Morris, 2005; Gasior et al., 2006). Since normal cells readily use ketones as an alternate energy source, they are unlikely to be adversely affected by reduced glucose. In contrast, the metabolic alterations found in cancer cells are generally thought to reduce their ability to be “flexible” regarding their primary energy source, and thus they require glucose (Tisdale and Brennan, 1983; Seyfried and Mukherjee, 2005; Zhou et al., 2007; Maurer et al., 2011; Seyfried et al., 2011; Seyfried, 2012). By reducing the glucose availability to cancer cells and providing ketones as an alternative energy source for normal cells, the KD may target the Warburg Effect in highly glycolytic tumors, such as malignant gliomas.

The use of metabolic alteration for the therapy of brain tumors has been championed by Seyfried et al. (2011). They used the VM (Shelton et al., 2010) and CT-2A (Marsh et al., 2008) mouse tumor models to show that a KD, especially when given in restricted amounts, extends survival. D’Agostino and co-workers have added hyperbaric oxygen and ketone supplementation to demonstrate reduced tumor cell growth and metastatic spread in the VM metastatic tumor model (Poff et al., 2014, 2015). We used the syngeneic intracranial GL261-luc/albino C57/Bl6 model to demonstrate that CR was not necessary for the anti-tumor effects of the KD (Stafford et al., 2010), particularly when a 4:1 fat:carbohydrate plus protein formulation is used (Scheck et al., 2012; Woolf et al., 2015; Lussier et al., 2016). Recently Martuscello et al. (2016) demonstrated inhibition of glioma stem cell growth in vitro and in vivo through the use of a supplemented high fat low carbohydrate diet.

The KD and similar diets used as a monotherapy have a pluripotent effect on the growth on tumors both in vitro and in vivo which may depend, at least in part, on the model system, the specific metabolic intervention and the molecular underpinnings of the tumor itself (Freedland et al., 2008; Otto et al., 2008; Mavropoulos et al., 2009; Stafford et al., 2010; Kim H. S. et al., 2012; Caso et al., 2013; Poff et al., 2013, 2015; Simone et al., 2013; Lv et al., 2014; Shukla et al., 2014; Hao et al., 2015; Woolf et al., 2015). In addition, the exact composition of the diet may also alter its effects, and there are studies in some cancers looking specifically at polyunsaturated fatty acids (PUFAs), particularly the omega-3 class, for their anti-cancer properties (Sauer et al., 2007; Pifferi et al., 2008; Wang et al., 2012, 2016; Hofmanova et al., 2013; Abel et al., 2014). The striking feature of the work done to date in a number of model systems using different dietary interventions is that alterations in metabolism have a far reaching effect on tumor cells, tumors and the tumor microenvironment. Studies have shown reductions in growth rate as one might expect however, there are also changes in the formation of reactive oxygen species and oxidative stress (Stafford et al., 2010; Milder and Patel, 2012; Allen et al., 2013), angiogeneisis (Zhou et al., 2007; Jiang and Wang, 2013; Woolf et al., 2015), hypoxia (Maurer et al., 2011; Poff et al., 2015; Woolf et al., 2015), inflammation and peri-tumoral edema (Mavropoulos et al., 2009; Woolf et al., 2015), metastasis and invasion (Gluschnaider et al., 2014; Lv et al., 2014; Hao et al., 2015; Poff et al., 2015) and the expression of various transcriptional and post-transcriptional modulators such as NF-κB (Woolf et al., 2015) and microRNAs (Pazmandi et al., 2015).

KD IN COMBINATION WITH STANDARD THERAPIES

Although evidence suggests that the KD provides anti-tumor benefits on its own, perhaps the most effective use of the KD is in combination with standard cancer therapies such as radiation and chemotherapy (Allen et al., 2014). The KD greatly enhanced survival in a mouse model of malignant glioma when combined with temozolomide (TMZ) when compared to either treatment alone (Figure 2; Scheck et al., 2011). Using a bioluminescent, syngeneic intracranial model of malignant glioma, the KD was shown to significantly potentiate the anti-tumor effect of radiotherapy. In fact, 9 out of 11 animals maintained on the KD and treated with radiation had complete and sustained remission of their implanted tumors, even after being switched back to a standard rodent diet (Figure 2; Abdelwahab et al., 2012). Allen et al. (2013) reported similar results when the KD is combined with radiation and chemotherapy in a lung cancer xenograft model. That is, they found decreased tumor growth rate and increased survival. CR and short-term fasting have also been found to be synergistic with radiation and other anti-cancer therapeutics in both preclinical and clinical studies (Raffaghello et al., 2008, 2010; Lee et al., 2010, 2012; Safdie et al., 2012; Champ et al., 2013, 2014; Saleh et al., 2013; Klement and Champ, 2014).
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FIGURE 2. Kaplan-Meier survival plot of animals implanted intracranially with GL261-luc2 malignant glioma cells and (A) maintained on KetoCal® [KC, the 4:1 fat:carbohydrate plus protein formulation of the ketogenic diet (KD)] vs. standard diet (SD); (B) treated with 2x4Gy radiation vs. KC plus radiation, and (C) treated with 50 mg/kg temozolomide (TMZ) vs. KC plus TMZ. Animals on KC survived significantly longer when treated with KC alone, when KC was combined with radiation, and when KC was combined with TMZ (Scheck et al., 2011; Abdelwahab et al., 2012).



The effectiveness of radiation therapy is due to a number of factors including relative damage done to tumor cells vs. normal tissue and the ability of normal cells and tumor cells to repair the damage (Klement and Champ, 2014; Santivasi and Xia, 2014). KD or CR may modulate the ability of tumor and normal cells to repair radiation-induced damage (Klement and Champ, 2014). Studies have shown that CR can enhance DNA repair in normal cells (Heydari et al., 2007); however, this may not be the case in tumor cells, and the differential response of tumor cells and normal cells to genotoxic stress may be mediated by reduced Insulin-like growth factor 1 (IGF1) and glucose in the tumor cells. We and others have shown that insulin growth factor is reduced in animals maintained on a KD (Freedland et al., 2008; Mavropoulos et al., 2009; Scheck et al., 2012; Klement and Champ, 2014).

Finally, ketones and the KD have been shown to affect the immune system (Kim D. Y. et al., 2012; Husain et al., 2013; Rahman et al., 2014; Youm et al., 2015), and we have shown that the KD also reverses tumor-mediated immune suppression in a mouse model of malignant glioma (Lussier et al., 2016). As radiation-induced tumor killing is known to expose the immune system to a greater diversity of tumor antigens, it is possible that the KD as an adjuvant works to augment the effect of radiation in part by enhancing immunity against GBM.

The variety of effects seen when glucose in lowered and/or ketones are increased suggests that this may also potentiate other therapies, including newer immune- and targeted therapies. Concerns that potentiation of the anti-tumor effect of a particular therapy may also increase its effect on normal brain are valid; however, we and others have shown that the gene expression changes seen in tumor are different than those seen in normal brain (Stafford et al., 2010; Maurer et al., 2011). Further, the KD is known to have neuroprotective effects (Puchowicz et al., 2008; Lund et al., 2009; Maalouf et al., 2009; Hartman, 2012) and thus it has been postulated that this may actually help to protect the normal brain from the deleterious effects of radio and chemotherapy. Taken together, the preclinical data provides strong support for the clinical use of the KD or CR as an adjuvant therapy for the treatment of gliomas and other cancers.

β-HYDROXYBUTYRATE AS AN ANTI-CANCER AGENT

The ketone body βHB has traditionally been thought of as simply a metabolic substrate that replaces glucose during the KD, fasting or exercise; however, the effects of increased ketones go beyond simple considerations of energy availability (Newman and Verdin, 2014; Jaworski et al., 2016). In vitro investigations demonstrated that βHB is able to recapitulate, in part, the in vivo effects of the full KD (Skinner et al., 2009; Rossi et al., 2015). This suggests that the ketone bodies themselves possess antitumor effects, and that perhaps the effects of the KD are mediated, at least in part, by the ketone bodies. Additional evidence for this comes from data showing that the use of ketone supplementation can enhance the effects of the KD and may even be effective in some diseases when used alone (Veech, 2004, 2014; Kashiwaya et al., 2013; Poff et al., 2014; Shukla et al., 2014; Newport et al., 2015; Youm et al., 2015). Though the mechanisms are still under investigation, it is known that βHB is an endogenous Class I and IIa histone deacetylase (HDAC) inhibitor (Shimazu et al., 2013). HDACs primarily functions by deacetylating lysine residues on both histone and non-histone proteins, resulting in increased global acetylation and regulation of gene expression. In this way, βHB has the capacity to modulate the epigenetic environment within cells, which may contribute to the beneficial effect of the KD and CR.

Our own investigations into the interactions between βHB and glioblastoma cells have revealed insights into the molecular basis for some of the KD’s effects, most notably its radio- and chemo-sensitizing effects. In vitro studies using βHB demonstrated that, even in the presence of high glucose, physiologically relevant doses of βHB reduced proliferation of several human glioblastoma cell lines, two human cancer stem cell lines, and a murine glioma cell line. Additionally, similar treatment with βHB resulted in potentiation of low doses of ionizing radiation therapy in both sensitive and resistant populations (Rossi et al., 2015; Silva-Nichols et al., 2015). Further, in a separate study βHB potentiated the chemotherapeutic agent 1,3-bis(2-chloroethyl)-1 nitrosourea (BCNU, carmustine) in a cell line derived from a recurrent human glioblastoma (Scheck et al., 2012). Taken together, these results suggest that ketone supplementation may provide an effective, less stringent alternative to the rigors of the KD; yet additional studies are needed to further develop this approach.

KD IN HUMANS

Studies of glucose utilization in cancer go back prior to the 1980s, including studies of metabolism and cancer cachexia (Tisdale et al., 1987; Fearon et al., 1988). These and other studies suggested that the KD consisting of a high percentage of medium chain triglycerides (MCT) along with various supplements resulted in weight gain and improved nitrogen balance in both animals and humans. Nebeling et al. (1995) published a case report in which they used a similar KD based on MCT oil to treat two female pediatric patients with advanced stage malignant brain tumors (Nebeling and Lerner, 1995). They demonstrated that dietary induced ketosis decreased the availability of glucose to the tumor without causing a decrease in patient weight or overall nutritional status. Furthermore, both children had long-term tumor management (Nebeling et al., 1995).

The 2nd case report was published by Zuccoli et al. (2010). This patient was a 65-year-old female with a multicentric glioblastoma. She was put on a 4:1 (ratio of fats:carbohydrate plus protein) calorie restricted (600 kcal/day) KD during radiation and chemotherapy. During this time her body weight dropped by 20%, she had reduced blood glucose, increased urinary ketones and, most importantly, no observable brain tumor by either fluorodeoxyglucose Positron Emission Tomography (FDG-PET) or magnetic resonance imaging (MRI). The tumor recurred 10 weeks after the patient resumed her normal eating habits and she succumbed to her disease less than 2 years after diagnosis. While this patient did not experience long-term tumor control after cessation of the diet, this report demonstrated that the diet could be tolerated, even when used in a calorie-restricted setting. Results of a phase 1 clinical trial were reported in 2011 by a German group (Schmidt et al., 2011). Tolerability of a restricted calorie KD was tested in 16 patients with a variety of advanced (end-stage) cancers. There were no severe side effects and 5 of the 16 patients were able to complete the 3 months treatment. These five patients had stable disease while on the diet. Two of the 11 remaining patients died early following the beginning of the trial, one was unable to tolerate the diet and dropped out immediately, two patients dropped out for personal reasons, one was unable to continue the diet for more than a month and three had disease progression within less than 2 months of starting the diet and one dropped out to resume chemotherapy. While this trial demonstrated tolerability and favorable side effect profile, the antitumor efficacy could not be assessed due to the variety and severity of disease in the patients. Recently, Schwartz et al. (2015) reported on two patients with recurrent GBM treated with a calorie restricted KD as a monotherapy and although the diet was tolerated, both patients showed tumor progression—The first within 4 weeks and the second within 12 weeks of beginning the protocol. This group also hypothesized that an analysis of ketolytic and glycolytic enzyme levels in tumor tissue may help identify patients that are more likely to respond to a KD, although this has not yet been proven. More recently, a number of prospective clinical trials have been initiated which have been summarized in Table 1. These trials include studies of up-front treatment using the KD in addition to standard radiation and chemotherapy in patients diagnosed with GBM.

TABLE 1. Active clinical trials: ketogenic diet and gliomas.
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The case reports described above along with numerous anecdotal reports suggest that the KD may be a promising anti-cancer therapy; however, more work is needed to determine how to best utilize this, and other metabolic therapies for the treatment of tumors. Most of the information regarding the best way to use the KD comes from the epilepsy literature. Further research is needed to determine optimum blood ketone and glucose levels for anticancer effects. In addition, a variety of KDs are used for seizure control and it is not clear if one or more of the different formulations will provide the best results for cancer patients. Finally, while the KD has a long record of safety in the epilepsy community, side effects that occur when used in combination with cancer therapies may differ in type or severity. This data will come from carefully controlled clinical trials that include input from registered dietitians well-versed in the use of the KD. Patient enrollment into clinical trials requires “buy-in” from the medical community. Physicians must be educated on the therapeutic benefits of metabolic alteration as an adjuvant therapy. As with any decision regarding therapy, the patient’s overall condition, including nutritional status, must be taken into account. As suggested by Klement and Champ (2014), cancer patients should be assessed for nutritional needs and tolerability of such interventions.

Concern about patients’ quality of life is sometimes given as a reason not to employ KD. Compliance can be made more difficult by the use of steroids (prescribed for peritumoral edema) that often increase hunger and raise blood glucose levels. To address this, at least one clinical trial (NCT02046187) includes an analysis of both patient and caregiver quality of life. Quality of life measurements are being added to more clinical trials, as the importance of this has become recognized at the national level (van den Bent et al., 2011; Boele et al., 2013; Dirven et al., 2014). While some clinicians are concerned compliance will reduce quality of life, the patient’s that do remain on the KD often comment that this allows them to participate in their own therapy. Despite these caveats, the existing preclinical data suggesting anti-tumor efficacy and a synergistic effect with standard therapies provides a strong impetus to conduct controlled clinical trials, particularly those that will shed light on the interactions between the KD and other therapies.

CONCLUSION

Improvements in the survival and quality of life for patients with malignant brain tumors require the implementation of new therapeutic modalities, especially those that increase the efficacy of current therapies without increasing toxic side effects. While the rapid accumulation of data defining the molecular and genetic aberrations present in these tumors has suggested a host of targets for the development of new therapies, targeted therapies tried to date have met with limited success. This is at least in part due to the molecular heterogeneity of these tumors that prevents any one target from being present on all cells. In contrast, metabolic dysregulation is present in virtually all tumor cells and there is increased interest in using metabolic therapies such as the KD and ketone supplementation for the treatment of various cancers, especially brain tumors. Preclinical data has demonstrated that the anti-tumor effects of the KD and CR are multi-faceted, and alterations in energy metabolism can inhibit cancer cell growth and increase the tumor’s response to therapy. This provides a strong impetus to continue work designed to elucidate the mechanisms through which the KD exerts its anticancer effects, as well as suggesting the need for the design of controlled clinical trials that will shed light on the most effective way to implement metabolic therapies in combination with standard therapies for the treatment of malignant disease. This is a novel therapeutic paradigm, and we have only begun to scratch the surface of its potential.
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We propose that brain energy deficit is an important pre-symptomatic feature of Alzheimer’s disease (AD) that requires closer attention in the development of AD therapeutics. Our rationale is fourfold: (i) Glucose uptake is lower in the frontal cortex of people >65 years-old despite cognitive scores that are normal for age. (ii) The regional deficit in brain glucose uptake is present in adults <40 years-old who have genetic or lifestyle risk factors for AD but in whom cognitive decline has not yet started. Examples include young adult carriers of presenilin-1 or apolipoprotein E4, and young adults with mild insulin resistance or with a maternal family history of AD. (iii) Regional brain glucose uptake is impaired in AD and mild cognitive impairment (MCI), but brain uptake of ketones (beta-hydroxybutyrate and acetoacetate), remains the same in AD and MCI as in cognitively healthy age-matched controls. These observations point to a brain fuel deficit which appears to be specific to glucose, precedes cognitive decline associated with AD, and becomes more severe as MCI progresses toward AD. Since glucose is the brain’s main fuel, we suggest that gradual brain glucose exhaustion is contributing significantly to the onset or progression of AD. (iv) Interventions that raise ketone availability to the brain improve cognitive outcomes in both MCI and AD as well as in acute experimental hypoglycemia. Ketones are the brain’s main alternative fuel to glucose and brain ketone uptake is still normal in MCI and in early AD, which would help explain why ketogenic interventions improve some cognitive outcomes in MCI and AD. We suggest that the brain energy deficit needs to be overcome in order to successfully develop more effective therapeutics for AD. At present, oral ketogenic supplements are the most promising means of achieving this goal.

Keywords: ketone, Alzheimer’s disease, acetoacetate, beta-hydroxybutyrate, glucose, mild cognitive impairment, aging, medium chain fatty acid

INTRODUCTION

Compensating for deteriorating brain energy metabolism is the core feature of an emerging strategy aimed at delaying the onset and/or progression of AD. Relative to its size, the adult human brain requires a disproportionately large amount of energy that is provided principally by glucose. In those at risk of AD including cognitively healthy older people, regional brain glucose hypometabolism can be present long before the clinical diagnosis of AD. The brain’s alternative energy supply to glucose is unique compared to other organs in that it specifically requires ketones (also known as ketone bodies) to compensate for occasions when glucose supply to the brain is inadequate. In contrast to glucose, brain uptake of ketones appears to still be normal in AD. Hence, ketogenic interventions may help delay AD.

An AD treatment strategy focused on preventing brain energy starvation during aging is based on research that started at least 40 years ago. For instance, the unique dependence of the brain on ketones to replace low glucose supply has been known since the 1960s (Cahill, 2006). It has been proposed since the early 1980s that failing brain glucose supply to or metabolism by the brain could be contributing to AD risk or progression (Hoyer et al., 1988; Veech et al., 2001; Cunnane et al., 2011, 2016). Concrete clinical efforts to develop a ‘keto-neurotherapeutic’ strategy to bypass the problem with brain glucose metabolism in AD were first reported a decade ago (Reger et al., 2004; Henderson, 2008; Krikorian et al., 2012; Newport et al., 2015). Despite these pioneering studies, this approach to combat AD is still very much a novel area of research.

We see the challenge facing brain energy metabolism during aging through the lens of the similar challenge of assuring sufficient energy supply to the rapidly growing brain of the infant. At no time in our life cycle is the challenge of supplying the brain with sufficient energy more acute than in early human brain development. Indeed, the human species must have confronted this energy constraint for normal brain development when the brain started to triple in size more than 2 million years ago (Cunnane and Crawford, 2014). We suggest that the energetic (glucose) deficit confronted by the aging brain today is essentially the same as the challenge faced during brain expansion at the dawn of our species and that ketones were part of the solution then as now. Hence, it makes physiological sense to apply what we know about the importance of ketones in early brain development to the challenge of maintaining brain energy supply and brain function during aging.

This review will therefore focus on providing the rationale for proposing that deteriorating brain energy metabolism is a constraint for healthy cognitive aging that will have to be overcome in order to successfully limit the impact of AD no matter what therapeutic strategy is used (neurotransmitter-based, anti-amyloid, exercise, etc.). We will describe here our brain ketone PET studies in aging and AD with the ketone tracer, 11C-acetoacetate, because this tracer provides a valuable window on brain energy metabolism to compare with glucose. As we and others have previously proposed, the pre-symptomatic presence of brain glucose hypometabolism in people at risk of AD has clear implications for potential therapeutic strategies (Gibson et al., 2000; Veech et al., 2001; Blass, 2008; Henderson et al., 2009; Cunnane et al., 2011, 2016). We will also refer to a number of issues that will need to be addressed as this field matures.

DETERIORATING BRAIN GLUCOSE SUPPLY IN THOSE AT RISK OF AD

The concept that ketones could be of therapeutic value during brain aging hinges on demonstrating that there is a pre-symptomatic problem with brain glucose metabolism in people at risk of AD but who are still cognitively normal. Older people are a key focus of this work because they are at the highest risk of AD but this concept applies to any genetic, lifestyle, or demographic risk factor for AD. PET imaging with the glucose tracer, FDG, and oxygen tracer, 15O-oxygen, was first used to image brain energy metabolism in the late 1970s with reports on AD first appearing in the early 1980s (Benson et al., 1983). Since then, PET-FDG has been a cornerstone of human and animal studies on brain energy metabolism in aging and AD (Cunnane et al., 2011). Indeed, without PET-FDG, it is doubtful that brain glucose hypometabolism in AD would have become so widely studied because the only option besides PET, the arterio-venous difference method, is highly invasive and is used less and less in research today. Nevertheless, the arterio-venous difference method was the first to be used to assess brain oxygen and glucose uptake during aging (Dastur, 1985) and the first to show that specifically brain glucose uptake and not brain ketone uptake was significantly impaired in AD (Lying-Tunell et al., 1981; Table 1 and Figure 1). The arterio-venous difference method also produced several ground-breaking reports comparing brain ketone and glucose uptake. These studies laid the foundation for our current understanding that ketones are an essential physiological brain fuel working in tandem with glucose to assure that brain energy requirements are being met on a daily basis, not just in infants or during starvation (Cunnane et al., 2016). The advantage of the arterio-venous difference method is that it permits quantification of global brain energy metabolism. Aside from its invasiveness, its disadvantage is that it provides no information about brain regions that are most or least affected in AD.

TABLE 1. Lower glucose consumption but not brain blood flow or oxygen consumption at the start of early-onset AD compared to healthy young adults or cognitively normal older adults (Hoyer et al., 1988; Hoyer, 1992).
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FIGURE 1. Lower brain glucose uptake (mean ± SD; ∗p < 0.05) but normal brain β-HBA uptake measured by arterio-venous difference in mild AD compared to age-matched healthy controls. These results are averaged from two previous publications (Lying-Tunell et al., 1981; Ogawa et al., 1996).



Decades of research with PET-FDG have made it abundantly clear that regional brain glucose uptake is defective in AD (Cunnane et al., 2011, 2016). This AD-type pattern is particularly evident in the parietal, posterior cingulate and temporal cortex and much less present in the occipital cortex and cerebellum. Indeed, the parieto-temporal pattern is relatively specific to AD itself and distinct from the pattern in other forms of dementia and from normal aging itself. This regional pattern of brain glucose hypometabolism in AD has generally been interpreted as a consequence of neuronal failure and death because, logically, brain regions with dysfunctional or dead brain cells need less fuel. However, this interpretation is insufficient because it does not take into account multiple examples of conditions in which the risk of AD is elevated and in which the regional brain glucose hypometabolism is present before the clinical (cognitive) onset of the disease. Examples of conditions in which regional brain glucose hypometabolism is present pre-symptomatically include carriers of the Pre-senilin-1 mutation, carriers of apolipoprotein E4, maternal family history of AD, cognitively healthy aging, and insulin resistance in both young and older persons (Table 2). Since regional brain glucose hypometabolism is present before measurable cognitive deficit in these conditions, it is clearly pre-symptomatic and therefore cannot only be a consequence of neuronal loss caused by AD. As such, it is plausible that brain glucose hypometabolism could increase the risk of developing AD. This argument has previously been made in detail (Cunnane et al., 2011, 2016) so we will focus here on two examples that collectively represent the populations at highest overall risk for AD – older people and those with insulin resistance (Ronnemaa et al., 2008; Craft, 2009, 2012; Matsuzaki et al., 2010; Schrijvers et al., 2010; Baker et al., 2011).

TABLE 2. Brain glucose hypometabolism in persons at risk of AD but in whom cognitive performance is normal.
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DETERIORATING BRAIN GLUCOSE UPTAKE DURING AGING

The risk of AD increases with advancing age but it has not been clear until recently whether healthy aging per se, i.e., cognitively normal and relatively free of overt risk factors for AD, is associated with deteriorating brain glucose uptake. This uncertainty has been due to a lack of a standard definition of healthy aging, a lack of sufficient verification in several reports as to whether or not cognition was normal in the older group, as well as infrequent quantification of brain glucose uptake to determine the actual magnitude of the problem (Nugent et al., 2014a). Knowing that there is a statistical difference in brain glucose across brain regions or between two groups is not sufficient; being able to assess the magnitude of the problem is essential in order to set a therapeutic target to counteract the problem.

We have therefore developed a database on brain ketone and glucose uptake in cohorts of cognitively normal young and older people. The older group had a minimum age of 65 years and was relatively free of overt disease. A detailed neuropsychological assessment showed that they were cognitively normal and had a metabolic profile as closely matched to healthy young adults as possible (Tables 3 and 4). Brain glucose uptake was quantified as CMRg with the units, μmol/100 g/min, both globally and regionally in each participant. This cognitively healthy older cohort had 9% lower global brain glucose uptake compared to our younger controls, a deficit that was mostly though not exclusively limited to the frontal cortex (-14%) and the caudate (-18%; Nugent et al., 2014a, 2016; Figure 2). This pattern is regionally different from the situation in AD where glucose hypometabolism is not only in the frontal cortex but includes glucose uptake that was as much as 33% lower in parts of the temporal and parietal cortex, 17% lower in the thalamus and 26% lower in the posterior cingulate cortex (Castellano et al., 2015b). Significantly lower glucose uptake in the frontal cortex is therefore commonly present in cognitively healthy older persons despite the absence of any clinical sign of AD.

TABLE 3. Demographics of our cognitively normal young and older adults (mean ± SD).
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TABLE 4. Cognitive scores (mean ± SD) of healthy young and older adults reported in Figure 2 and Table 3∗.
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FIGURE 2. Regional 18F-FDG (upper panel) and 11carbon-acetoacetate (11C-AcAc; lower panel) uptake in young adults (black bars; n = 30) compared to cognitively healthy older adults (white bars; n = 42; Nugent et al., 2014b, 2016). Front., frontal lobe; Pariet., parietal lobe; Temp., temporal lobe; Occ., occipital lobe; Cing., cingulate gyrus; Subcort., subcortical regions. ∗p < 0.05.



DETERIORATING BRAIN GLUCOSE UPTAKE IN INSULIN RESISTANCE

The metabolic profile of the older cohort described above was moderately well matched to the younger group but some parameters did differ significantly, i.e., body-mass index, blood pressure, homocysteine, and some measures of glucose homeostasis were not identical and could have adversely influenced brain glucose metabolism (Nugent et al., 2016; Table 3). However, it is difficult to find older people in whom the metabolic profile is strictly within the same limits as adults <35 years-old. Mild insulin resistance seems to be a common feature of aging, but it is by no means limited to the older population. The importance of this point became clear to us when we studied young women with mild insulin resistance due to PCOS. They had a brain glucose uptake deficit in the superior and middle frontal cortex of about 14%, i.e., a profile resembling that of people in their 70 and 80s (Castellano et al., 2015a). PCOS is a multi-factorial endocrine disease involving not only mild-moderate insulin resistance but also infertility and hyperandrogenism. The mild insulin resistance was of particular interest to us because it is associated with increased risk of AD in middle-aged and older adults (Ronnemaa et al., 2008; Craft, 2009, 2012; Matsuzaki et al., 2010; Schrijvers et al., 2010; Baker et al., 2011).

In our women with PCOS, glucose uptake in several brain regions was significantly inversely correlated to both the mild insulin resistance and to fasting plasma glucose. Recent studies in young women with PCOS demonstrate that insulin resistance is associated not only with impaired brain glucose metabolism but also with altered white matter microstructure and cognitive performance (especially working memory) in young adults (Castellano et al., 2015a; Rees et al., 2016). These results suggest that glucose dysregulation and the development of a pattern of deteriorating brain glucose in older people can start in the second to third decade of life (Burns et al., 2013; Ishibashi et al., 2015). Whether women with PCOS are predisposed to a higher risk of cognitive decline as they age and whether this apparently increased risk of cognitive decline can be prevented or reversed requires further attention.

Thus, regional brain glucose hypometabolism can be present in those at risk of AD due to old age, or to insulin resistance regardless of age. Multiple mechanisms are undoubtedly involved in the mechanism by which insulin resistance affects the onset and/or progression of AD (Schioth et al., 2012). This pre-symptomatic glucose uptake deficit is commonly but not exclusively in the frontal cortex and its magnitude is of the order of 12–15% (Cunnane et al., 2011; Castellano et al., 2015b; Nugent et al., 2016). We interpret these findings to mean that a vicious cycle can develop in which chronic pre-symptomatic brain glucose hypometabolism develops and then contributes to deteriorating neuronal function, further decline in demand for glucose, and the emergence of cognitive decline which then further decreases brain glucose consumption (Figure 3; Cunnane et al., 2011, 2016). Chronic sedentarity commonly contributes to chronic hyperinsulinemia and insulin resistance which not only compromise tissue glucose uptake but also decreased ketogenesis and ketone metabolism (Fukao et al., 2004; Bickerton et al., 2008). In effect, this puts the aging brain at risk of exhaustion because now it is not only getting insufficient glucose but is also less ketones (Cunnane et al., 2011, 2016; Mamelak, 2012).
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FIGURE 3. Latent brain glucose hypometabolism leading to a vicious cycle of accelerating metabolic deterioration, neuroinflammation and neuronal dysfunction that increases the risk of developing AD (Cunnane et al., 2016). Lower brain glucose uptake is a direct reflection of lower glycolysis in brain cells. Lower glycolysis contributes to impaired brain function (ATP generation and neurotransmitter production) which in turn contributes to cognitive symptoms. Deteriorating cognitive function then reduces demand for glucose turning this sequence into a vicious cycle.



KETONES: ESSENTIAL IN EARLY HUMAN BRAIN DEVELOPMENT

The adult brain accounts for about 2% of adult body weight but it consumes about 20–23% of the energy needs of the whole body. Like other organs, the brain has a back-up fuel for occasions when glucose supply is insufficient, i.e., during fasting, starvation, strenuous exercise, or malnutrition. Ketones are the only significant alternative fuel to glucose for the brain, which is a unique situation because as far as is known all other organs use free fatty acids to replace insufficient availability of glucose (Cunnane et al., 2011). β-HBA and AcAc are the two ketones that replace glucose for the brain. The third ketone, acetone, is a decarboxylation product of AcAc that is mainly excreted on breath but can also potentially enter intermediary metabolism. The focus here will be on β-HBA and AcAc; neither acetone nor the less common five carbon ketones derived from odd-chain fatty acids will be discussed further.

Unlike in the human adult in whom the brain appears to use ketones only to compensate for periodic insufficiency in glucose supply, in the developing infant, ketones are essential both as a major fuel and also as the main substrate for brain lipid synthesis (Cunnane et al., 2003, 2016). Ketones are an essential fuel for the human neonatal brain because there is insufficient glucose available to meet its brain energy requirements (Settergren et al., 1976; Robinson and Williamson, 1980; Bougneres et al., 1986). This important role of ketones in infant brain development and energy metabolism starts to develop in the fetus (Adam et al., 1975). Postnatally, the brain’s dependence on ketones is made possible because infants are normally in a sustained state of mild ketosis (0.2–0.5 mM β-HBA). This neonatal ketosis is present regardless of whether the infant has just been fed or is in a post-prandial state, i.e., the ketosis is not a function of food restriction or hypoglycemia (Settergren et al., 1976). This contrasts with the adult human in whom 0.5 mM β-HBA in plasma is normally only achieved after 24–48 h fasting accompanied by hypoglycemia and hypoinsulinemia.

The constant state of ketosis in infants is due mostly to MCFAs supplied in breast milk; indeed, the milk of most (probably all) mammalian species contains 10–20% of all fatty acids as MCFA (Hilditch and Meara, 1944; Insull and Ahrens, 1959; Breckenridge and Kuksis, 1967). Some of the MCFA in breast milk end up in the adipose stores of the infant and can be used days or weeks later, thereby in effect extending lactation for some period of time with respect to the availability of ready-made ketone substrates (Sarda et al., 1987). However, unlike in humans, the offspring of other terrestrial mammals have virtually no adipose tissue so they have very limited ability to store MCFA and, hence, poor ability to generate ketones post-weaning (Robinson and Williamson, 1980). Human babies on the other hand have significant subcutaneous fat stores, i.e., 500–600 g if they are born at term, but markedly less if they are born pre-term. After lactation ends, the long chain fatty acids and the small amount of MCFA stored in adipose tissue provide the substrate to prolong mild ketonemia for many months. Incidentally, in addition to the liver, the infant gut can also synthesize ketones (Bekesi and Williamson, 1990).

KETONES: THE BRAIN’S PREFERRED FUEL

That ketones are the main reserve fuel for the adult human brain when glucose supply is compromised by starvation was convincingly demonstrated in the now classic studies of medically supervised long-term starvation reported by Owen et al. (1967) and Drenick et al. (1972). The brain’s need for energy during prolonged starvation can be met by the high ketogenic capacity of the liver which can produce up to 150 g ketones/day (Flatt, 1972; Reichard et al., 1974). Despite the liver’s high energy consumption, it cannot catabolize ketones, so they diffuse into the circulation where they become available to all organs. However, as starvation progresses, other organs, particularly skeletal muscle, come to use free fatty acids more efficiently so ketones therefore become increasingly available for the brain which has no other energy substrate to replace low glucose (Owen and Reichard, 1971; Drenick et al., 1972).

In adults, long chain fatty acids stored in adipose tissue are the main substrate for ketogenesis. They are released as free fatty acids when low blood glucose in turn causes hypoinsulinemia (Mitchell et al., 1995). Free fatty acids entering the liver are beta-oxidized, generating acetyl-CoA. As hypoinsulinemia continues, free fatty acid delivery to the liver continues and acetyl-CoA starts to accumulate because its concentration exceeds the capacity of the citric acid cycle to metabolize it. Acetyl-CoA accumulation in the liver leads to condensation of two acetyl-CoAs to ketones via hydroxyl-methyl-glutaryl CoA. During short-term fasting, ketone metabolism generally matches ketone synthesis so plasma ketones usually do not rise much above ≤0.3 mM (Hall et al., 1984; Balasse and Fery, 1989; Avogaro et al., 1990; Table 5). Greatly increased ketogenesis relative to ketone clearance after 3–5 days fasting causes plasma ketones to rise about 10-fold. In the presence of hypoglycemia, the liver depends on gluconeogenesis to support the energy costs of ketogenesis (Flatt, 1972; Garber et al., 1974).

TABLE 5. Overview of ketones (β-hydroxybutyrate + acetoacetate) kinetics in humans.
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Ketone transport into tissues including the brain occurs via monocarboxylic acid transporters of which there are several sub-types (Simpson et al., 2007). Monocarboxylic acid transporter expression in the brain responds rapidly to hyperketonemia (Halestrap and Price, 1999; Pan et al., 2001). Thus, brain uptake of ketones is normally directly proportional to their plasma concentration over at least the range of 0.02–12 mM (Cunnane et al., 2011, 2016; Courchesne-Loyer et al., 2013). In contrast to ketones which are ‘pushed’ into the brain in proportion to their plasma concentration, glucose is ‘pulled’ into the brain in proportion to its utilization by astrocytes and neurons (Figure 4). The ‘push-pull’ strategy assures that ketones will enter the brain under conditions in which glucose availability is decreased and ketone synthesis is stimulated.
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FIGURE 4. The contrasting ‘Push-Pull’ mechanism of brain fuel supply. Glucose is pulled from the blood into the brain as a function of the brain’s metabolic demand during neuronal activation. Under normal conditions (excluding insulin resistance), ketones are pushed from the blood into the brain in direct proportion to their plasma concentration and irrespective of plasma glucose level.



Both short-term PET and arterio-venous difference studies in humans show that brain glucose consumption decreases as ketone availability to the brain increases (Hasselbalch et al., 1995). These results suggest that ketones are actually the preferred energy substrate for the brain because they enter the brain in proportion to their plasma concentration irrespective of glucose availability; if the energy needs of the brain are being increasingly met by ketones, glucose uptake decreases accordingly. This decrease in brain glucose uptake when both ketones and glucose are available supports the notion that ketones are the brain’s preferred fuel. Nevertheless, it is uncommon for both ketones and glucose to be available; normally, when one is increased in the blood the other is decreased. Under conditions of normal energy sufficiency and three meals per day, ketogenesis is supressed and glucose supplies >95% of the brain’s energy requirements; hence, glucose (or fuels derived from glucose, i.e., lactate or pyruvate) is the brain’s dominant but not actually its preferred fuel.

The problem for the aging brain is that low glucose supply in the blood is not the same as low brain glucose utilization. When blood glucose decreases, ketogenesis normally occurs rapidly in response to decreased insulin. However, when brain glucose utilization is decreased, plasma insulin does not necessarily decrease; indeed, during aging, plasma insulin and glucose are commonly mildly elevated and there is a state of mild-moderate insulin resistance. Hyperinsulinemia inhibits the normal ketogenic response (Bickerton et al., 2008), thereby putting the aging brain in double jeopardy of being deprived of both its primary fuels. We believe that this problem is at the root of the vicious cycle between deteriorating brain fuel uptake/availability and deteriorating brain function that leads to AD.

KETOSIS, MCT, AND BRAIN FUNCTION

In discussing keto-neurotherapeutics, it is essential to distinguish between nutritional or dietary ketosis and pathological ketosis; they differ in origin, in severity of ketosis and in medical consequences. Nutritional ketosis is a physiological response to sustained low carbohydrate intake resulting in low plasma glucose and insulin, and plasma ketones of 2–5 mM after a week or so. Nutritional ketosis has never been shown to induce ketoacidosis, i.e., to alter acid-base balance or to lower blood pH whether after experimental ketone infusion (Hasselbalch et al., 1995) or during medically supervised starvation lasting as long as 60 days (Drenick et al., 1972). Nutritional ketosis can be sustained for weeks, months, or even years; indeed, there are numerous metabolic and cardiovascular benefits of nutritional ketosis in addition to the clinical benefits that are well-documented for intractable epilepsy. Experimental ketone infusion shows that nutritional ketosis is usually self-limiting because raising ketones to about 3–5 mM by sodium-AcAc infusion stimulates insulin secretion which in turn rapidly reduces plasma ketones (Owen et al., 1973). Experimental insulin infusion can be used to induce severe hypoglycemia but in the presence of prolonged starvation does not induce ketoacidosis (Drenick et al., 1972).

Pathological ketoacidosis on the other hand is a medical emergency arising in type 1 diabetes because of acute severe insulin deficiency due usually to interruption of insulin injection. Plasma ketones generally exceed 10–15 mM and blood pH may decrease to 7. Comorbidities such as alcoholism, malnutrition and/or serious infection often contribute to exacerbating insulin deficiency and increase the severity of the ketoacidosis. Hence, unlike pathological ketosis, nutritional ketosis is a safe and sustainable condition in which insulin decreases due to low carbohydrate intake not because of a disease process. It can be undertaken with medical supervision and usually involves low to negligible risk to the individual. Nutritional ketosis can also be rapidly reversed by consuming carbohydrate.

Long chain fatty acids (14–22 carbons) stored in adipose tissue are normally the main substrate for ketogenesis in adults because the diet rarely contains MCFA. However, breast-feeding infants are in mild ketosis principally because of the MCFA they are consuming from breast milk (Cunnane and Crawford, 2014). There are two reasons why MCFA are particularly effective ketogenic substrates (Figure 5): first, an oral dose of MCFA is mostly absorbed from the gut directly into the portal vein. This is a more rapid route to the liver than for dietary long chain fatty acids which are absorbed as chylomicrons via the lymphatic system and pass into the peripheral circulation before reaching the liver. Second, unlike a long chain fatty acid which requires carnitine-dependant activation to a Coenzyme A before accessing the mitochondria, beta-oxidation of MCFA occurs without activation by carnitine. The net result is more rapid beta-oxidation and ketogenesis of MCFA than from long chain fatty acids (Guillot et al., 1993).
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FIGURE 5. Absorption of long-chain fatty acids ➀ takes place in the intestine with transport via chylomicrons and the lymphatic system to the peripheral circulation with distribution to adipose tissue and other organs (except the brain). The route for medium-chain fatty acid absorption ➁ is via the portal vein directly to the liver where they are almost entirely beta-oxidized. Some of the resulting acetyl-CoA is transformed into ketones which reenter the circulation for use as energy substrate principally by the brain.



The potential clinical benefit of MCTs as a rapid energy source was initially reported for surgically stressed and/or malnourished patients (Bach and Babayan, 1982; De Gaetano et al., 1994; St-Onge and Jones, 2002). The ketogenic effect of MCT was already well-known (Freund and Weinsier, 1966; Bach and Babayan, 1982) but was not clinically exploited until they were tried as an alternative ketogenic approach to the ketogenic diet in refractory childhood epilepsy (Huttenlocher, 1976). At about the same time, MCT started to be introduced into formula milk for infants. Owing to the interest in ketones as possible brain fuels to bypass deteriorating brain glucose, the effects of MCT supplementation on cognitive outcomes has been investigated in mild-moderate AD in studies lasting several months (Henderson et al., 2009) but also after just a single dose of MCT (Reger et al., 2004). Very high fat diets are also ketogenic by virtue of their low carbohydrate content and have been reported to have beneficial effects on cognitive and cardiovascular outcomes in mild cognitive impairment (MCI), the prodromal state to AD (Krikorian et al., 2012). In Type 1 diabetics undergoing controlled experimental hypoglycemia caused by insulin infusion, MCT improve several cognitive outcomes (Page et al., 2009). Collectively, these reports suggest that beyond the well-established role of MCFA in infant development and the use of MCT in parenteral and enteral nutrition and intractable epilepsy, several aspects of cognitive function that deteriorate during acute hyperinsulinemia or with cognitive decline associated with AD can be partially or completely normalized when ketones contribute to fuelling the brain (Table 6).

TABLE 6. Clinical studies in which hormonal and cognitive responses indicate that ketones maintain brain function by compensating for hypoglycemia.
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Salts or esters of AcAc and β-HBA can also be directly administered orally or by intra-venous infusion (Hasselbalch et al., 1996; Plecko et al., 2002; Clarke et al., 2012), and inhibit the autonomic and neurological symptoms of acute severe experimental hypoglycemia in humans (Amiel et al., 1991; Veneman et al., 1994). The safety of sustained oral use of a β-HBA-monoester and its anecdotal utility in improving some aspects of cognitive function in an advanced case of early onset AD have recently been reported (Newport et al., 2015) and are being increasingly investigated in animal models (D’Agostino et al., 2013; Viggiano et al., 2015).

MCT: A SAFE, EFFICIENT KETOGENIC SUBSTRATE ACROSS THE LIFESPAN

There is normally no further opportunity to consume MCFA once breast-feeding is terminated. However, coconut and palm kernel oils contain MCFA. The MCFA-enriched fraction of these ‘tropical’ oils can be concentrated resulting in a generic MCT product containing mostly fatty acids of eight (octanoic or caprylic acid) and 10 carbons (decanoic or capric acid). The ratio of caprylic and capric acids and their proportion of the total can vary widely from one MCT product to another. Notwithstanding the generic nature of MCT and different study designs to assess their metabolism, there is a significant positive correlation between the oral dose of MCT taken and the maximal plasma β-HBA level achieved (Figure 6). This dose-response relationship can be used to estimate a therapeutic dose of MCT needed to achieve particular plasma ketone level. Octanoic acid can be taken up by the brain (Kuge et al., 1995; Ebert et al., 2003) so it may have direct effects on brain function including but not limited to conversion to ketones by astrocytes (Auestad et al., 1991).
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FIGURE 6. Direct relationship between oral dose of MCTs and maximal observed plasma β-HBA (r = 0.95; p < 0.0001). MCT were given as a single dose (Seaton et al., 1986; Pi-Sunyer et al., 1969; Reger et al., 2004; Page et al., 2009) or multiple doses (Henderson et al., 2009) for days to weeks. Data for the same dose are pooled from multiple sources: [image: image] 10 g MCT; (Henderson et al., 2009). [image: image] 20 g MCT; (Henderson et al., 2009). [image: image] 30 g MCT. [image: image] 40 g MCT; (Reger et al., 2004; Page et al., 2009). [image: image] 50 g MCT; (Seaton et al., 1986). [image: image] 70 g MCT; (Pi-Sunyer et al., 1969; Freemantle et al., 2009).



Healthy older people have the same plasma ketone response and beta-oxidize 13C-β-HBA to 13C-CO2 to the same extent after a standard high fat ketogenic breakfast containing 70 g MCT as middle aged or young adults (76 years-old vs. 50 or 23 years-old, respectively; Freemantle et al., 2009). Another report suggests that the plasma ketone response to 18 h fasting is somewhat higher in older compared to younger adults (London et al., 1986). However, in our experience, plasma β-HBA and AcAc tend to be lower after an overnight fast in cognitively healthy older vs. young adults but so far the trend is not significant owing to wide inter-individual variability in plasma ketone data (Nugent et al., 2014b, 2016; Table 2). Hence, it seems likely that the capacity to produce and utilize ketones does not change appreciably during healthy aging but this still requires further work.

Medium chain triglyceride are saturated fats and, as such, their consumption is commonly associated with increased cardiovascular risk. However, consuming 30 g/d of MCT for 30 days does not adversely affect serum glucose, insulin, triglycerides, cholesterol, free fatty acids, body weight, or body-mass index (Courchesne-Loyer et al., 2013). In extensive tests, the safety of oral MCT at up to 1 g/kg/day is well-established in all species including humans (Bach and Babayan, 1982; Traul et al., 2000). MCT have important uses in parenteral nutrition and are widely present in infant formula. Nevertheless, they can have secondary side effects involving gastrointestinal distress, gastric reflux, and possible diarrhea, issues that can usually be mitigated by gradual dose titration.

REGIONAL BRAIN KETONE UPTAKE IN AD

The aforementioned clinical reports of a cognitive benefit of MCT in AD (Reger et al., 2004; Henderson, 2008; Krikorian et al., 2012; Newport et al., 2015) are still preliminary and require replication on a larger scale. Nevertheless, they provisionally support the hypothesis that a regional brain glucose deficit contributes to impaired cognition associated with aging and that this deficit can at least in part be bypassed by ketogenic treatments. A core element of this interpretation is that brain cells and/or networks that were previously dysfunctional can start to function more normally again once they are provided with more fuel, i.e., they were starving or exhausting but not dead; otherwise this cognitive improvement would not be possible.

Apart from needing further cognitive studies, a crucial step in building the case that ketones could have beneficial neurotherapeutic properties is to be able to measure brain uptake of ketones in disease and before and after ketogenic interventions. We developed a PET research program using the ketone tracer, 11C-AcAc, to better understand the relation between brain fuel uptake and brain function in people with or at risk of AD. We use this dual tracer PET protocol to compare the brain uptake of 11C-AcAc to that of FDG in each individual studied. We quantify the magnitude of FDG and 11C-AcAc uptake regionally throughout the brain. The kinetics of brain ketone metabolism assessed using PET or arterio-venous difference suggest a one-tissue compartment model in which brain utilization essentially matches brain uptake (Lying-Tunell et al., 1981; Blomqvist et al., 1995; Ogawa et al., 1996). PET studies of brain 11C-β-HBA uptake in humans have already confirmed the earlier arterio-venous difference studies showing that the brain uptake of β-HBA is directly proportional to plasma β-HBA over a wide range of plasma ketone concentrations 20 μM to >10 mM (Lying-Tunell et al., 1981; Blomqvist et al., 1995, 2002; Figure 7). However, prior to our work no one had established whether the slope of the brain/plasma ketone relationship changed during aging or AD, or after taking a ketogenic supplement.
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FIGURE 7. Direct, linear relation between plasma ketone concentration (X axis), brain ketone uptake (left-hand Y axis), and percent contribution by ketones to total brain energy requirement (right-hand Y axis). Data are for adults. Two relationships are shown, one for plasma β-HBA vs. the rate of brain β-HBA uptake (solid line, R2 = 0.97; Y = 1.57X – 0.20; p < 0.0001; A–D), and the other for plasma acetoacetate vs. the rate of brain acetoacetate uptake (Castellano et al., 2015b; dotted line, R2 = 0.83; Y = 3.46X – 0.03; p < 0.0001; C,D). Units are the same for both ketones – CMR (μmol/100 g/min). The data have been combined from several sources. (A) Plasma β-HBA vs. brain uptake in post-prandial state ([image: image]) (Blomqvist et al., 1995), after β-HBA infusion ([image: image]) (Blomqvist et al., 2002), as well as after a 40 day fast ([image: image]) (Owen et al., 1967), or 60 day fast ([image: image]) (Drenick et al., 1972). (B) Two studies of plasma β-HBA vs. brain uptake in AD [[image: image]] and healthy older controls ([image: image]) (Lying-Tunell et al., 1981), and AD ([image: image]) and healthy older controls ([image: image]) (Ogawa et al., 1996). (C) Plasma acetoacetate vs. brain uptake in AD ([image: image]) and cognitively healthy age-matched controls ([image: image]) (Castellano et al., 2015b), as well as before ([image: image]) and 4 days after ([image: image]) a very high fat ketogenic diet in healthy adults (Courchesne-Loyer et al., unpublished). (D) Pooled data from (A–C). All the brain β-HBA uptake data are from arteriovenous difference studies except for the one report which used 11C-β-HBA PET (Blomqvist et al., 1995). The brain acetoacetate uptake data were obtained using 11C-acetoacetate PET (Castellano et al., 2015b). Each symbol represents whole brain ketone uptake in a single individual except when not available in the original publication, i.e., Drenick et al. (1972) for which [image: image] represents the mean of n = 5 participants, and Ogawa et al. (1996) for which [image: image] and [image: image] both represent the mean of n = 7. The relationship between plasma β-HBA and the percent of brain energy consumption supplied by β-HBA in adults is broadly as follows: at plasma β-HBA values around 0.1 mM, ketones supply >5% of brain energy; at 1 mM β-HBA, they supply about 10–15%; at 5–7 mM β-HBA, 50–65% and over 7–8 mM β-HBA, >75% of brain energy consumption. For a given plasma acetoacetate concentration, acetoacetate is taken up by the brain more rapidly than β-HBA which explains why the dotted regression line for acetoacetate lies above that of the solid line for β-HBA.



Acetoacetate is the ketone that actually enters the mitochondria and is catabolized to acetyl CoA. Since synthesis of 11C-AcAc is easier than for 11C-β-HBA (Tremblay et al., 2007), we chose 11C-AcAc as our brain ketone PET tracer. In our PET protocol, 11C-AcAc is infused first followed by a wash-out period and then FDG is infused (Figure 8). A period of time equivalent to four half-lives of 11C occurs between the 11C-AcAc infusion and the acquisition of the FDG image. This dual tracer technique allows for a quantitative same-day comparison of brain uptake of glucose and ketones thereby avoiding the unnecessary inconvenience to the participant of returning a second time, as well as reducing the biological variability between PET scans done on different days. This dual tracer protocol has been applied in human (Nugent et al., 2014b; Castellano et al., 2015b) and animal studies (Pifferi et al., 2011; Roy et al., 2012).
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FIGURE 8. Our 11carbon-acetoacetate (11C-AcAc) and 18F-FDG PET protocol (Pifferi et al., 2011; Roy et al., 2012; Nugent et al., 2014b; Castellano et al., 2015b). The MRI is used for regional segmentation during the PET image analysis.



We have compared brain uptake of FDG and 11C-AcAc in early AD (Castellano et al., 2015b; Figure 9). This study had three aims: first, to confirm for the first time using PET methodology the arterio-venous difference reports of normal ketone but low brain glucose uptake early in AD (Ogawa et al., 1996). Second, to assess brain fuel metabolism early in AD rather than the more advanced stages previously reported (Lying-Tunell et al., 1981). Third, to quantify the regional pattern of brain uptake of both fuels under post-prandial conditions, information that arterio-venous difference studies cannot provide. Our FDG and 11C-AcAc PET studies have so far confirmed several important points: first, as reported previously by arterio-venous difference in the brain taken as a whole (Figure 1), global CMRg was 14% lower in early AD vs. cognitively normal, age-matched controls. Second, and as also previously shown by PET, this global CMRg deficit in AD was primarily confined to the parietal cortex, posterior cingulate and thalamus. Third, neither 11C-AcAc uptake (CMRa) nor the AcAc uptake constant (Ka) were significantly different in the brain as a whole or in any brain region in AD or MCI vs. the age-matched cognitively healthy controls (Figure 7). Fourth, plasma AcAc and CMRa were significantly positively correlated, the slope of which did not differ between early AD and cognitively healthy age-matched controls or young adults (Castellano et al., 2015b; Figure 5). Since brain ketone utilization in AD was proportional to plasma concentration and this relationship had the same slope as in age-matched controls (Figure 7), we conclude that brain ketone uptake is not significantly disrupted early in AD.
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FIGURE 9. (Upper) Whole brain 18F-FDG uptake was 9% lower in mild AD (n = 12) compared to cognitively normal age-matched controls (Older; n = 42; #p < 0.05 corrected for false discovery rate). 18F-FDG uptake was also 9% lower in healthy older adults compared to younger adults (Young; n = 30; ∗p < 0.05 corrected for false discovery rate). Values for mild cognitive impairment (MCI; n = 9) were not statistically different between the Older and AD groups. In contrast to FDG, whole brain 11carbon-acetoacetate (11C-AcAc) uptake did not differ significantly between any groups. (Lower) statistical differences were present for the 18F-FDG and 11C-AcAc uptake constants (Nugent et al., 2014b; Castellano et al., 2015b).



As our database grows, we see a trend emerging toward a lower AcAc uptake constant for the brain as a whole in cognitively normal older people vs. young adults. However, when analyzed region by region, the results are not significant but pooled for the whole brain they are (Figure 9). So far, there is no trend toward lower brain 11C-AcAc uptake or a lower AcAc uptake constant in MCI or AD compared to our healthy older controls. Hence, caution is needed in comparing either brain ketone uptake results across age groups or in aging-associated cognitive decline for the whole brain vs. measurements focused more on major brain regions, specific nuclei or parts of the cortex.

COMPLIMENTARY APPROACHES TO INCREASE KETOGENESIS?

We have investigated whether substances that increase fatty acid availability to or oxidation by the liver might also increase ketogenesis. If so, this would have the potential benefit of either reducing the dose of MCT needed thereby reducing side-effects, or increasing the ketogenic effect of the same dose of MCT. Three such substances we have tested are alpha-linolenic acid (18:3n-3) and bezafibrate, two PPAR-alpha stimulators, and caffeine, which stimulates lipolysis thereby raising plasma free fatty acids (Acheson et al., 2004). Alpha-linolenic acid is also potentially ketogenic because it is the most beta-oxidized of the common dietary long chain fatty acids (Mamelak, 2012). Consuming 2 g of alpha-linolenic acid daily in the form of flaxseed over 4 weeks didn’t change overnight fasting plasma ketones. However, it did raise post-prandial ketone production by 26% but only in young adults; there was no significant effect in older adults (Hennebelle et al., 2016). Treatment with 400 mg of bezafibrate daily for 12 weeks was mildly ketogenic and increased fatty acid oxidation. Bezafibrate reduced plasma insulin and glucose suggesting that it may have a mild insulin-sensitizing effect. Plasma long chain fatty acids were also significantly lower after bezafibrate (Tremblay-Mercier et al., 2010). Co-treatment with bezafibrate (400 mg/d for 8 weeks) and 60 g/day of MCT transiently increased AcAc/β-HBA more than MCT alone (Courchesne-Loyer et al., 2015). A 2.5 or 5.0 mg/kg dose of caffeine taken with a small breakfast was moderately ketogenic 2–4 h post-dose. During the 4 h test period, plasma ketones and free fatty acids rose significantly more on caffeine than in the control test and the rise was broadly proportional to the dose of caffeine (Figure 10). We have not yet explored whether caffeine affects the ketogenic effect of MCT. Overall, these effects are modest but may merit further investigation in a clinical population.
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FIGURE 10. Plasma acetoacetate (A) and β-HBA (B) 2–4 h after an oral dose of 2.5 ([image: image]) or 5.0 mg/kg ([image: image]) of caffeine vs. no treatment control ([image: image]). Plasma caffeine reached a plateau 1–2 h after being consumed (data not shown), hence the reason for starting the ketone measurements at 2 h post-dose. Values are mean ± SEM (n = 10/point, with each participant undertaking each of the three treatments). Ketone data were normalized to zero at 2 h. ∗ Control vs. 2.5 mg/kg (∗p < 0.05) vs. 5.0 mg/kg (∗∗p < 0.05), and caffeine 2.5 vs. 5.0 mg/kg (#p < 0.05).



NEURONAL HYPEREXCITABILITY, EPILEPTIC SEIZURES AND AD

Epileptic seizures are more prevalent in the aging population that at any other age, a situation that seems to be related to a higher incidence of cerebrovascular disease in older people. Sporadic or late-onset AD is associated with higher risk of seizures than in the general population (Amatniek et al., 2006; Vossel et al., 2013; Zilberter et al., 2013). Higher genetic or familial risk of AD is associated with hippocampal hyperexcitability and may be linked to neuronal loss and reorganization and to greater medial temporal lobe atrophy than in controls (Lapointe et al., 2016). Other factors that may contribute to this hyperexcitability include weakening of the inhibitory effect of GABA, and neuronal hypometabolism in the brain (Zilberter et al., 2013). Hyperexcitability in turn can further disrupt brain energy metabolism thereby contributing to a vicious cycle of deteriorating brain function and energy exhaustion. Given the efficacy of ketogenic treatments in controlling refractory epileptic seizures, especially in children, and their emerging utility for cognitive decline in AD, it would therefore seem to be worth assessing the efficacy of ketogenic treatments for seizures in the geriatric population.

ISSUE – IS MITOCHONDRIAL FUNCTION IMPAIRED EARLY IN AD?

The bulk of the ATP needed during energy metabolism is produced by oxidative phosphorylation in mitochondria. Glucose can also produce some ATP via glycolysis, a process occurring outside mitochondria, whereas ketones produce ATP uniquely via oxidative phosphorylation. Mitochondrial damage and increased production of reactive oxygen species have been proposed to underlie beta-amyloid accumulation and cognitive deterioration in AD (Gibson et al., 2000; Swerdlow and Khan, 2004; Yao et al., 2009; Swerdlow et al., 2014). Ketone catabolism is entirely mitochondrial, so normal whole body ketone oxidation in older humans (Freemantle et al., 2009) argues for largely intact mitochondrial function in reasonably healthy older people. Normal brain ketone metabolism in AD (Figure 7) also suggests that the enzymes of mitochondrial oxidative phosphorylation in the brain continue to function relatively normally, at least early in AD. Hence, early in AD, the problem with brain glucose metabolism is not necessarily at the mitochondrial level but possibly more because of lower glycolysis to acetyl CoA (see Issue – Brain Glucose Uptake or Glycolysis or Both?). Lower production of acetyl CoA would impair neuronal function thereby accounting for the well-known observation of lower glucose transport into the brain in AD. Oxidative damage to mitochondria and mitochondrial dysfunction would also tend to increase.

The 11C-AcAc used in our PET studies is chemically identical to AcAc produced by the body and is metabolized to 11C-CO2. Since the combined process of both brain uptake and metabolism of 11C-AcAc is still normal in early AD, and since ketone metabolism is uniquely mitochondrial, these results indirectly support the speculation nearly 30 years ago by Hoyer et al. (1988) that oxidative phosphorylation and therefore mitochondrial function is relatively normal early in AD. Such an interpretation is also supported by the clinical studies showing better cognitive scores in AD when more ketones are provided to the brain (Table 6) because otherwise ketones would not have clinical benefit.

The very high fat ketogenic diet increases various parameters that represent the overall energy status of the brain, including ATP and brain/blood glucose (DeVivo et al., 1978; Veech et al., 2001; Cahill, 2006), as well as citric acid cycle activity (Roy et al., 2015). Neural protection by ketones may also be related to improved mitochondrial biogenesis and improved respiratory function (Bough et al., 2006), as well as reduced mitochondrial production of reactive oxygen species in response to glutamate (Maalouf et al., 2009). Since oxidative phosphorylation in mitochondria generates free radicals and ketone metabolism is uniquely oxidative, it could also be argued that ketogenic supplements should actually make mitochondrial dysfunction worse, which should in turn cause cognitive deterioration. This doesn’t happen so, again, mitochondrial function can apparently cope with the increased oxidative load caused by metabolizing ketones. Nevertheless, this topic definitely needs further investigation.

ISSUE – BRAIN GLUCOSE UPTAKE OR GLYCOLYSIS OR BOTH?

The magnitude of the lower glucose metabolism by the AD brain was well-established by arterio-venous difference studies done 20–30 years ago (Lying-Tunell et al., 1981; Hoyer et al., 1988; Ogawa et al., 1996). However, these studies could not establish whether the glucose problem was with glucose transport into the brain via GLUT, or with glycolysis, i.e., the metabolism of glucose to pyruvate within the brain, or both. PET studies clearly show that glucose (FDG) uptake into the brain and its conversion to glucose-6-phosphate by hexokinase is lower in AD. However, FDG-PET cannot establish whether the glycolytic steps are also impaired. Since mitochondrial function seems to be normal in early AD and glucose transport in the brain is dependent on neuronal activity, the brain glucose hypometabolism problem in AD seems at least initially to be with glycolysis because several glycolytic enzymes are impaired in AD, including phosphofructokinase (Bowen et al., 1979; Iwangoff et al., 1980), alpha-ketoglutarate dehydrogenase complex (Gibson et al., 2000), and pyruvate dehydrogenase (Perry et al., 1980; Sorbi et al., 1983; Cunnane et al., 2011). If the problem in AD starts with deteriorating glycolysis, neural viability would eventually decrease, which would in turn decrease glucose transport into the brain because it depends on neural activity (Cunnane et al., 2011). As proposed many years ago by Hoyer et al. (1988), lower glycolysis to acetyl CoA would increase the brain’s dependence on other routes to generate ATP, including lactate and possibly even gluconeogenesis. The brain’s dependence on these routes to generate ATP could help account for the adverse changes in brain amino acid metabolism and neurotransmitter production including acetylcholine (Hoyer et al., 1988). Hence, our perspective is that the AD brain must be gradually pushed toward starvation mostly due to deteriorating glycolysis.

ISSUE – IS EXCESSIVE CATAPLEROSIS AN IMPEDIMENT TO SUCCESSFUL KETO-NEUROTHERAPEUTICS?

In addition to generating ATP, the citric acid cycle also has a key role in providing intermediates for several brain molecules including the neurotransmitters, gamma-aminobutyric acid and acetylcholine. The use of intermediates in the citric acid cycle to make molecules other than ATP is known as cataplerosis (Owen et al., 2002). Cataplerosis is usually balanced by anaplerosis, which is the net contribution of carbon from various sources to synthesize molecules derived from intermediates in the citric acid cycle. Glucose and oxaloacetate are anaplerotic so when both are insufficiently available, cataplerosis rapidly depletes the citric acid cycle (Wilkins et al., 2016). Unlike glucose, glutamine, pyruvate and precursors to propionyl CoA, the four carbon ketones (AcAc and β-HBA) do not contribute any carbon to anaplerosis (Brunengraber and Roe, 2006). Indeed, ketones are probably cataplerotic in part because they increase citric acid cycle activity (Roy et al., 2015). Hence, glucose itself or an alternative anaplerotic substrate is essential in order to metabolize ketones, especially as ketosis becomes more extreme.

When glucose supply to the brain is severely limited, such as in inherited GLUT-1 deficiency, there is insufficient glucose entering tissues to support energy production. Providing a ketogenic supplement is clinically beneficial but without anaplerotic input, chronic ketosis could potentially exhaust the citric acid cycle (Mochel et al., 2005; Brunengraber and Roe, 2006; Roe and Mochel, 2006). Triheptanoin (triglyceride with three heptanoic acids) is an odd-carbon MCT that is both ketogenic and anaplerotic and has clinically significant beneficial effects in GLUT-1 transporter deficiency and in Huntington’s disease (Mochel et al., 2005, 2010; Pascual et al., 2014). Furthermore, ketogenesis in the liver requires about 150 g/day of glucose that needs to be supplied by gluconeogenesis (Garber et al., 1974; Fukao et al., 2004). An alternative route of gluconeogenesis of unknown importance during nutritional ketosis involves increased acetone production which can be converted to glucose (Owen and Reichard, 1971; Reichard et al., 1974), thereby potentially contributing to sustaining both ketogenesis and anaplerosis.

This question of ketogenesis and anaplerosis is relevant to brain hypometabolism in AD because as AD becomes more severe, brain glucose uptake and/or utilization continue to deteriorate thereby further compromising both energy production and anaplerosis which are both needed for neurotransmitter synthesis. This adverse situation could potentially improve or worsen with sustained ketosis; it all depends on the trade-off between supplying more ketones to compensate for the glucose deficit and generate ATP, vs. burning out the citric acid cycle and depleting acetylcholine and GABA if cataplerosis exceed anaplerosis. Nevertheless, ketones are not the only fuel that bypasses impaired glycolysis: recent animal studies suggest that direct administration of pyruvate could be beneficial component of a ketogenic intervention for AD (Zilberter et al., 2013). In vitro studies show that exogenous oxaloacetate may also help bypass issues with glycolysis and maintain mitochondrial respiration (Wilkins et al., 2016).

ISSUE – IS THE KETOGENIC RESPONSE TO ALL MCT THE SAME?

Medium chain triglyceride are a generic product that varies widely in composition. They are usually concentrated in caprylic and capric acids but the ratio of these two fatty acids can vary from 70:30 to 30:70. Despite this variability, a compilation of various studies shows a significant positive correlation between the oral dose of MCT given and the resulting maximal plasma ketone response (Figure 6). Although MCT are most commonly a combination of caprylic and capric acids, these two fatty acids are also available separately. In unpublished work, we have observed that the net plasma ketone response to an equal dose of essentially pure caprylic acid exceeds by 15–20% that of an MCT containing caprylic:capric acid at 60:40 which in turn exceeded that of coconut oil by a wide margin (manuscript in preparation). At the same time, the change in plasma AcAc/β-HBA was actually significantly higher for coconut oil than for caprylic acid. This was an acute metabolic study conducted during an 8 h period with a 20 ml dose of the test ketogenic substance taken at breakfast and a second 20 ml dose taken at mid-day without a meal; whether the same changes occur in the long-term still needs to be evaluated.

The formulation of the oral dose of MCT may also impact on the ketone response. We have observed that a 30 g dose of MCT in one formulation can generate a 40% higher plasma ketone response over 4 h than a different formulation containing 50 g of MCT (Figure 11). These results raise the questions of whether it matters which MCT is consumed, the bioequivalence of coconut oil vs. MCT, and what metric is most important in assessing the metabolic response to ketogenic supplements; β-HBA, AcAc, both combined, their ratio, or something else.


[image: image]

FIGURE 11. Area under the curve (AUC) of plasma ketone response (beta-hydroxybutyrate + acetoacetate) after ingestion of two different MCT emulsions (A,B) during a 4 h metabolic study day. All the treatments differed from the Control (a – p ≤ 0.05). The 30 g dose of product B and the 50 g dose of product A differed from the 20 g dose of product B (b – p ≤ 0.05). Interestingly, the 50 g dose of product A gave a 40% lower AUC than the 30 g dose of product B demonstrating that different homogenates of MCTs can induce widely differing plasma ketone responses, at least in an acute study design. Proprietary considerations prevent providing a full description of products A and B.



ISSUE – METABOLIC PHENOTYPE OF THE COGNITIVELY HEALTHY OLDER PERSON OR RED FLAG?

Age-normalization is a standard procedure with cognitive scores for older people and in MCI and AD. Hence, a lower raw cognitive score in an older person is not necessarily indicative of progression toward AD; rather, it depends on the type of test and the degree that the score is lower relative to age-normalized values. In the same vein, should regional brain glucose uptake (CMRg) also be normalized for age because CMRg too declines with age even in cognitively healthy older persons? In order to determine whether a lower CMRg value with age is normal or represents a risk for AD, age-normalized reference values need to be established so as to be able to distinguish a physiologically normal from a pathological change in CMRg.

Changes in peripheral glucose metabolism leading toward insulin resistance and type 2 diabetes increase the risk of AD (Craft, 2009, 2012; Baker et al., 2011). As with low cognitive scores, should metabolic parameters be considered in including or excluding older persons from a reference group of cognitively healthy older people? In other words, from an energy metabolism perspective, how should we define ‘normal’ or ‘healthy’ brain aging? The answer affects not only how data on brain energy metabolism in MCI and AD are interpreted but whether lower brain energy metabolism during ‘normal’ aging is truly physiological or imminently pathological. Such age-normalization would have two goals – to facilitate the early diagnosis of AD and, if such age-normalized brain glucose hypometabolism were present, to implement a pre-emptive intervention, whether ketone-based or other. One of the challenges with age-normalization of cognitive or metabolic data is that those in whom the onset of AD is imminent cannot presently be distinguished from those who may not get it for 10–20 years (or at all).

Our work shows that older people classified as cognitively normal by conventional neuropsychological tests corrected for age and education have significant brain atrophy, cortical thinning and lower brain glucose metabolism compared to cognitively normal younger adults (Nugent et al., 2014b, 2016). The differences were region-specific and more widespread for regional gray matter atrophy and cortical thinning than for CMRg. The age-related difference in CMRg was similar to the decline in volume and cortical thickness, and represents a decline of 0.3–0.4%/year (Nugent et al., 2016). Our work confirms several previous reports and suggests that the most consistent finding for CMRg during normal aging is glucose hypometabolism in the frontal cortex (De Santi et al., 1995; Moeller et al., 1996; Petit-Taboue et al., 1998; Garraux et al., 1999; Herholz et al., 2002; Zuendorf et al., 2003; Kalpouzos et al., 2009; Nugent et al., 2014a,b). Lower CMRg in the frontal cortex may be contributing to less efficient executive function in older people, i.e., greater recruitment or less inhibition of frontal regions for the same task than in younger adults (Hedden and Gabrieli, 2004). However, our older group still had cognitive test scores that were normal-for-age.

Quite a few neurometabolic differences can be expected between cognitively healthy older adults (Table 3). There were no diabetics or pre-diabetics in either group but our measure of insulin resistance, the HOMA2-IR, tended toward the high end of the normal range and was positively associated with higher CMRg, but only in the older group (Nugent et al., 2016). A HOMA2-IR toward the high end of the normal range and body fat content of at least 30% were both associated with normal cognitive function in older adults in this particular population (Nugent et al., 2016). Do these metabolic differences with age suggest that higher plasma insulin and a higher metabolic rheostat are necessary to maintain normal cognition in older people? Alternatively, do declining (though normal-for-age) cognitive scores with age represent a red flag because they drive up the metabolic rheostat? Either way, more work needs to be done evaluating the relation between changing metabolic-endocrine status and cognition regardless of age.

PERSPECTIVE

We make the case here that regional brain glucose hypometabolism can definitely be present in those at risk of AD but decades before the onset of cognitive decline associated with AD, i.e., that it is a pre-symptomatic problem (Figure 3). Hence, it is incorrect to perceive of brain glucose hypometabolism in AD as being uniquely a consequence of irreversible neuronal failure or death. Pre-symptomatic brain glucose hypometabolism isn’t necessarily the cause of AD or even the first step in the pathogenesis of AD. However, two points are clear – (i) AD is at least in part exacerbated by (if not actually caused by) chronic, progressive brain fuel starvation due specifically to brain glucose deficit, and (ii) attempting to treat the cognitive deficit early in AD using ketogenic interventions in clinical trials is safe, ethical, and scientifically well-founded (Henderson et al., 2009; Rebello et al., 2015; see also ClinicalTrials.gov).

A number of issues have been flagged here that will require further work in order to optimize keto-neurotherapeutics in AD. They include the state of brain mitochondrial respiration, whether the problem with brain glucose utilization starts with impaired glycolysis, the importance of balancing anaplerosis and cataplerosis, differential ketone responses to MCT mixtures depending on formulation, and the significance of lower CMRg in the frontal cortex during cognitively normal aging. The elephant in the room that we have intentionally not discussed till now is the beta-amyloid hypothesis of AD. Suffice it to note here that beta-amyloid accumulation occurs as a result of either impaired brain glucose availability to the brain (Velliquette et al., 2005) or impaired glycolysis within the brain (Meier-Ruge et al., 1994). Beta-amyloid also contributes to impaired glycolysis in the AD brain (Meier-Ruge and Bertoni-Freddari, 1997). Ketogenic treatments reduce amyloid burden in animal models of AD (Kashiwaya et al., 2000; Hertz et al., 2015; Yin et al., 2016) but this extremely encouraging effect remains to be verified in humans. Clinical trials with ketogenic interventions in AD, MCI or insulin-induced hypoglycemia start to improve some cognitive outcomes within hours to days (Hasselbalch et al., 1996; Reger et al., 2004; Henderson, 2008; Newport et al., 2015), arguing that if they also reduce amyloid burden, it is a secondary effect. Hence, we feel that dealing with the brain energy deficit would help the brain metabolize beta-amyloid as it normally should.

The challenge that immune function and neuroinflammation may pose with respect to providing the brain with sufficient energy during aging also deserves comment. We and others have previously proposed that immunosenescence in older people can tip toward a pro-inflammatory condition. Since the activated immune system consumes a lot of energy, heightened immune surveillance during aging constitutes a potentially important energy sink in the body which can compete with the brain for a fixed (or declining) energy intake in older people. This situation is probably exacerbated by infection, inflammation, or other chronic response of the immune system. Under such circumstances, it takes little to tip the body’s energy intake more toward supporting the immune response and away from the brain, which then contributes to brain energy starvation and increased risk of cognitive decline during aging (Fulop et al., 2013, 2015). Apart from the greatly increased need for energy by activated immune cells, pro-inflammatory cytokines impair ketone production (Pailla et al., 2001), making the brain’s energy supply even more vulnerable. Hence, brain energy deficit, neuropathology, neuroinflammation and cognitive decline all feed off each other in a vicious cycle that can lead to rapid progression of AD (Figure 3). Ketogenic treatments help elicit a protective response to neuroinflammation (Rahman et al., 2014), an encouraging observation that needs confirmation and further work.

Several different ketogenic interventions including prolonged fasting, a very high fat ketogenic diet containing no MCT, or a regular diet to which MCT or ketone esters all have a broadly similar neurological/cognitive benefit (Table 6). The cognitive benefit of ketones is observed under different conditions including in the presence of chronically impaired brain glucose availability or utilization due to disease (i.e., MCI or AD), or when the brain glucose deficit is acute, i.e., severe hypoglycemia experimentally induced by insulin infusion and starvation (Owen et al., 1967). The wide range of ketogenic conditions that protect cognition suggests that ketones themselves (rather than MCFAs) are central to their beneficial effect but this needs to be confirmed along with determining the actual mechanism. At present, a keto-neurotherapeutic approach is a safe and scientifically well-supported strategy to bypass deteriorating brain energy metabolism arising during aging; time will tell whether it is truly clinically effective to limit the onset or progression of cognitive decline in AD.
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coefficients for each comesponding pathway (Table 2) was incorporated in MCMC Bayes estimation, which resamples prior distributions to derive a more precise and vald parameter

estimete.

Al pathways were adjusted for 75th percentile age (<48 vs. >48 years ol Glasgow Coma Scale (GCS) and Gene Risk Score (GRS). For “BDNF to mortalty-Direct Effect,” cortisol

using trejectory analysis grouping (low vs. high) was adaliionally adfusted.

©The mediation percentage was calculated with the following equation: Mediation percentage = {{in(ORrotal efec) — InORprect Enec)VIN(OR Total Effect)}* 100.

Bolded p-values indicate statistical significance.
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Overall (n = 117) Survivors (n = 91) Non-survivors (n = 26) P-value

Age in years (mean  SE) 360£15 32.40(1.4) 48.4237) <0.001*
Sex, Men (%) 99(853) 77(856) 22(84.6) 0905
GCS, median (IQR) 767 768 6(67) 0.043*
Mechanism of injury, n (%) 0.034*
Automobile 60(52.2) 41456) 7269)
Motorcycle 28(24.3) 22(24.4) 623.1)
Falljump 19(16.5) 10(11.1) 9(34.6)
Other 8(7.0) 17(189) 4(15.4)
Length of hospital stay in days (mean  SE) 212410 2301 (1.1) 14.68(1.7) 0.002*
Injury Severity Score Non-head (mean = SE) 13.26(1.0) 12.99(1.0) 1418 23) 0822
Neurological injury type, n (%)
SDH 81(692) 60(65.9) 21(808) 0.148
DAl 36(308) 33(363) 3(115) 0016
EDH 14(12.0) 1121 3(115) 0939
Contusion 52 (44.4) 35(38.5) 17 (65.4) 0.015*
VH 39(33.9) 32(35.2) 7800 0.432
ICH 40(34.2) 30(33.0) 10(38.5) 0602
SAH 82(70.1) 61(67.0) 21(808) 0477
16265, 1 (%) 0617
Valval 68(58.1) 54(593) 14/(53.9)
Met-carrier 49(419) 37 40.7) 1246.2)
(7124442, n (%) 0520
T 61(62.1) 46(506) 16 (57.7)
C-carrier 56(47.9) 45 (49.5) 11(42.9)
BONF mean (SE) 0.19(001) 0.18(001) 021(002) 0.045¢
Cortisol mean (SE) 2428(13) 21.01(1.20) 35.75(3.45) <0.0001*

*0 < 0.05.
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GRS =0 (N = 29 GRS =1(N=71) GRS =2(N=17)
Cortisol TRAJ OR (95% CI)° Cortisol TRAJ OR (95% CI) Cortisol TRAJ OR (95% CI)
Group 2vs. 1P Group 2 vs. 1P Group 2 vs. 1°
BDNF 75th pot 15/14 2.46 (0.30, 16.13) 23/48 6.50(1.70, 24.81) o/t 9.00(0.28, 285.51)
P trend 0285 0.006 0213

Indivicual Models stratified by Gene Risk Scores.
°GRS score: O = VallVal (r56265) and T/T (157124442); 1 = ValVal (156265, C-carriers (r57124442) or Met-Carrirs (rs6265), T/T (r57124442); 2 = Met-Carrirs (rs6265) and C-Cariers
(r57124442).

®Number of subjects in each cortisol trajectory group (Group 2 has higher cortisolleve).

cAdjusted for binary age (<48 vs. >48 years old).

Bolded p-vakse indicates statistical significance.
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Age below 75th Age above 75th
percentile (<48 years) percentile (~48 years)
(V=190 W=27)

Coefficient (SE) ~ P-value  Coefficient (SE) ~ P-value
BDNF'GRS —228(1.04) 0028 ~0.26(1.13) 0819
Indivicual models are stratified by age.

*Covariates includedin the model: GCS, cortsol (rajectory group).
Bolded p-value indicates statistical significance.
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Slice  Animal Age Recording  Energy Induction Oxygen Frequency Duration Temperature Reference

type condition substrate fraction
Cutue  Rat p6.  Submerged Glucose mACHR 95%  40Hz  Persistent 32:C Fischer et al. (2002)
dv1-42 56mM agonist with theta
Cutue  Rat p7-9, Interface ~ Glucose MACHR 20%  49Hz  Persstent  84x1°C  Huchzemeyer etal (2013)
a9 10mM agonist
Cutture Rat p7-9, Interface t mAChR 95% 40 Hz Persistent 34+1°C Galow et al. (2014)
divi-21 agonist
Cutue  Rat p7-9, Interface~ Glucose: mACHR 95%  ‘24-52Hz  Persistent  28-36°C Schneider et al. (2015)
div7-28 10mM  agonisUGIUR
agonist
Acute Rt aduit Interface ~ Glucose Electrical 95%  40Hz  Transent 36°C Whittington et al. (1995)
10mM  stimulation/PE
of GIuR agonists
Acste  Rat pi5-25adut Inteface  Glucose mACHR 95%  80Hz  Persistent 34°C Fisahn et al. (1998)
10mM agonist with theta
Acste  Rat  p20-30  Submerged Glucose mAChR 95%  38-61Hz  Transent  31-82°C  Felous and Sejnowski (2000)
10mM agonist with theta,
deta or none
Acute Rat adult Interface Glucose PE of 95% t Transient 358+05C Pdschel et al. (2002)
10mMm GIUR agonist
Acste  Mouse  p18-25  Submerged Glucose PEof 5%  33Hz Transient 29°C Glovei et al. (2005)
10mM  GuR agonist
Acste  Rat  p13-20  Submerged Glucose mAChR 95%  28Hz  Persistent  20-33°C Oren etal. (2006)
10mM agonist with beta
Cuture/  Rat/ p7-9, Interface/  Glucose mMACHR 95%  29-42Hz  Persistent  84%1°C/ Kann et al. (2011)
acute mouse dv7-12/ ‘submerged 10mM agonist 25+1°C
p20-30/adult
Acste  Rat  p42-56  Inteface  Glucose mACHR 95%  3047Hz  Persistent  86+05°C  Holnagel et al. (2015)
10mM  agonisVACh
esterase inhibitor
Acute  Rat p2-5/ Modified  Glucose GiR 95% —/24-35Hz Persistent/ 335+84°C  Tintsadzeetal (2015)
p&-21 interface 1 mM agonist transient with
slow waves

Acute slices have a thickness of around 400 wmy; the residual thickness of organotypic hippocampal siice cultures is around 200 wm. In most studlies, muscarinic
acetylcholine receptors (MAChR) were activated with acetyicholine or carbachol, glutamate receptors (GIuR) with glutamate o kainic acid. The frequency of GAM also
varies with temperature, i.e., ~3.5 Hz increase per degree Celsius for the range of 28-36°C (Schneider et al, 2015). *4 Hz increase when 2 mmolL lactate was added to
5 mmol/L glucose at 34 + 1°C. 'Various substrates, concentrations or frequencies. div, days in vitro; PE, pressure ejection; p, postnatal day.
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Features of gamma oscillations

Reference

Presence in most cortical areas
Strong relationship to higher
brain functions

Fast thythmic inhibition
by internerons.

High oxygen consumption rate
Increase in [K*]o of <0.5 mmol/L

Exquisite sensitivity to
metabolic stress

Murthy and Fetz (1992); Haenschel et al.
(2000); van Vugt et al. (2010); and Popa
etal. (2013)

Gray et al. (1989); Pantev et al. (1991);
Lutz et al. (2004); and Zhang et al.
(2012

Traub et al. (2001); Héios et al. (2004);
Cardin et al. (2009); and Gulyés et al.
(2010)

Niessing et al. (2005); Kann et l. (2011);
and Huchzermeyer et al. (2013)
Huchzermeyer et al. (2008); and Kann
etal. (2011)

Huchzermeyer et al. (2008); Hajos et al.
(2009); Barth and Mody (2011); and
Whittaker et al. (2011)

GAM (30~100 Hz) have been related to sensory perception, attentional selection,
motor behavior, and memory formation. These oscilltions strongly depend on fast-
exert fast rhythmic perisomatic inhibition on principal cells i local networks of the
hippocampus and the neocortex. Only some key references are given. See defails

in the text.
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References Cases.

Evidence of mitochondrial dysfunction

GENETIC LINKAGE BETWEEN MITOCHONDRIA-RELATED GENES AND AUTISM

Celestino-Soper et al., 2012 909 or 130
Glessner et al,, 2009 859

Kent et al, 2006 129

Siverman et al, 2008; Kimetal,  Multiple families
2011

Maestrin et al., 2010 127

Nava etal, 2012 501

Ramoz et al,, 2004; Segurado et al.,  Multiple families.

Deficiency of the gene TMLHE (imethyk-lysine hydroxylase epsior), which encodes the first enzyme in
‘caritine biosynthesis, was more frequent in probands from male-male multiplex ASD farmiles.

‘Copy number variations in genes involved in the ubidiin degradation were implicated in susceptibiity
for ASD.

The 3243A>G mitachondrial DNA mutation was concluded to be a rare cause of isolated Asperger
syndrome.

Polymorphism in SLC25412 gene, which encodes a mitochondrial aspartate/glutamate carrier, was
found to be associated with restricted repetitive behaviors in autism.

Agene encoding an inner mitochondrial membrane protease-lie protein (MMP2L) was implicated in
susceptibilty for ASD.

Mutations in TMLHE were icentifed in patients with ASD and led to an increase in trimethyl-lysine, the
precursor of carnitine biosynthesis, in the plasma.

Polymorphism in SLC25412 gene was found to be associated with autism.

Lactate doublets detected by brain magnetic resonance spectroscopic imaging were present at a higher
rate in autistic patients.

Transport rates of mitochondrial aspartate/glutamate carrier (AGC) were higher in temporo-cortical gray
matter. In addition, expression of AGC, oytochrome ¢ oxidase activity, and oxidized mitochondrial
proteins were increased. However, variants of the AGC1-encoding SLC25A12 gene were not correlated
with AGC activation or autism phenotype.

2005; Turunen et al., 2008
INDICATIONS OF IMPAIRED MITOCHONDRIAL FUNCTION IN THE BRAIN
Goh et al., 2014 7%

Palmier et al., 2010 Six or multple families.

Tang etal, 2013 5

hondrial function and intracellular redox status were compromised in the pyramidal neurons of the
temporal cortex.

ABNORMAL LEVELS OF MITOCHONDRIA-RELATED METABOLITES IN BLOOD SAMPLES

Increased plasma lactate levels and activity of creatine kinase.
Increased serum creatine phosphokinase levels.

Increased plasma lactate levels and lactate/pyruvate ratio, but not associated with the variation at the
SLC25A12 gene.

Reduced levels of carnitine and pyruvate, but increased levels of alanine and ammonia in serum.
Abnormal acyl-carnitine panels and glutathione metabolism in blood samples.

Higher plasma levels of arginine and taurine, and lower levels of 5-oxoproline and lactic acid.
Increased serum lactate and pyruvate levels.

Increased lactate and pyruvate levels.

20% of ASD patients showed significantly increased lactic acidernia, while 7% were classified with a
definite mitochondrial respiratory chain disorder.

Increased blood aspartate aminotransferase and creatine kinase levels.

ABNORMAL MITOCHONDRIAL FUNCTION AND DNA STRUCTURE IN PERIPHERAL CELLS OR CELL LINES

Al-Mosalem et al., 2009 30
Cohen et al., 1976 25
orreia et al, 2006 241
Filipek et al., 2004 100
Frye etal.,, 2013 213
Kuwabara et al, 2013 25
Laszl6 et al., 1994 30
Moreno et al., 1992 60
Qliveira et al., 2005 69
Poling et al., 2006 159
Boccuto et al, 2013 87
Chen et al., 2015 78
Rose et al., 2012 43
Rose et al., 2014 25
Wong etal, 2016 66

Decreased tryptophan metabolism in lymphoblastoid cell ines.
Mitochondrial DNA copy number in peripheral blood cells was elevated in children with ASD.

Prirmary immune cels in the blood had a more oxidized intracelluar and extracelluar microenvironment
and a defcit in glutathione-mediated redox/antioxidant capacity

Mitochondrial dysfunction observed in a subset of autism lymphoblastoid el lines.

Mitochondial DNA deletions and higher pS3 gene copy ratios in peripheral blood monacytic cells were
more common in children with autism and their fathers.
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References

Evidence of mitochondrial dysfunction

LINKAGE BETWEEN MITOCHONDRIA-RELATED GENES AND AUTISTIC PHENOTYPE

Hulinger et al,, 2016
Inan et al, 2016

Sakurai et al., 2010

Xie et al., 2016
Zhao et al., 2010

Increased expression of AT-1/SLC33A1 caused an autistc-fike phenotype in mice.

Progressive decline in oxidative phosphorylation led to ciruit dysfunction, impaired sensory gating and social disabilty when the
cox10 gene was selectively deleted in parvalbumin neurons in mouse.

Loss of SLC25A12 gene resulted in hypomyelination. Myelin deficits in slice cultures from knockout mice were reversed by
adminisration of pyruvate.

Cell-autonomous insufficiencies in the activity of TMLHE reduced neural stem cell pools in the embryonic mouse brain.
ASD-like features observed in neuronal glucose transporter isoform 3-deficient mice.

ALTERATIONS IN MITOCHONDRIAL FUNCTION IN ANIMAL OR CELLULAR MODELS OF ASD BASED ON GENETIC FACTORS

De Fiipps et al., 2015

Jinetal, 2015

Kriaucionis et al., 2006
Nie et al., 2015

Norkett et al,, 2016
Pancrazi et al., 2015

Santini et al., 2015

Suetal., 2011

‘The rate of hydrogen peroxide generation was increased and the function of complex il impaired i the brain of MeCP2-308
heterozygous female mice.

Mecp2, whose mutations cause Rett syndrome, was observed to regulate mitochondrial bioenergatics through a glutamine
transporter in microglia

Mitochondrial abnormalities observed in Mecp2-null mouse, a model of Rett syndrome.

Mitochondial uncoupiing protein-2 was highly induced in Tsc2-deficient neurons, and also in a neuron-specific 7sc1 conditional
knock-out mouse model.

DISC1 protein regulated mitochondrial dynarmics in neurites of neurons.
Afraction of the protein Foxg1, which is implicated in autism, was found to localize to mitochondiia and coordinate cell
differentiation and bioenergetics.

Amouse model of Angelman syndrome displayed elevated levels of mitochondiria-derived reactive oxygen species in pyramidal
neurons in hippocampal CAT1 area, and administration of MitoQ, a mitochondria-specific antioxidant, to this model normalized
‘synaptic plasticity and restored memory.

Mitochondrial dysfunction observed in hippocampal neurons of the UBEA-deficient mouse model of Angeiman syndrome.

MITOCHONDRIAL DYSFUNCTION IN ANIMAL MODELS OF ASD BASED ON ENVIRONMENTAL FACTORS

Bhandari and Kuhad, 2015
Kumar and Sharma, 2016
Macfabe, 2012

Propanoic acid exposure induced autism-like behavior in rats and activities of complex | and I were reduced.
Prenatal exposure to valproic acid decreased the activity of mitochondrial complex , Il and IV in rats .

Mitochondrial dysfunction observed in a rat ASD model in which propionic acid, an enteric bacterial fermentation product, is
infused intracerebroventricularly.

TREATMENT RELATED TO METABOLISM AND MITOCHONDRIAL FUNCTION IN ANIMAL MODELS OF ASD*

Ciarlone et al., 2016

Currais et al., 2016
Naviau et al., 2013, 2014, 2015

Park et al., 2014

Sakurai et al., 2010

Santini et ., 2015

Ketone ester supplementation improved motor coordination, leaming and memory, and synaptic plasticity in a mouse model of
Angelman syndrome. The treatment also attenuated seizure activity and altered brain amino acid metabolism in this model.
Dietary glycernic index was found to modulate behavioral and biochermical phenotype of the BTBR mouse model of ASD.
Anti-purinergic therapy improved autism-ke features in the maternal immune activation mouse model and the Fragle X mouse
model,

Dietary therapy with triheptancin enhanced mitochondrial substrate use and improved metabolism and behaviors of Mecp2-null
mouse model of Rett syndrome.

Loss of the SLC25A12 gene resuited in hypomyelination. Myelin deficits in slice cutures from knockout mice are reversed by
administration of pyruvate.

Amouse model of Angelman syndrome displayed elevated levels of mitochondria-derived reactive oxygen species i pyrarmidal
neurons in AT hippocampus, and administration of MitoQ, a mitochondria- specific antioxidant, in this model normalized
‘synaptic plasticity and restored mermory.

*Studies using the ketogenic diet are described in more detailin the main text.





OPS/images/fnmol-09-00079/fnmol-09-00079-g004.gif
A Con 06D B Con 06D
siCon siENO siCon siENO kpa siCon siENO siCon siENOkDa
Cleaved Caspase-3 -— - -17 BaX o — — — — 2()
Caspase-3 s w— — 1) Bo]-2 E———— 23
Cleaved PARP TR WRg WS T - 89 il S R " a—
PARP s s St St — 116
B-actin -43
25
2.57 O cleaved-caspase-3 *
Cl d-PARP
§ 20 W 220
2 g
4 b ~ 15
215 Q-
2 [}
4 # # @ 4,
210 i
2 [
% 0.5
e 0.5
0
0 o
o é\(,,°






OPS/images/fnmol-09-00138/fnmol-09-00138-t002A.jpg
Compound name

3P-Glycerato ()
Cis-Acontate (7)
Fumarate
Giutamic acid
Glutamine
Giyceraldenyds 3P

Phosphoenolpyruvate (*)

Proine

Sarcosine
Threonine
5-Methyl-THF (7)
Cysteine
Cystathionine
Folate acid (%)
GsH

GSSG ()
Homocysteine
Methionine
PLP()
Pyrcoxal
Pyridoxamine
SAH ()

sam
Spermidine

Precursor ion

1849
175.08
115
146
147.1
168.99
1321
162.1

746.1
166.97
11607
87
17
2061
118.09
105.12

106.05

120.1

1462

Product ion

9.9
139
7
102.1
8
%69
%03
601
136
302
789
701
431
3
188
581
611

44

721

Ret time (min)

082
15
18
08
078
08
08
081
24
157
084
081
1.4
22
98
082
078
078
078
08
08
133

Dynamic MRM

Detta ret time

B R g 7 NN S R S

Fragmentor

100

Collision energy

12
15
4

12
16

Cell accelerator voltage

Polarity

Negaive

Positive
Negative
Positive
Negative
Negative
Positive
Positive
Positve
Posilive
Positive
Positive





OPS/images/fnmol-09-00079/fnmol-09-00079-g003.gif
o
©

kDa

SiENO

siCon

A

2 @ 9 9 o o
B ¥ o Q& =

(%) ever uyeep N9

. |

. —

Ne®@©I Ao
- - © O 0 o
[9A9] uieyoad
LHJON3 @Aejy

-ACHIN  a———— ] 3
=d

ENOPH1

K]
°
L

SiENO

siCon

DAPI

TUNEL

v © v © v o
N & - -

(%) si199 anysod-1aNNL

uolis aoo+uois aoo0+ON3!s





OPS/images/fnmol-09-00138/fnmol-09-00138-t002B.jpg
Taurine 124 80 08 1 102 20 7 Negative
Adenosine 2681 186 6 1 %2 2 7 Postive
ADP () 42602 1589 133 1 13¢ 20 7 Negative
AP 34807 136 18 1 102 1 7 Posiive
Deoxyguanosine 268.1 431 93 1 168 56 7 Postive
Deoxyguanosine SMP (') 34807 152 358 1 8 8 7 Posive
Guanine (') 152 135 146 1 107 1 7 Posiive
Guanosine SMP 364 152 086 1 87 8 7 Postive
Hypoxanthine 13705 551 2 1 109 %@ 7 Posiive
Inosine 269.09 137 73 1 7 4 7 Posiive
Inosine SMP 349.06 187 208 1 72 4 7 Positive
Inosine SCP () 427 1589 12 2 119 2 7 Negative
Rboso 5P 23102 9.1 067 1 100 15 7 Negativo
Xanthing 153 110 254 1 %2 6 7 Posiive
Xanthosine 2851 153 76 2 65 4 7 Postive
Myoinositol 179.05 87 075 1 102 1 7 Negative
N-Acetyl-Asp-Glut 3054 148 29 1 70 4 7 Positive
N-Acetyl-Asp acid () 174 8 1.49 1 s 2 7 Posiive
Pheniaanine-"%C (standard)  167.09 1201 59 2 70 8 7 Posiive

Of the initial 53 metabolites included in and optimized for the analysis, 16 (marked by *) were finally excluded because they were absent after the extraction method was appled. So the final analyzed panel was
sed of 37 metabolites.
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Case  Agely)  Gender  Post-mortemdelay  Cause of death Entorhinal cortex Hippocampus Frontal cortex

(n=11) n=9) n=11)
1 43 Male 4h35min Respiratory failure x
2 43 Male 5h 55 min Multiorgan failure x
3 a7 Male 4 h 55 min Cardiac arrest X
4 48 Female  4h Respiratory failure x
5 50 Male 17 h 15 min Cardiac arrest x
6 52 Male 4h04min Myocardial infarction x
7 52 Male 4h40min Broncho-pneumonia x
8 53 Male 7h25min Heart failure x
9 54 Female 14 h 25 min Bilateral pneumonia X x
10 54 Male 10h 35 min Pneumonia x x
1" 56 Male 3h 45 min Renal failure x x x
12 56 Male 8h50min Myocardial infarction x x
13 57 Male 20 h 30 min Respiratory failure x x
14 58 Male 3h10min Massive intestinal ischaemia x x
15 58 Male ah Respiratory failure x
16 58 Male 8h 05 min Pneumonia x
17 59 Male 4h15min Multiorgan failure x
18 61 Male 3h55min Multiorgan failure x x
19 64 Female  5h Heart failure x
20 66 Female  4h15min Respiratory failure x x
Mean post-mortem delay (in hours) 9.01 £ 1.81 8.61+1.94 4.76 + 0.324
Mean age* (in years) 56,36+ 1.26 57.00+0.76 53.72 +2.41

*Values are expressed as mean  SEM. Non-significant differences were observed for the variable ‘age’ between regions. Non-significant differences were observed for
‘post-mortem delay’ between regions, with the exception of the comparison entorhinal cortex vs frontal cortex (#p = 0.048).
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DATASET Number Number of correlated genes*
of samples. hASH1 MYCN

Negative Positive Negative ~Positive

Versteeg 88 103 366 1050 1148
Asgharzadeh 249 574 1355 3456 2405
Kocak 649 4528 4655 5896 5732

*A cutoff of p < 0.01 was used.
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Global cognition

MMSE

Speed processing and attention
Digit symbol substitution
Executive function

Trail making number sequencing
Trail making number-letter switching
Stroop-inhibition
Stoop-inhibition/switching
Verbal fluency-letter

Verbal fluency-category
Working memory

Digit span

Spatial span

Episodic memory
RCFT-Immediate recall
RCFT-Delayed recall
VPA-Immediate recall
VPA-Delayed recall
LM-Immediate recall
LM-Delayed recall

Young

29.9+0.3

11.4+£25

126 +£1.7
120+ 1.4
121+£25
105+ 29
10.1£29
12.7 £ 341

92+26
11.8+33

61.3+15.4
62.2 +10.7
123+ 25
121 +£1.0
149+ 20
159+1.8

Older

29.4+0.9

10.9+ 2.3

11.0+£ 3.3
10.4 +£ 3.0
106 £2.7
104+ 2.3

9.9+33
11.6+£29

7.9+ 3.0
11.4+28

67.3+12.8
69.0+ 11.8
124+ 3.3
127+ 26
132+ 3.0
140+£27

p-value

0.061

0.875

0.247
0.226
0.096
0.999
0.968
0.397

0.555
0.666

0.005

<0.001

0.437
0.017
0.289
0.170

*Results corrected for age and education. MMSE, mini-mental state examination;
RCFT, Rey complex figure test; VPA, verbal paired associates; LM, logical memory.
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Fasting period Plasma Utilization Synthesis Metabolic clearance  Urinary excretion
ketones (mM) in)  (umol/kg/mi i i
Healthy adults 12-16 B 0.1-0.3* 35 25 18 ND
3 days® 25 ND 10 ND 4
Healthy adults -+ 30 min exercise 16 hBE 0.2-0.4 6 6 21 ND
3-5 days®EF 4-5 20 22 4-6 ND

*Mean values extracted from the references indicated. ND, no data available. AHall et al., 1984; BFery and Balasse, 1983; CAvogaro et al., 1990; PGarber et al., 1974;
EFery and Balasse, 1986; " Balasse et al., 1978.
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Acute studies in healthy adults
Controlled insuiin-induced
hypoglycemia = fasting in obesity (n = 9)

Controlled insulin-induced hypoglycemia in
healthy adults (1 = 6)

Controlled insulin-induced hypoglycemia in
healthy adults (1 = 13)

Controlled insulin-induced hypoglycemia in
type 1 diabetes (0 = 11)

Age-associated cognitive decline
Mild cognitive impairment (n = 23)
Mid-moderate AD (n = 20)

Mid-moderate AD (n = 77)

Severe AD (1 = 1)

Treatment

Treatment: 2 h insulin infusion + 60 days fast

Outcomes: | effect of acute severe hypoglyceia (0.5 mM in one case), including 4 mental
confusion, anxiety, sweating, tachycardia, blood pressure if fasted for 60 days before the

insulin infusion
Treatment: 4 h iv. B-HBA infusion

Dose: 30 wmol/min/kg body weight

Outcomes: | hormonal response to hypoglycemia

Treatment: & h i.v. B-HBA infusion

Dose: 20 wmol/min/kg body weight

Outcomes: | hormonal and cognitive symptoms of acute hypoglycemia
Treatment: oral MCT

Dose: 40 g in three stages (20, 10, 10 g)

Outcomes: | cognitive symptoms of acute hypoglycemia

Treatment: 6 weeks high fat ketogenic diet

Outcomes: 1 secondary memory performance

Treatment: single dose of 95% octanoate

Dose: 40 g orally

Outcomes: 1 cognitive score in Apolipoprotein E4(-) patients
Treatment: 90 days 95% octanoate

Dose: 20 g/d orally

Outcomes: t cognitive score in Apolipoprotein E4(-) patients
Treatment: 20 months MCT + coconut oil (4:3), including ketone ester
Dose: 165 ml/d orally

Outcomes: 1+ mood, affect, self-care, and cognitive and daily activities

Reference

Drenick et al., 1972

Amiel et al., 1991

Veneman et al., 1994

Page et al., 2009

Krikorian et al., 2012

Reger et al., 2004

Henderson et al.,, 2009

Newport et al., 2015
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ClinicalTrials.gov Dates Title Location Data (Enroliment)
Identifier
01716468 First received: 9/18/12 Ketogenic Diet in VA Pittsburgh Heatthcare Safety; long term tolerabilty;
Last updated: 4/9/16 Advanced Cancer System quality of ife; tumor growth/spread;
Last verified: April 2016 PL: Jocelyn Tan, MD overall and progression free survival
(17 patients)
02046187 First received: 1/17/14 Ketogenic Diet With Radiation St. Joseph's Hospital and Tolerabilty; overal survival; time
Last updated: 3/5/15 ‘and Chemotherapy for Newly Medical Center, Phoenix to progression; patient quality
Last verified: March 2015 Diagnosed Glioblastoma
PL: Adrienne C Scheck, PhD
Christopher Dardis, MD
01754350 First received: 12/14/12 Calorie-restricted, Ketogenic Johann Wolfgang Goethe Tolerabilty; progression free survival
Last updated: 3/31/15 Diet and Transient Fasting University Hospitals (6 months after re-iradiation);
Last verified: March 2015 During Reirradation for Patients  TAVARLIN (Darmstad, overall sunvival; seizure frequency;
With Recurrent Glioblastoma Germany) QOL; depression; attention
(ERGO2) (80 patients)
PL: Johannes Rieger,
PD Dr. med.
02286167 First received: 11/5/14 Giioma Mocified Atkins-based Sidney Kimmel Feasibilty of MAD; cerebral
Last updated: 11/17/14 Diet in Patients With Comprehensive Cancer glutamate and glutamine
Last verified: October 2014 Giioblastoma. Center, Johns Hopkins concentrations (MRS); dietary
PI: Jaishri O. Blakeley, MD compliance (25 patients)
01535911 First received: 2/3/12 Pilot Study of a Metabolic Michigan State University Safety/Efficacy Study CT-PET scan
Last updated: 9/8/15 Nutritional Therapy for the will be used to measure changes in
Last verified: Management of Primary Brain brain tumor size. Energy restricted
September 2015 ‘Tumors (Ketones) ketogenic diet (ERKD) newly
diagnosed GBM subjects.
01865162 First received: 5/24/13 Ketogenic Diet as Adjunctive Mid-Atiantic Epilepsy and Safety; compliance (tolerabilty);
Last updated: 11/25/14 Treatment in Refractory/End- Sleep Center, LLC. survival; time to edema requiring
Last verified: May 2013 stage Giioblastoma Multiforme:  Collaborator University of steroids (6 patients)
aPiot Study Pl: Pavel Pittsburgh
Kiein, M.D.
02302235 First received: 11/24/14 Ketogenic Diet Treatment Mid-Atiantic Epilepsy and Sunival; time
Last updated: 11/25/14 Adjunctive to Radiation and Sleep Center, LLC to recurrence; time to radiological
Last verified: Chemotherapy in Glioblastoma  Collaborator Neuroscience progression; tolerabiity
November 2014 Multforme: a Piot Study Research Foundation (42 patients)

(GBMXRT) Pl: Pavel Klein, M.D.
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Young (n = 15) Older (n = 11) Start of early onset AD* (n = 20)

Cerebral blood flow (mi/100 g/min) 53+ 54 56+3 54+3
Gerebral metabolic rate of O (I/100 g/min) 35+04 3705 34+03
Cerebral metabolic rate of glucose (mg/100 g/min) 50+08 50+03 28+03"

Kipata are mean + SD. *No brain atrophy on CT (no other measures of neuropathology available). **p < 0.05 vs. Older and Young groups.
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Mean age (y) Brain region Brain glucose hypometabolism Reference
(% difference from control)

Insulin resistant young women 25 Frontal cortex —9to-14 Castellano et al., 2015a
with PCOS Middle temporal cortex
Young adult carriers of 30 Posterior cingulate —1410 -25 Scholl et al., 2011
Presenilin-1 Parietal cortex
Temporal cortex
Young adult cariers of 31 Parietal cortex —9to 11 Reiman et al., 2004
Apolipoprotein-E4 Temporal cortex
Posterior cingulate
Prefrontal cortex
Maternal family history of AD 43 Parietal cortex —121t0 21 Mosconi et al., 2006
Temporal cortex
Hippocampus
Entorhinal cortex
Posterior cingulate
Cognitively healthy older aduts 72 Frontal cortex ~10to —18 Nugent et ., 2016

Temporal cortex
Anterior cingulate
Putamen
Thalamus
Pre-diabetic older persons 74 Temporal cortex N/A Baker et al, 2011
Parietal cortex
Posterior cingulate
Precuneus
Prefrontal cortex

N/A, not available.
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Number

Male/female

Age (years)

Body Mass Index

Blood pressure (mm Hg)
Homocysteine (LM)
Hemoglobin Atc (%)
Glucose (mMM)
Acetoacetate (jLM)
B-Hydroxybutyrate (M)

Young

30
14/16
26+4
23+3
114/69
79+15
52+0.2
49+04
162 + 129
3561 £+ 298

Older

41
15/26
71+5
26+ 4
133/79

10.1 £2.4

58+03

50+ 05

129 + 107

272 + 259

p-value

<0.001
0.001
0.001
<0.001
<0.001

Their cognitive scores are reported in Table 4 and their brain glucose and ketone

uptake in Figure 2.
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NIH-31 KD KS

Tissue Control (10) Stress (9) Control (10) Stress (10) Control (10) Stress (9)
Brain 2244003 2234001 220 £ 002 2224002 2204002 2194001
Adrenal 006 0,002 0.06 % 0.003 0.06 %004 007 0,006 006 + 0,002 006 £ 0,005
Thymus 037 £0.03 032 £0.05" 036 +0.03 032 %002 0.43 %008 035+ 008"
Spleen 089+ 004 081004 0.86 %004 083003 087005 085003
BAT 053 £ 0.03 061 £0.09 0.48 £ 0.04"H## 0.47 £ 0.02+### 0.69 & 004" 0.64 %0047
Perirenal 10.04 = 0.89 10.08 + 0.82 1211 + 097 12,97 + 1.54 16.15 4 1.36™ 13.39 + 188"
Epididymal 8:88 + 0.63" 8344 061% 840 + 0.74* 873 + 051" 1135+ 0.74 9324101
BAT (%BW) 0.11 £ 0.005 0.13 £ 0.02 0.10 + 0.01## 0.10 £ 0.005#* 0.13 £ 0.006 0.13 £ 0.09
Perienal (%BW) 208 £ 047 208:+£0.18 249 £ 047% 277 033 3124021 2634028
Epididymal (%BW) 1.80 £ 0.124 1.78 £0.1228 172 £ 0.128 1.85 £ 0.114 220 +0.10 186 +0.16

Thymus: Stress effect (o < 0.05).

Brown Adipose Tissus (BAT): Diet effect (o < 0.001), "different than NIH-31 (o < 0.05);

“Miferent than KS (o < 0.001)

Perirenal fat pad: Diet effect (o < 0.01), ""different than NIH-31 (p < 0.001).

Epiclclymal fat pad: Diet offect (b < 0.05), *dierent than KS (b < 0.05).

BAT, (%BY/): Diet effect (o < 0.05), ** different than KS (o < 0.01).

Peritenal (3BY): Diet effect (p < 0.01), different than NIH-31, "(p < 0.08), ™ (b < 0.001).; different than both NIH-31 and KS conirol groups (o < 0.05).
Epididymal (%BW): Trend for diet effect (o = 0.07), Adifferent than KS (p < 0.05).
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Diets

Ingredient

Casein
L-Cystine

Sucrose

Maltodextrin

Corn starch

Cellulose (iber)

MCT il (medium chain
triglycerides)

Flaxseed Oil

Canola Ol

Mineral mix Ca-P deficient
(79055)

Calcium phosphate dibasic
CaHPO4

Caloium carbonate CaCO3
40060 VM, TeKiad
Ethoxyquin (Liquid)
-hycroxybutyrate (BHB)
Caprylic triglyceride (CT)
Total

Protein, % of keal
Carbohydrate, % of kal
Fat, % by keal

Ketone supplements
Vitamnin mix, % of keal

keallg

NIH-31

Ketogenic
diet (KD)

grams/kg  grams/kg

210
3
200
100
369
40
o

21
19
134

73
10
o1

1,000

238

622
14

13

30

300
286

245.31
270

70

185

85

1075
14
008

1,000
22.4
05
774

12

a7

Ketone
supplementation (KS)

grams/kg

210
3
200
100
369
40
o

21
19
134

73
10

0.1

123

1,000
218
595
9.1
102
12

43
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Groups.

Body weight (q)
Food intake (g/day)
Estimated metabolic
rate (FVBW)

Glucose (mg/cl)
-hydroxybutyrate
(mM)

Open Field
Distance traveled (m)
Speed (cnvs)

Diets ()
NIH-31(20) KD (20) KS (20)
3127 £43 3211238 8160%44

27.14£06 285£05 27.7407
0.094 0004 0090001 009 +0.002

1196+£26 121.6+£378 1190432
05£008 05£002 05%005

210£06 224£06 224207
75402 8002 8002

Time Center/Total Time 0.03 % 0,005 0.03 % 0.004 0.03 % 0.004

p-value

036
028
057

0.83
099

022
0.27
072
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Baseline (wk 0-3)  Metabolism

Behavior

Stress (wk 4-8)  Behavior

Biochemistry

Organ weight at Euthanasia

Parameters

BW (wks 0-3)
Glucose fwk 1)
BHB (wk 1)
Insuiin (wk 1)
Food intake
ACTH
CORT
9% Exploration novel object (24 h (wk 3)

Passive Avoidance (wk4) 24 h
2 wks
MWM (ks 5,6) Path length
Latency
Probe
BHB
BONF
BDH1
ACAT
GLUTH
GLUT3
Body weight
Brain weight
Adrenals
Thymus
Spleen
BAT
Epididymal fat pad
Perirenal fat pad

NIH-31

Control

Stress  Control  Stress

b B
1 -
) ‘4
v +

u -
v -
- 1
- 1t

W

1 w
v v
v -
B '

DIETS

B

Control

Stress

torl(p<0.05); ttor Ly (o <007 and 11t or 1L o <0.001)

* Main effect of Diet and” Main effect of Stress.
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Reduced glucose

R

Control Ketogenic — mmp Antiseizure
diet diet effects?

Stafstrom Ketogenic diet (4.8:1) .

ctal,, 1999 SD rat for 5.6 weeks fEPSP and PS positive

Bough et Ketogenic diet (6:1) -

al.. 2006 SD rat for 20 days fEPSP positive
Kawamura  SD rat and Ketogenic diet (6:1) = ——

etal, 2014 C57BL/6 mouse for 13-18 days L

Simeone et  Kcnat-null Ketogenic diet (6:1) Spikes using altivs

al., 2015 mouse for 11-15 days multielectrode positi
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Name Function Effect on C-to-U RNA editing  Reference
ACF RNA binding (mooring sequence UGAUCAGU-AUA) and interaction with APOBEC-1 1 Mehta and Driscoll (2002)
Sowden et al. (2004)
CUGBP2  RNA binding (AU-rich elements) and ACF interaction t Anant et al. (2001)
GRY-RBP  RNA binding and interaction with AGF and APOBEG-1 1 Blanc et al. (2001)
hnRNP C1 RNA binding and interaction with APOBEC-1 1 Greeve et al. (1998)
ABBP-2 Interaction with APOBEC-1 t Lau et al. (2001)
BAG-4 Interaction with APOBEC-1 and re-routing to the perinucieolar compartment 1 Lau and Chan (2003)
AUX240 Editosome assembly 1 Schock et al. (1996)
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