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I. lnlroduction 

Metabolism under changing fuel supply is controlled by the glucose- 
fatty acid cycle. Its evolutionary prototypes were programmed to provide 
optimal resilience in the “feast and famine” lifestyle of microorganisms. The 
counterregulatory processes, activated during nutrient deprivation, include 
hypometabolism and oxidative stress and aim to preserve glucose for an- 
abolic needs and promote the oxidative utilization of fatty acids and ketone 
bodies. Conserved from bacteria to man, the program ensures the survival 
of a deprived organism and controls such divergent processes as sporula- 
tion, hibernation, and starvation. The cycle is controlled by the antagonistic 
insulin/glucocorticoid couple. In the brain, the “feast”-side is supplemented 
by gonadal hormones, insulin-like growth factors (IGFs) , dehydroepian- 
drosterone (DHEA), neuropeptide Y (NPY), neurotrophins, thyroid 
hormones, and somatostatin, together with acetylcholine, glutamate, sero- 
tonin and noradrenaline. Protagonist effecters of the dystrophic leg are glu- 
cocorticoids, galanin, GABA and amyloid-#? protein (AB) . Both systems are 
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intricately interlocked by a network of regulatory crosstalks and shared sig- 
naling pathways. 

The pattern of hormone/neurotransmitter changes in a variety of CNS 
ontogenetic and accidental/degenerative events is surprisingly uniform: de- 
sensitization/degeneration of proglucolytic agents and activation of pro- 
lipolytic hormones/neurotransmitters paralleled by hypometabolism and 
downregulation of glucose utilization. Thus, probing various brain patholo- 
gies (e.g., stroke, traumatic injury, epilepsy, Alzheimer disease) and onto- 
genetic events (maturation, aging) for metabolic stress signatures reveals 
their shared heritage as metabolic deprivation syndromes. Neurotransmit- 
ters are dual conveyors of intercellular communication (enabling affective 
and cognitive processes) and energy homeostasis, establishing a psychoso- 
matic continuum. In this holistic approach, psychosocial stress, depression, 
and psychosis can be understood as heterogeneous phenotypes of psychoso- 
cial/metabolic stress pathologies. 

II. Energy Homeostasis and the Glucose-Fatly Acid Cycle 

Energy is the motor of life. Those organisms had a huge advantage which 
“learned” to store energy as chemical fuels during times of relative abun- 
dance to use it for energy production during times of fuel shortage. Or- 
ganisms as early as at the unicellular level have succeeded in taking advan- 
tage of the chemical properties of fuel substrates and particularly the most 
important ones, glucose and fatty acids. Glucose is relatively rich in poten- 
tial energy (although already partly oxidized), highly soluble in water and 
hence when energy demand suddenly increases can easily be released from 
its stores and even yields energy when sufficient oxygen is not available 
(by anaerobic glycolysis). Fatty acids (FA) are a particularly energy-dense 
storage fuel with, relative to glucose, a more than twice as high energy yield 
upon complete oxidation. However, because of their bad solubility in water 
and relative inertness of the C-C bonds, FA are not as readily mobilized and 
rapidly oxidizable. Thus, glucose is predestined as abundance fuel, allowing 
an active life style while FA are the optimal storage fuel which is mobilized 
during deprivation. Given the central role of fuel combustion for energy 
homeostasis, the metazoan cell has evolved an intricate homeostatic system 
to sense and adapt to varying fuel supplies. This system has been described 
as the reciprocal glucose-fatty acid cycle almost 40 years ago (reviewed by 
Randle, 1998; Ruderman et aZ., 1999). Glucose provision promotes glucose 
oxidation, glucose and lipid storage, and inhibits FA oxidation. Supply of 
FA enhances FA oxidation, lipid and glucose storage, and inhibits glucose 
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oxidation. In addition to supply, perceived or anticipated conditions of in- 
creased energy demand due to stressful events activate the regulatory agents 
of the glucose-FA cycle, hormones, and neurotransmitters. These counter- 
regulatory events are exerted and intricately tuned at a variety of levels with 
the main regulation at the level of carnitine palmitoyl transferase I (CPT-I) 
and the pyruvate dehydrogenase complex (PDH) . CPT-I controls the oxida- 
tion of fatty acids by regulating their transfer into mitochondria. PDH cat- 
alyzes the irreversible oxidative decarboxylation of pyruvate to acetyl-CoA. 
Glucose oxidation increases acetyl-CoA and citrate which activate acetyl-CoA 
carboxylase to form malonyl-CoA, an intermediate of the FA biosynthetic 
pathway and allosteric inhibitor of CPT-I. On the other hand, FA oxidation 
lowers PDH activity mediated by increased PDH kinase activity (Kelley et al., 
1993; Randle, 1998) followed by insulin resistance (Kim et cd., 1996). The 
latter control is exerted both at the systemic and Langerhans islet cell level 
following for instance high fat feeding, obesity, and starvation (Zhou et al., 
1996). AMP-activated protein kinase and malonyl CoA may be integrating 
interfaces of these metabolic pathways (Ruderman et al., 1997,1999; Winder 
and Hardie, 1999). Thus, both nutrients and a variety of stressors modulate 
the glucose-FA cycle (Chatelain et cd., 1996). 

III. The Evolutionary Roots of he Glucose-FA Cycle 

Too small to accumulate substantial energy depots during phases of 
nutrient surfeit, microbial populations enter stationary phases when fac- 
ing nutrient shortage. The characteristic pattern of metabolic adaptations 
to deprivation was established as early as in stationary phase bacteria and 
protozoa: hypometabolism and downregulation of oxidative respiration, up- 
regulation of glycogen synthesis, and storage and oxidation of lipids from 
endogenous polyhydroxybutyrate/alkanoate reserves, membranes, and ex- 
ogenous sources (Heininger, 2001). Thus, the cell takes advantage of the 
higher energy yield from FA B-oxidation. Glucose, on the other hand, the 
precursor of amino acids and nucleotides, is saved for anabolic purposes 
(Heininger, 2000b). These adaptations subserve the dual purpose to reduce 
the generation of toxic oxygen species and to minimize the utilization of 
endogenous reserves. Dependent on fuel supply, these adaptive responses 
are subject to repression/derepression cycles. Catabolite repression is a com- 
mon feature of prokaryote and protist metabolic regulation and deprivation 
responses and is highly coordinated by regulons (Heininger, 2001). The 
somatic storage of fuels during phases of food abundance represented a 
metazoan evolutionary breakthrough. Multicellular organisms evolved cells 
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which are specialized to store energy-rich fuels, particularly triglycerides, 
during phases of nutrient excess which can be mobilized and catabolized 
during shortage, boosting the organisms’ energetic stress-related fitness. 
The glucose-FA cycle (Randle, 1998) can be regarded as a metazoan elab- 
oration of the unicellular catabolite repression/derepression regulation 
(Heininger, 2001). 

Recently, I defined a deprivation syndrome which is a universal response 
pattern to environmental stress and has been programmed as prototypic re- 
sponse of organisms to metabolic stress (Heininger, 2001). These processes 
evolved in unicellular organisms and serve to either resist or mutagenically 
adapt to environmental stressors and in a consecutive step were developed 
as key mechanisms of differentiation, apoptosis, and reproductive behavior. 
These mechanisms have been fixed and programmed as life- and cell-cycle 
events in multicellular organisms and constitute the core of sexual repro- 
duction and ontogenetic and oncogenetic events. For instance, differentia- 
tion events were programmed as responses, e.g., to nutrient shortage, and 
served to ensure the survival of extremely resilient germ-like cells as spores. 
The building blocks and nutrients to fuel this complex metamorphosis, 
however, are depleted in the environment and hence, have to be provided 
by dead siblings (Heininger, 2001). Thus, the differentiating spores inflict 
death upon their kin ensuring the provision of resources in the deprived 
habitat. For instance in Dictyostelium, a social amoeba, the prespores secrete 
so-called morphogens that kill prestalk cells. These processes were program- 
matically fixed as life- and cell-cycle events but retained their deprivation 
response phenotypes. Particularly, ontogenetic events, including aging, un- 
wind under a variety of metabolic features which suggest that induced by 
hormones and mediated by stress transduction pathways the cells experi- 
ence hypometabolic or energetic stress-like states (Heininger, 2001, 2002). 

Hormones are conveyors of energetic/metabolic informations thus re- 
placing in the metazoan organism the environmental signals to which mi- 
croorganisms respond (Tomkins, 1975, Heininger, 1999a). The control of 
energy balance at the systemic level and the cellular adaptation to the 
changing fuel supply are primarily mediated by the reciprocal insulin/ 
glucocorticosteroid (GC) systems (Dallman et al., 1995; Schwartz et aZ., 1999; 
Saltiel and Kahn, 2001) and modulated by the thyroid system (Ingenbleek 
and Bernstein, 1999). This hormonal regulation is complemented by the 
neurotransmitter system, particularly the dual acetylcholine/catecholamine 
system (Bahnsen et al., 1984; Heininger, 2000b). In principle, the eutrophic, 
proglucolytic insulin/acetylcholine is opposed by the dystrophic, prolipoly- 
tic GC/catecholamine system. Both animals and plants resort to FA oxida- 
tion following glucose starvation (Heininger, 2000b). In addition, as fixed 
in microorganisms, the adaptive mechanism to a variety of environmental 
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stressors is hypometabolism like in hibernation, estivation, and anaerobiosis 
of amphibians, insects, reptiles, and mammals (Heininger, 2000b). Animals 
living in a wide variety of deprived habitats, e.g., deserts or caves, exhibit a 
reduced metabolic rate (Parsons, 1993), as is also observed under caloric 
restriction (Heininger, 2002). The deprivation response is part of a phylo- 
genetically primordial system which aims at energy conservation and stress 
resistance in adverse conditions, preparing the organism for sporulation 
(e.g., in bacteria and fungi), cold adaptation (e.g., in fish), and hibernation 
(e.g., in reptiles and mammals) (Heininger, 2000b, 2001). 

IV. The Regulation of Bmin Energy Homeostasis 

The brain is the metabolically most active organ and is therefore highly 
dependent on a continuous supply of its fuel. To meet its very high energy 
demands, the brain (around l/40 of the body weight) possesses a relatively 
high blood flow and glucose consumption equal in amount to about one- 
fifth of the entire resting requirements of the body. In mammals, the regu- 
lation of fuel metabolism is regulated principally to serve the needs of brain 
and muscle, the major consumers of fuel. The adult mammalian brain relies 
almost completely on glucose as energy source while ketone bodies (KB) 
are preferentially directed toward lipid synthesis (Roeder et al., 1982; Yeh, 
1984). The KB consist of acetoacetate, 3hydroxybutyrate, and acetone. In 
nonruminant mammals, the liver is the only significant site of KB formation 
through fatty acid B-oxidation. Cultured astrocytes, however, may produce 
KB at rates similar to those of hepatocytes and like hepatocytes appear to be 
ketogenic cells (Blazquez et al., 1998; Guzman and Blazquez, 2001). After 
entering the blood, KB are oxidized in extrahepatic tissues, under particular 
circumstances also the brain, by mitochondrial enzymes to form acetyl-CoA, 
the substrate of the tricarboxylic acid (TCA) cycle. Glycolysis not only meets 
the brain’s constant need for fuel but also provides the substrate for an- 
abolic processes, namely pyruvate which via the TCA cycle and anaplerotic 
pathways is the source for a variety of amino acids and neurotransmitters 
such as GABA and glutamate, and for acetyl-CoA which is used for lipid and 
acetylcholine (ACh) synthesis. 

Evidence is accumulating that brain metabolism is compartmentalized 
(reviewed by Magistretti et al, 1995; Pellerin et al, 1998b). Glucose is pre- 
dominantly taken up by specialized processes, the astrocytic end feet which 
surround brain capillaries. Other astrocytic processes ensheath synapses 
and express receptors and transporters for various neurotransmitters to 

sense synaptic activity. Neuronal activity increases the demand for energy. 
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Glutamate, released by neuronal activity, is taken up by and stimulates gly- 
colysis and glycogenolysis in astrocytes (Pellerin and Magistretti, 1994; Fray 
et al., 1996; Hu and Wilson, 1997; Pellerin et al., 199813). There, glucose is 
metabolized to lactate which, together with glucose, is then released into 
the extracellular space and avidly taken up by neurons to be used as sub- 
strate for oxidative phosphorylation (Dringen et al., 1993; McKenna et al., 

1993). When glucose becomes scarce, astrocytes appear to supply in situ gen- 
erated ketone bodies (Guzman and Blazquez, 2001). The higher reliance 
of neurons on oxidative combustion that, on one hand, yields much more 
ATP, but on the other hand, carries the hazard of increased oxidative stress 
(Brand and Hermfisse, 1997), may account for the enhanced vulnerability 
of neurons (Almeida et al., 2001). 

With some abstraction, two largely interlocked systems regulate the 
metabolic homeostasis of the brain: an abundance system, active in con- 
ditions of abundant glucose supply and a deprivation system aiming to 
minimize the sequelae of glucose deprivation. The former is set up by the 
neurotrophins, thyroid hormones, estrogens, insulin, IGFs, DHEA, vasoac- 
tive intestinal peptide (VIP) (Heininger, 1999a), ACh, noradrenaline (NA), 
serotonin (5-HT), and glutamate, the latter depends on GC, galanin, and 
GABA (Heininger, 2000b). In principle, the agents synergize within their 
system and antagonize the agents of the other system on a multitude of 
levels. 

A. NEUROTRANSMIT-TER~ 

Neurotransmitters evolved at least 1 billion years ago, before the evolu- 
tion of multicellular organisms, and hence all the classical neurotransmitters 
occur in virtually all phyla (Walker et aZ., 1996). The archaic role of neuro- 
transmitters was to regulate cellular energy metabolism. Neurotransmitters 
are either amino acids or amino acid metabolites and their trophic role may 
have evolved from their capacity to act in primitive cells as signals for envi- 
ronmental nutrient availability (Tomkins, 1975). Very early, probably at least 
800 million years ago, transmitters developed the ability to regulate a range 
of ion channels via their receptors (Venter et aZ., 1988; Walker et aZ., 1996). 
Recent evidence even suggests that this evolutionary achievement may have 
occurred at the level of prokaryotes, at least 1.5-1.8 billion years ago (Chen 
et aZ., 1999; Miller, 2000). With the advent of multicellular organisms some 
700 million years ago, this system enabled intercellular communication. 
Neurotransmitters were the primordial growth regulatory signals, control- 
ling mitosis, proliferation, differentiation, cell motility, and metamorphosis 
(Lauder, 1993; Turlejski, 1996; Fanburg and Lee, 1997). This is still their 
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principal function in the entire metazoan body via the parasympathetic, 
sympathetic, and serotonergic systems providing short-term adaptations in 
adjunct to long-term hormonal control. Thus, long before evolution could 
elaborate their sophisticated roles in perception, affect and cognition, neu- 
rotransmitters, by controlling the ion homeostasis of cells, regulated the en- 
ergy homeostasis of cells and controlled the flow of fuels in an integrated, in- 
teractive network. For instance, the simple nervous system of the nematode 
Cuenorhabditis ehguns already exhibits highly complex transmitter circuits 
encompassing all classical neurotransmitters (identified in 166 of the 302 
neurons), of which, however, only ACh is vital (reviewed by Brownlee and 
Fair-weather, 1999). Intriguingly, cholinergic agonists mediate recovery from 
diapause (a state of metabolic dormancy in response to harsh environmental 
conditions) to the reproductive stage in nematodes by metabotropic signal- 
ing via the insulin-like transduction pathway (Tissenbaum et al., 2000). Like- 
wise, serotonin acts, at least in part, via insulin-like pathways to regulate the 
sensation and ingestion of food and in the control of metabolism (Sze et al., 
2000). Since each signal transmission is associated with the consumption of 
energy, it would make sense from an evolutionary point of view as a type 
of preadaptation in the Darwinian sense, that it was their nutrient-signaling 
and metabolism-controlling capacity which qualified these agents as neuro- 
transmitters. This may be another evolutionary application of the principle 
that the agent which causes energy consumption should carry the signal that 
ensures that this energy is provided. This principle also rules mitochondrial 
stimulus-response-metabolism coupling (McCormack and Denton, 1986) by 
which Ca2+ as a signal adapts the supply of high-energy phosphates to the 
stimulus-evoked energy demand (Heininger, 1999a). It should be stressed 
that each neurotransmitter elicits or inhibits the movement of Ca2+ across 
biological membranes through direct or indirect modulation of Ca*+ chan- 
nels. In the hierarchic system of homeostatic control, neurotransmitters and 
the later evolved hormones collectively can be regarded as a higher level of 
“environmental” signals regulating the primordial cellular messenger net- 
work consisting of phosphates, Ca2+ and the redox balance. In addition, 
by modulating both neuronal activity and vascular tone, neurotransmitters 
constitute the coupling mechanism between cerebral metabolism and blood 
flow (see Edvinsson et al., 1993) thus balancing demand and supply. In 
fact, by regulating the cellular ion homeostasis neurotransmitters are the 
short-term life-sustaining system, controlling blood and fuel flow inside and 
outside the brain. 

Here only general principles of the role of neurotransmitters in the reg- 
ulation of cerebral blood flow (CBF) and metabolism can be delineated 
without dwelling in detail upon the complexity in terms of multiple recep- 
tor subclass-mediated and brain area-specific effects (for further reading 
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the book by Edvinsson et al., 1993 is recommended). A dense network of 
cholinergic, noradrenergic, dopaminergic, serotonergic, and GABAergic 
nerve fibers invests the cerebral blood vessels in all mammals. Together 
with perivascular astrocytes, nerve fibers and microvessels form a tripartite 
functional unit (Vaucher et al., 199’7) whose integrating signals, coupling 
supply to demand, are intercellular Ca2+ waves (Braet et al., 2001). Un- 
der physiological conditions, CBF and glucose utilization (GU) are tightly 
coupled, neuronal activity and hence metabolic demand being the driv- 
ing force (Edvinsson et al., 1993; Leuchter et al., 1999). This tight coupling 
may be loosened during activation when glucose uptake is more increased 
than oxygen uptake and CBF (Madsen et al, 1998). Furthermore, with glu- 
cose deprivation the brain has to utilize alternative energy sources as dis- 
cussed above. Maintaining the coupling under these circumstances would 
lead to detrimental consequences. Accordingly, CBF and glucose consump- 
tion have to be regulated, at least in part, independently. Neurotransmitters, 
neuropeptides, and hormones have a role in this regulation and may have 
independent effects on CBF and GU (Edvinsson et al., 1993). However, the 
effort to outline these differential effects faces a wealth of conflicting find- 
ings obtained in awake and anesthetized animals (Edvinsson et al., 1993). 
These discrepancies may be reconciled by taking into account that during 
anaesthesia resting brain glucose metabolism is reduced by pharmacological 
means (Sokoloff et al., 197’7; Crane et al, 19’78; Shulman et al., 1999)) adding 
another dimension to the complexity of neurotransmitter-induced effects 
on CBF and GU. Thus, anesthesia may suppress coupled neurotransmitter- 
related effects on GU and CBF (e.g., of nicotine, Bedran de Castro et al., 
1984) while discordant effects on CBF and GU may be unmasked (e.g., of 
GABA, Edvinsson et al., 1980). A coherent picture emerges by comparison 
of data obtained in awake and anesthetized animals. 

The choline@ system has profound effects on CBF (reviewed by Sato 
and Sato, 1992; Vaucher et al., 1997) and GU. The morphological substrate 
is formed by intimate neurovascular associations of basalocortical cholin- 
ergic fibers (Vaucher et al, 1997). Cortical CBF is increased by electrical 
stimulation of the substantia innominata (SI), i.e., the rodent equivalent 
of the nucleus basalis Meynert (Biesold et al., 1989; Lacombe et al., 1989; 
Dauphin et al, 1991), or by microinjection of an ACh agonist into the SI 
(Barbelivien et al., 1995). The effects are mediated by cholinergic path- 
ways (Biesold et al., 1989; Kurosawa et al., 1989; Dauphin et al., 1991) and 
are elicited by muscarinic agonists and blocked by muscarinic antagonists 
(reviewed by Edvinsson et aZ., 1993). Increase of CBF following cortical neu- 
ronal activity is abolished by inhibition of cortical ACh synthesis (Fukuyama 
et al., 1996) and a muscarinic antagonist (Tsukada et al., 1997). The effects 
are achieved either directly by cholinergic relaxation of vessels (Kuschinsky 
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et aZ., 1974, Furchgott and Zawadzki, 1980; Marshall et aZ., 1988) and/or via 
mediation of nitric oxide (NO)-containing neurons (Marshall et aZ., 1988; 
Vaucher et aZ., 1997). In humans, muscarinic inhibition attenuated memory- 
task-induced regional CBF increases (Grasby et uZ., 1995). 

GU is largely dependent on cholinergic transmission. Lesion of the basal 
forebrain impairs GU in the cerebral cortices (Orzi et uZ., 1988; Ogawa et al., 

1996). Intriguingly, the initial decline of CBF is less pronounced, leading 
to an uncoupling of GU and CBF (Ogawa et aZ., 1996). GU is increased by 
cholinesterase inhibitors in rodent brain slices (Peterson, 1990). In rats, ac- 
tivation of central muscarinergic neurotransmission also enhanced cerebral 
GU, glycogenolysis, the activity of glycogenolytic enzymes, and lactate pro- 
duction (von Schwarzenfeld et al., 1975; Husain and Ansari, 1988). Lowest 
doses were effective to increase GU in the hippocampus and median raphe, 
while higher doses of a muscarinic agonist led to a generalized metabolic 
enhancement (Soncrant et uZ., 1985). Electrical stimulation of the medial 
septum increased GU in the terminal fields of the septohippocampal path- 
way while ablation of this projection reduced hippocampal GU (Harrell and 
Davis, 1985). The proglycolytic actions of muscarinergic signaling pathways 
may be causally involved in their anti-apoptotic effects (Leloup et al., 2000). 

Septohippocampal and hippocampal-hypothalamic cholinergic fibers are 
also involved in the CNS-mediated systemic glucoregulation. Injection of 
cholinergic agonists into the hippocampus, hypothalamus, and third ven- 
tricle induces systemic hyperglycemia and hepatic gluconeogenesis which 
is suppressed by muscarinic antagonists (Nonogaki and Iguchi, 1997). Hy- 
pothalamic cholinergic afferents also mediate the hyperglycemia elicited by 
neuronal glycopenia after 2deoxyglucose (Takahashi et uZ., 1996). Finally, 
muscarinic agonists promote /?-cell insulin release and thus delivery of glu- 
cose to the tissues (Miller, 1981). 

Cholinergic nicotinic receptors regulate brain CBF and glucose 
metabolism on a variety of levels. Regional CBF is increased by nicotine 
in conscious rats (Grunwald et uZ., 1991). Since this finding was also ob 
tained in anaesthetized animals, it indicates that this effect is independent 
of a concomitant effect on GU (Uchida et uZ., 1997). In distinct brain areas, 
nicotinic agonists increase GU (Griinwald et al., 1988; London et al, 1988; 
Duelli et uZ., 1998)) cerebral glucose transporter densities (Duelli et uZ., 1998)) 

and expression of the glycolytic enzyme glyceraldehyde-S-phosphate dehy- 
drogenase (Prendergast and Buccafusco, 1998). In humans, a nicotinic 
antagonist produces a temporoparietal perfusion deficit (Gitelman and 
Prohovnik, 1992). Nicotinic agonists induce via nicotinic autoreceptors the 
cortical and hippocampal release of ACh and thus may also act by poten- 
tiating muscarinic transmission (Beani et al., 1985; De Sarno and Giacobini, 
1989). Nicotine also enhances choroid plexus transthyretin secretion 
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(Li et al., 2000) and thus the cerebral delivery of proglycolytic thyroid hor- 
mones (see Heininger, 1999a). Importantly, the nicotinic system inhibits 
lipolysis and reduces plasma KB concentrations (Mayor et UC, 1967; Ammon 
et al., 1969). 

Glucose and cholinergic nemotransmission establish a mutually aug- 
mentative cycle. Glucose enhances cognition and various cholinergic func- 
tions. Glucose attenuates the amnesia induced by insulin-induced hypo- 
glycemia, scopolamine, a muscarinic receptor antagonist, or intraseptal 
morphine injections; it enhances choline uptake, ACh synthesis, and 
learning-induced ACh release (Lefresne et al., 1973; Kopf and Baratti, 1995; 
Micheau et al., 1995; Ragozzino et al., 1996). The memory-improving actions 
of glucose are blocked by central muscarinic and nicotinic antagonists and 
facilitated by a cholinomimetic agent (Kopf and Baratti, 1996). 

Both central and sympathetic adrenergicnerves innervate cerebral vessels. 
It appears that sympathetic fibers supply cerebral arterioles and that central 
adrenergic fibers are associated with microvessels (Edvinsson et aZ., 1993). 
NA is the mediator of stress and attentional responses in the CNS (reviewed 
by Stratakis and Chrousos, 1995) and as such also regulates CBF and energy 
metabolism during stress and neuronal activation (Bryan, 1990). Although 
a plethora of studies has been done about the sympathetic regulation of 
CBF (reviewed by Edvinsson et al., 1993) only little attention has been paid 
to its cerebral catecholaminergic regulation. Intracerebral noradrenergic 
pathways appear to have little or no effect on resting CBF (Dahlgren et aZ., 

1981; Edvinsson et al., 1993). Intracerebral NA depletion, however, abol- 
ishes the increase of CBF following neuronal activity (Harik et ab, 1979; 
Tsubokawa et al., 1980) and attenuates metabolic recovery (LaManna et al., 

1981). Lesion of the locus coeruleus (LC) , the primary source of noradren- 
ergic projections, has little effect on basal GU (Savaki et al., 1984), but in- 
creases the area of stimulated GU during stress or neuronal activation (Craik 
et aZ., 1987; Justice et aZ., 1989) indicating that NA acts during stress to limit 
unnecessary activity and to focus on relevant stimuli and appropriate coping 
responses. Blockade of Cal and 2-adrenoceptors or LC lesion significantly 
reduces GU and oxidative metabolism in the active state in LC projection 
areas (LaManna et al., 1981; Inoue et al., 1991; French et al., 1995). At the 
cellular level, NA stimulates glucose uptake by and glycogen metabolism in 
astrocytes and thus activates the glial-neuronal glucose and lactate shuttle 
(reviewed by Magistretti et aZ., 1995; Fillenz et al., 1999). Long-term effects 
on astrocyte glucose uptake may be mediated by NA-elicited arachidonic 
acid release (Yu et al., 1993). At the hypothalamic level a*-adrenoceptor 
agonists induce a systemic hyperglycemia (Smythe and Edwards, 1991). 

Central ascending serotonergic (5-HT) pathways from the raphe nuclei in- 
vest pial vessels in various brain regions and 5-HT may also be released from 
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adrenergic vasomotor fibers as “false” transmitter along with NA (Edvinsson 
et al., 1993). In vitro, 5-HT induces concentration-dependent contractions 
of cerebral arteries (Edvinsson et al., 1993; Cohen et aZ., 1996). Stimulation 
of the dorsal raphe nucleus elicits a decrease of CBF in anesthetized rats 
(Bonvento et al., 1989) and an increase of CBF in conscious rats (Cudennec 
et aZ., 1993) suggesting that the effects on CBF are coupled to GU in a com- 
plex way. Central 5-HT projections have only minimal tonic influence on 
cerebral GU as evidenced by raphe nucleus lesions (Cudennec et al., 1988a). 
In contrast, stimulation of the raphe nucleus elicits a widespread increase 
of GU in neocortical areas and the limbic and extrapyramidal system of 
conscious (Cudennec et al., 1988b) and anesthetized rats (Bonvento et al., 
1991). A comparison of central 5-HT-mediated effects on CBF and GU re- 
vealed a general modification of the flow-metabolism coupling (Cudennec 
et aZ., 1993). In humans, 5-HT activation appears to elicit hemispheric lat- 
eralized increases of GU in the left parietotemporal and prefrontal cortices 
(Mann et al., 1996). At the cellular level, 5-HT activates astroglial glycogenol- 
ysis by mechanisms which may involve 5-HTic and 5-HTs* receptors (Zhang 
et aZ., 1993; Magistretti et al., 1995; Poblete and Azmitia, 1995). The raphe 
nuclei also elicit a systemic hyperglycemia upon stimulation which is me- 
diated by the sympathetic adrenal system (Lin and Shian, 1991). 

Cerebral blood vessels are not innervated by glutamate@ nerve fibers. 
Glutamate, however, exerts its essential effects on GU at the cellular level. 
Glutamate released during neuronal activity is taken up by astrocytes and 
there activates glucose metabolism and lactate release (Pellerin and Mag- 
istretti, 1994; Fray et aZ., 1996). Thus, cerebral GU is coupled very closely 
to glutamate neurotransmitter cycling between neurons and astrocytes and 
reflects synaptic glutamatergic activity (Sibson et al., 1998). In a closed feed- 
back loop, virtually all brain glutamate appears to be derived from glucose in 
healthy human brain (Gruetter et al., 1994). Glutamate-associated Ca2+ in- 
flux activates neuronal NO synthase and subsequent NO release (Garthwaite 
et aZ., 1988, 1989; Bredt and Snyder, 1989, 1990). Hence, the coupling of 
glutamate-elicited GU and CBF may be accomplished by NO, the principal 
regulator of blood vessel relaxation, maintainer of blood pressure, and me- 
diator of activation-flow coupling (Ignarro et aZ., 1987; Palmer et al., 1987; 
Greenberg et aZ., 1999). 

The pattern of changes elicited by GABA agonists in conscious and anes- 
thetized rats suggests a vasodilatatory, CBF-increasing, and glucose 
metabolism-depressant effect. In vitro, GABArelaxes arterial bloodvesselsvia 
GABAA receptors (Fujiwara et aZ., 1975; Edvinsson and Krause, 1979; Anwar 
and Mason, 1982) and presumably presynaptically via GABAs receptors on 
sympathetic fibers (Anwar and Mason, 1982). In anesthesia, GABA* ago- 
nists decrease cerebral glucose uptake (Gjedde and Rasmussen, 1980) and 
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metabolism (Crane et aZ., 1978) and increase local blood flow (Edvinsson 
et aZ., 1980). In awake animals and man, however, they also reduce GU which, 
due to the coupling, leads to a decreased CBF (Kelly and McCulloch, 1983; 
Roland and Friberg, 1988; Kelly et al., 1989). Thus, GABAergic agonists, 
e.g., diazepam and phenobarbital, reduce cerebral GU, an effect which is 
antagonized by a GABA antagonist (Ableitner et al., 1985; Hodes et al., 1985; 
Laurie and Pratt, 1989). Intraseptal muscimol, a GABAergic agonist, induces 
memory impairments which could be attenuated by hippocampal but not by 
intraseptal glucose injections (Parent et aZ., 1997). Human PET data demon- 
strate a decrease of GU during barbiturate medication and an increase of 
GU after drug withdrawal (Theodore et al., 1986). Data on the effect of 
GABA on KB utilization is scarce. Chronic GABA agonists, e.g., phenobar- 
bital or diazepam shift the cerebral energy metabolism in favor of KB in 
the developing rat while decreasing brain GU (Pereira de Vasconcelos et al., 
1987,199O; Schroeder et aZ., 1991,1994,1995). Similar to the metabolic links 
between glucose and ACh (see above), the KB-GABA couple also sets up a 
mutual metabolic/regulatory loop (Erecinska et al., 1996; Daikhin and tid- 
koff, 1998). This synergistic feedback loop may operate at the hypothalamic- 
pituitary level as well (Elias et aZ., 2000). These features predispose GABA as 
the main mediator of metabolic depression in adverse conditions (Nilsson 
and Lutz, 1993). Gammahydro@utyrate, a GABA catabolite, may assist the 
GABAergic system in the depression of energy utilization (Mamelak, 1989; 
Cash, 1994). Moreover, kynuwnate, an endogenous broad-spectrum gluta- 
mate receptor antagonist (reviewed by Moroni, 1999; Sun and Cheng, 1999)) 
is regulated by fuel supply and energy demand (Hodgkins and Schwartz, 
1998). Reduction of energy demand increases kynurenic acid production 
while increased energy metabolism reduces kynurenate production. As ex- 
citatory amino acid receptor antagonist, kynurenate decreases CBF and GU 
in conditions of metabolic stress (Hovda et al., 1990; Kawamata et al., 1992; 
Iadecola et aZ., 1996) and thus exerts its neuroprotective effects (Moroni, 
1999; Sun and Cheng, 1999). Region- and receptor subtype, specifically 
dopamine, may control GU in the limbic system (Meguro et aZ., 1997; Levant 
et aZ., 1998; Conti et aZ., 2001). 

Importantly, there is a profound cross-talk between GU-enhancing neu- 
rotransmitters which form a complex, mutually reinforcing network. Impact 
of these cooperations on behavior, neurotransmitter balances, and neuronal 
activity have been investigated (Dringenberg, 2000). Their consequences 
for GU and CBF, however, have not yet been addressed experimentally but 
due to the activity-metabolism coupling concurrent effects can be expected. 
So far, only bilateral interactions have been studied. Multilateral relations 
are expected to add another dimension of complexity to these interactions. 
Overall, the basically reinforcing nature of the interactions is evidenced by 
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the additive or potentiated impairment of memory performance elicited 
by dual inhibitions. Although, inhibitory interactions have been reported 
as well which may serve to protect against overstimulation. This coopera- 
tive network is antagonized by GABA and kynurenate on multiple levels. A 
detailed presentation of this network goes beyond the scope of this paper 
but is given elsewhere (Heininger, 2000b). The role of neurotransmitters in 
the regulation of CNS glucose supply is also reflected by the effects of cen- 
tral neural mechanism on hepatic glucose metabolism and disposal. While 
activation of central cholinergic, noradrenergic, and serotonergic neurons 
rapidly increases hepatic output via the sympathetic nervous system, the 
GABAergic system is inhibitory on these pathways (reviewed by Nonogaki 
and Iguchi, 1997). 

B. HORMONES 

In the last 15 years our knowledge about both neuropeptides and neuro- 
hormones has been greatly expanded. It has emerged that these powerful 
substances by their autocrine, paracrine, and endocrine actions are involved 
in the regulation and modulation of neuronal development, trophism, and 
repair (Heininger, 1999a). Often coexisting with classical neurotransmit- 
ters, they participate in signaling at synaptic and nonsynaptic sites and par- 
ticularly play an important role in intercellular communication as volume 
transmission signals (Fuxe et aZ., 1994). Preferentially conferring a slow, long- 
lasting, syndromic message (Fuxe et aZ., 1994)) they modulate neuronal en- 
ergy homeostasis and excitability, regulate neurotransmitter balances, and 
drive circadian rhythms. 

Both the control of energy balance at the systemic level and the cel- 
lular adaptation to the changing fuel supply and utilization is primarily 
achieved by the insulin/GC systems (reviewed by Dallman et al, 1993,1995; 
Schwartz et al., 1999; Saltiel and Kahn, 2001) and modulated by the thy- 
roid system (Ingenbleek and Bernstein, 1999). In principle, the eutrophic 
insulin is opposed by the metabolic stress-induced, dystrophic GC system. 
In the bruin, while the general principles also apply, the control of interme- 
diary metabolism is even more complex, particularly in the regulation of 
the eutrophic system. Cellular GU and mitochondrial efficiency is ensured 
by an integrated, albeit locally heterogeneous, trophic system consisting of 
insulin/IGFs, NPY; thyroid hormones (TH), neurotrophins, estrogens (E), 
DHEA, and somatostatin (Heininger, 1999a). In short, insulin and IGF-1 up- 
regulate brain glucose transporters through independent pathways at the 
transcriptional and posttranscriptional level (Werner et aZ., 1989). Insulin 
and IGF-1 enhance astrocytic glycolysis while neurons are stimulated to 
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release factors which upregulate astrocytic lactate production (Sonnewald 
et al., 1996). IGFs appear to reduce brain blood flow resistance (Gillespie 
et aZ., 1997). Treatment with insulin and IGF-1 protects and even rescues neu- 
rons against damage induced by ischemia (Gluckman et al., 1993; Zhu and 
Auer, 1994; Johnston et aZ., 1996), glucose deprivation, and impairment of 
energy production (Mattson and Cheng, 1993). The developmental role of 
IGF-1 appears to depend on an insulin-like role in brain glucose metabolism 
(Cheng et al., 2000). NPY improves the economy of energy homeostasis, it 
increases the respiratory quotient, reduces energy expenditure, and stimu- 
lates glucose turnover (Marks and Waite, 1997). DHEA has multiple effects 
on cellular energy metabolism. It was shown to stimulate glucose uptake 
and expression of glucose transporter (Nakashima et aZ., 1995), improve 
efficiency of oxygen utilization at the tissue level (Schauer et aZ., 1990) and 
elevate mitochondrial respiration (Mohan and Cleary, 1991; McIntosh et al., 

1993). The cellular energy metabolism is augmented by estrogens via a stabi- 
lization of mitochondrial transmembrane potential and function (Mattson 
et aZ., 1997)) induction of cytochrome c oxidase (Bettini and Maggi, 1992) 
and increase of glucose transport, uptake, and utilization through induc- 
tion of key glycolytic enzymes (Nehlig et al., 1985; Kostanyan and Nazaryan, 
1992; Bishop and Simpkins, 1994). Neurotrophins enhance glucose uptake 
and utilization, increase mRNA and biochemical activity of enzymes of the 
glycolytic pathway, and increase cellular content of energy-rich phosphates 
(Liuzzi et aZ., 1968; Skaper and Varon, 1979; Morelli et aZ., 1986). Somato- 
statin enhances cortical and hippocampal glucose uptake (Shibata et aZ., 

1993). In development and maturity, mitochondrial respiration and oxida- 
tive phosphorylation is stimulated by TH in a variety of organs including 
the brain (Popovici et aZ., 1980; Nelson, 1990; Soboll, 1993; Katyare et al., 

1994). Long-term influences of TH on mitochondrial activity include the 
expression of both nuclear and mitochondrial-encoded respiratory genes 
(Nelson, 1990; Vega-Nunez et aZ., 1995; Pillar and Seitz, 1997)) increase of 
the activity of TCA cycle enzymes (Diez-Guerra et al., 1981) and stimulation 
of mitochondrial oxygen consumption (Horst et aZ., 1989). In the brain, 
TH increases the activity of glycolytic enzymes (Sabell et aZ., 1985; Srivastava 
and Baquer, 1985) and modulate the expression of the cerebral glucose 
transporter (Mooradian et aZ., 1997). 

Proglycolytic hormones and neuropetides establish a trophic cerebral 
milieu via an extensive regulatory network. Our insights into the coopera- 
tive control circuits, however, is poor and at best bilateral interactions have 
been investigated. For instance, synergistic interactions and reciprocal reg- 
ulations have been described for neurotrophins on one hand and TH, in- 
sulin/IGFs, estrogens, NPY and somatostatin on the other, for estrogen and 
TH, insulin, and IGF, and for TH and insulin/IGF-1 (Heininger, 1999a). 
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There appears to be intensive co-localization, cross-talk, cross-coupling, 
substitution, and feedback control between signal transduction systems 
(Toran-Allerand et aZ., 1992; Dikic et al., 1994; Brewster et al., 1995; Azcoitia 
et aZ., 1999). For instance, insulin and NGF elicit differential responses using 
the same cell signaling system. Overexpression of the insulin receptor leads 
to a more pronounced activation of its transduction system and allows in- 
sulin to mimic phenotypically the cellular actions of NGF (Dikic et cd., 1994). 
Similarly, estradiol can reverse the behavioral and hypometabolic effects of 
intracerebroventricular streptozotocin and thus, at least in part, substitute 
insulin (Lannert et uZ., 1998). Proglycolytic hormones and neurotransmitters 
interact as well. In a feedback cycle, proglycolytic growth factors, e.g., estro- 
gens, nerve growth factor, IGFs, and TH promote the survival and tropism 
of cholinergic basal forebrain neurons (Heininger, 1999a; Silva et al., 2000). 
Insulin, on the other hand, may exert its memory-impairing actions through 
a hypoglycemia-induced decrement of cholinergic transmission (Kopf and 
Baratti, 1995,1999). 

Protagonists of the cerebral dystrophic system are GC and galanin. With 
unlimited glucose supply, GC increase blood glucose and insulin, but not 
KB (Schade et uZ., 1980; Johnston et al., 1982)) responding to the increased, 
stress-related demand for fuel. In contrast, in conditions of glucose depriva- 
tion or insulin deficiency such as fasting and diabetes, GC induce a reduced 
systemic and cerebral GU and increased FA/KB concentration and utiliza- 
tion (Owen and Cahill, 1973; Schade and Eaton, 1980; Johnston et al., 1982). 
Compatible with these findings, the drive for the hypoglycemic stress-related 
HPA activation is largely attenuated by KB infusion (Amiel et uZ., 1991). 
Conversely, suppression of fat store mobilization doubled GC levels during 
fasting (Fery et al., 1996). The pattern of GC-induced fuel preferences is also 
detectable at the cellular level. GC mediate the control of the glucose-FA 
cycle by means of the FA-regulated PDH flux (Cipres et uZ., 1994). Remark- 
ably, GC upregulate KB metabolizing enzymes in glial cells (Poduslo, 1989). 
CC disrupt neuronal and glial energetics by inhibition of glucose transport 
and utilization (Sapolsky, 1985; Virgin et al., 1991; Doyle et uZ., 1994). Mito- 
chondrial respiratory rates are decreased and oxidative phosphorylation is 
uncoupled resulting in decreased ATP synthesis (Jani et al., 1991; Martens 
et al., 1991). GC impair cellular GU rendering neurons vulnerable to stress- 
ors (Heininger, 1999a). Supporting the metabolic rationale of GC actions, 
the endangerment elicited by GC can be abolished by either glucose or 
hydroxybutyrate, the latter being more effective (Sapolsky, 1986). Interac- 
tions with pro- and antiglycolytic neurotransmitters contribute to the dys- 
trophic actions of GC. There are multiple, reciprocal relationships between 
the cholinergic system and the hypothalamo-pituitary-adrenal (HPA) axis. 
Hippocampal injection of a muscarinic antagonist enhances the HPA axis 
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responsiveness to stress while depletion of hypothalamic ACh resulted in 
an impaired adaptation to chronic intermittent stress (Ramade and Bayle, 
1989; Bhatnagar et aZ., 1997). Chronic GC leads to the degeneration of 
cholinergic neurons in the medial septal area (Tizabi et al., 1989). Further- 
more, chronic GC administration decreases nicotine sensitivity and brain 
nicotinic receptor binding in mice, the hippocampal, hypothalamic, and 
frontal cortical regions being particularly sensitive (Pauly et al., 1990; Pauly 
and Collins, 1993). GC also render cholinergic neurons more susceptible to 
other neurotoxic agents (Hortnagl et al., 1993). The glutamatergic system, 
known to be activated by GC, may participate in the mediation of the de- 
generative effects (Michel and Agid, 1995). Serotonergic transmission is also 
inhibited on a multitude of regulatory levels including receptor, particularly 
5-HTi*, sensitivity and downregulation (Lopez et uZ., 1998; Chaouloff, 2000; 
Wissink et uZ., 2000). On the other hand, GC stimulate GABAergic function 
(Losada, 1988; Mishunina and Kononenko, 1990). In addition, HPA axis 
hormones activate dopamine release and metabolism (Walker and Diforio, 
1997; Posener et uZ., 1999). Overall these actions are compatible with an 
antiglucolytic, proketonolytic pattern of neurotransmitter regulation. 

The neurochemical profile of galanin and its effects on fuel homeosta- 
sis (reviewed by Bartfai, 1995; Wang et al., 1998) match the pattern of an 
agent that is actively involved in the adaptations to conditions of glucose de- 
privation and anoxia (Ben&i and Lazdunski, 1989). Galanin coexists with 
ACh, NA and 5-HT (reviewed by Bartfai et al., 1993; Robinson and Crawley, 
1993) and blocks the action of these proglycolytic neurotransmitters. Thus, 
galanin inhibits cholinergic, noradrenergic, serotonergic, and glutamater- 
gic, but not GABAergic, transmission and neuronal activity. Galanin is up- 
regulated by the lesional or electrophysiological de-efferentation of septal 
neurons from their hippocampal targets, in the dorsal raphe nucleus after 
decortication (Cortes et al., 1990; Unger and Schmidt, 1993; Agoston et al., 

1994) and in the cortex following ischemia (Dubal et al., 1999). This up- 
regulation appears to have a neuroprotective rationale (Hokfelt et al., 1999; 
O’Meara et uZ., 2000) as also evidenced by the damage-attenuating effects of 
galanin pretreatment of ischemia, traumatic brain injury (TBI) and seizures 
(Ben&i and Lazdunski, 1989; Liu et al, 1994; Mazarati et al., 1998). The 
cholinergic vasodilatatory action and upregulation of CBF is antagonized 
by galanin (Barbelivien et al., 1998). At the behavioral level, these actions 
result in the compromise of learning and memory (reviewed by Robinson 
and Crawley, 1993; Bartfai, 1995) which can be reversed by the intraseptal 
administration of glucose (Stefani and Gold, 1998). Metabolically, galanin 
induces a reduction in energy expenditure (Menendez et al., 1992) and regu- 
lates fat intake, metabolism, and storage (Leibowitz, 1998; Wang et cd., 1998) 
putatively in a cooperative feedback loop with GC (Malendowicz et aZ., 1994; 
Leibowitz, 1998). By its central and peripheral actions, galanin has profound 
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stimulatory effects on the intake of fat and inhibits glucose-induced insulin 
release and GU (reviewed by Leibowitz, 1998). 

Neurotrophic/neuroprotective and neurodystrophic agents inter- and 
counteract via multiple regulatory and effector mechanisms. Thereby, in a 
complex interplay second messenger pathways converge in the regulation 
of effector functions, constantly integrating synergistic and antagonistic in- 
fluences (Jehan et al., 1993). For instance, GC and neurotrophins are antag- 
onistically linked (Heininger, 1999a). DHEA has antiglucocorticoid effects 
in that it blocks GC synthesis and antagonizes a variety of glucocorticoid ac- 
tions, particularly on learning and memory like fear conditioning (Kalimi 
et al., 1994; Fleshner et al., 1997). The suppression of GC synthesis might be 
regulated via the GABAergic action of DHEA on dorsomedial and paraven- 
tricular hypothalamic neurons (Bartanusz et al., 1995). However, in stress 
or serious illness, pregnenolone metabolism is shifted away from DHFA to 
GC. Gonadal hormones and GC show multiple, mostly antagonistic inter- 
actions. Estrogens and androgens interfere with GC receptor function by 
reducing GC receptor message and impairing its feedback control (Burgess 
and Handa, 1992; Turner, 1997). Oral contraceptive users show blunted 
free cortisol responses to psychological and physical stress (Kirschbaum 
et aZ., 1996) and, similarly, testosterone inhibited HPA-responses to stress 
(Viau and Meaney, 1996). Stress and GC induce neuronal death in the hip- 
pocampus of castrated rats which can be blocked by substitution with testos- 
terone (Mizoguchi et al., 1992). Somatostatin secretions are inhibited by GC 
(Liu and Patel, 1995), and stimulated by testosterone, while somatostatin 
infusions blunt the insulin-induced hypoglycemia-stimulated elevation of 
cortisol (Rubinow et al., 1995). 

C. SIGNALWSDUCTIONPATHWAYSAND EFFECTORS 

In response to hormones and by integrating stress sensing, reporting, 
and responding, the adaptive responses of the glucose-FA cycle are regu- 
lated by a network of signal transduction pathways. The insulin signaling 
pathways, interconnected by a complex network involving multiple sub 
strates and feedback loops, play a vital role in cellular development and 
homeostasis (Folli et aZ., 1996; Virkam&i et al., 1999; Saltiel and Kahn, 
2001). Importantly, a variety of other growth factors such as IGFs, neu- 
rotrophins, platelet derived-growth factor (PDGF) , epidermal growth factor 
(EGF), and fibroblast growth factor (FGF) (Schlessinger and Ullrich, 1992; 
Williams and Roberts, 1994; Feldman et al., 1997; Scrimgeour et al., 1997) 
share, and networkvia these signaling pathways. This signaling actuates glu- 
cose uptake, glycogen and protein synthesis, and involves Ca’+/calmodulin 
(Ashkenazy-Shahar et al., 1998) and a multitude ofphosphorylation cascades 
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(Srivastava and Pandey, 1998) via the phospholipase C, phophatidylinos- 
itol, protein kinase B (PKB), protein kinase C (PKC), and MAP kinase 
pathways (Heininger, 2000b). The yeast SNFl/mammalian AMP-activated 
protein kinase (AMPK) may be the metabolic master switch of intermedi- 
ary metabolism (Hardie and Carling, 1997; Johnston, 1999). SNFl/AMPK 
are homologous mediators of cellular stress responses (Hardie, 1999). The 
SNFl/AMPK pathway is activated under conditions of an elevated AMP-ATP 
ratio and constitutes a cellular protection system which switches off ATP 
consuming processes and coordinates adaptations of the glucose-FA cycle 
(Hardie and Carling, 1997; Kemp et al., 1999). SNFl controls the derepres- 
sion of many glucose-repressible genes (Trumbly, 1992; Gancedo, 1998), 
which suggests the catabolite repression pathway as primitive precursor of 
the metazoan glucose-FA cycle. CAMP can be regarded as a universal signal 
for carbon source deprivation and mediates the mobilization of fuel stores in 
response to a variety of hormones and neurotransmitters such as glucagon 
or adrenaline (Tomkins, 1975). CAMP-dependent PK signal transduction 
is a mediator of glucose transport inhibition (Prapong et al., 2001). FA /!I- 
oxidation is stimulated by a variety of stress signal transduction systems such 
as CAMP (Blazquez et al., 1998; McGarry and Brown, 199’7), AMP (Hardie 
and Carling, 1997; Johnston, 1999)) and ceramide (Blazquez et al., 1999). In 
the brain, highly plastic astroglial cells (Vernadakis, 1996) when activated 
present immature metabolic features including /I-oxidation of their favorite 
fuel, FA (Auestad et al., 1991; Edmond, 1992; Cullingford et al., 1998), to 
provide KB for the neurons. In fact, the CAMP signal transduction path- 
way stimulates astroglial ketogenesis from FA (Poduslo, 1989) by decreasing 
malonyl CoA levels through inhibition of acetyl CoA carboxylase activity 
and hence by elevating carnitine acyltransferase I activity (Blazquez et al., 

1998). The regulatory interfaces of the glucose-FA cycle also control cell cy- 
cle decisions (Heininger, 2001). The regulatory input of cell fuel metabolism 
is exemplified by the key functions of pleiotropic glycogen synthase kinase 
(Frame and Cohen, 2001; Harwood, 2001) and glyceraldehyde-3-phosphate 
dehydrogenase (Heininger, 2000b, 2001) during cell cycle events. 

Regulatory protagonists of the glucose-FA cycle are GC andA#l, a metabo- 
lite of amyloid precursor protein that in appreciation of its pleiotropic ac- 
tions in this adaptation has been proposed to be called deprivin (Heininger, 
2000b). GCs and A/3 are interlocked in a synergistic feedback loop with mu- 
tual regulation of production as one of its features. These agents also or- 
chestrate the differentiation/apoptosis balance (Heininger, 2000b, 2001) 
enabling a smooth and coordinated transition from mild (metabolic switch 
as seen in sleep and exercise) to severe deprivation responses (ontogenetic 
events and tissue damage). Both GC and deprivin establish a link between 
the endocrine control of stress responses and the cellular redox regulation 
and DNA repair system (Heininger, 2000b). 
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Intriguingly, the cytosolic Ca*+ -redox balance, a target of A/? signaling 
(Heininger, 2000b), is the final integrator of signals for fuel utilization. 
Glucose metabolism regulates Ca*+ homeostasis presumably by mediation 
of Na+/Ca*+ exchange (Nijjar and Belgrave, 1997). On the other hand, 
glucose metabolism and the switch to alternative fuels are controlled by 
Ca*+. When cytoso ‘c h Ca*+ levels are raised by physiological stimuli, glu- 
cose transport is activated (Bihler, 1988). Small Ca*+ increases inhibit FA 
oxidation (Otto and Ontko, 1978). Conversely, high cytosolic Ca2+ levels 
inhibit insulin-stimulated glucose transport in a variety of insulin target 
cells (Begum et aZ., 1993) while substantial Ca*+ increases enhance the ox- 
idation of FA and elevate the NADH/NAD+ ratio in liver mitochondria 
(Otto and Ontko, 1978; Ontko and Westbrook, 1983; Okuda et al., 1992). 
Thus, adult rat brain utilizes KB for oxidative purposes in conditions of un- 
coupling of oxidative phosphorylation (Lopes-Cardozo and Klein, 1982) as 
can be accomplished by Ca*+ increases (see Heininger, 1999a). Low ATP, 
i.e., sufficient energetic resources, inhibit this metabolic pathway (Lopes- 
Cardozo and Klein, 1982). Jointly with Ca*+, the cellular redox balance 
drives fuel utilization and is targeted by fuel availability (Heininger, 1999a, 
2001,2002). 

V. (Patho)physiologicaI Importance of the Glucose-FA Cycle 

The first line of stress defense engages a “metazoan” type of response tak- 
ing advantage of stored carbon fuels. Thus, the graded response is initiated 
by an adaptation of the glucose-FA cycle mediated by an inhibition of the 
eutrophic acetylcholine/insulin system and an activation of the dystrophic 
catecholaminergic/GC stress system. More vital endangerments during cel- 
lular injury and repair evoke a more primitive “unicellular” program. This 
entails a recapitulation of cell cycle events leading to de-/redifferentiation 
and apoptosis decisions depending on the status of the Ca’+-energy-redox 
homeostasis (Heininger, 2000b, 2001). Importantly, the entire cascade of 
events is regulated and coordinated by a unique signaling/effecter system 
which integrates metazoan and unicellular types of organismal and cellular 
behavior. The mechanisms actuating the differentiation/apoptosis depriva- 
tion response are not unidirectional. It should be borne in mind that dif- 
ferentiation initially served to generate dormant, resistant life forms, e.g., 
spores that, under favorable environmental conditions, could dedifferenti- 
ate and, e.g., in the case of Dictyostelium, yield fully vital, vegetative amebae. 
This process is, at least in part, conserved in metazoans. During tissue in- 
jury and repair, a program recapitulates developmental processes in reverse 
order and allows populations of differentiated cells to reenter the cell cycle 
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(Hass, 1994; Heininger, 2000b). Importantly, retrodifferentiation is associ- 
ated with the loss of specific function of differentiated tissues (Renault et al., 
1998; Heininger, 2000b, 2001) and together with apoptosis aggravates the 
damage-related initial dysfunction. 

A. STARVATION 

During starvation, glucose is too precious to serve as fuel (Randle et al., 
1978). Equally importantly, satisfying the organism’s need for glucose would 
necessitate the eventually complete consumption of protein as the primary 
substrate for gluconeogenesis (Owen et aZ., 1967). Lipid fuel attenuates the 
glucose dependence and effectively leads to protein sparing (Palaiologos 
and Felig, 1976; Lowell and Goodman, 1987; Thompson and Wu, 1991; 
Fery et al., 1996). Therefore, the oxidative metabolism is, at least in part, 
switched to other fuels, FA and RB, paralleled by a decline of glucose oxida- 
tion and development of insulin resistance (Henriksson, 1990; Manse11 and 
Macdonald, 1990; Romijn et aZ., 1990). The brain is the last organ which 
is converted to substantial KB metabolism after prolonged periods of food 
deprivation (Owen et al., 1967; Soengas et uZ., 1998) while muscle KB clear- 
ance declines (Balasse and Fery, 1989) to aid the redirection of fuel. Since 
the enzymatic activities of KB metabolism are present at much higher activ- 
ities than necessary for measured rates of utilization (Hawkins et uZ., 1971; 
Ruderman et uZ., 1974), the animal and human brain can metabolize KB 
acutely (Kammula, 1976; Amiel et uZ., 1991). However, the brain’s KB up- 
take is limited by permeability (Hawkins and Biebuyck, 1979; Blomqvist 
et uZ., 1995) and hence is a function of KB blood concentration (Hawkins 
et al., 1971; Kammula, 1976; Blomqvist et al., 1995). Tissue pH also affects 
astrocytic KB transport and conditions with brain acidosis may favor KB uti- 
lization (Tildon et al., 1994). Thus, after only 12-16 h of fasting a modest 
brain KB uptake can be detected (Gottstein et uZ., 1971) and after 2 days of 
starvation glucose oxidation is decreased by 12% in the rat brain (Mans et uZ., 
1987). Human brain KB levels increase substantially after fasting for 2 days 
(Pan et uZ., 2000) and after 3 days its energy requirements are covered by ap- 
proximately 25% by B-hydroxybutyrate (HB) (Hasselbalch et uZ., 1994). After 
l-2 weeks of starvation, adult brain GU is decreased by approx 50% (Redies 
et uZ., 1989)) and KB transport and uptake are increased significantly (Owen 
et al., 1967; Gjedde and Crone, 1975; Pollay and Stevens, 1980). Brain HB 
dehydrogenase may be upregulated (Smith et aZ., 1969; but see Sokoloff, 
1973) and the fuel mix of the brain consists of about equal amounts of 
glucose and RB, while regional oxygen utilization, blood flow, and blood 
volume are unchanged (Redies et uZ., 1989). Adding HB and acetoacetate 
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(AC) as fuel in conditions of glucose deprivation (the physiological ratio 
HB/AC is 3-6) has profound effects on cerebral energy homeostasis. This 
switch (1) reduces brain glucose extraction, (2) increases the mitochon- 
drial metabolites of the TCA cycle, (3) impairs glycolysis through inhibition 
of PDH and citrate-mediated inhibition of 6phosphofi-uctokinase, (4) el- 
evates the redox energy by reduction of the free [NAD+/NADH] ratio, 
(5) increases the oxidation of the coenzyme Q couple, (6) attenuates the 
Ca’+-dependence of oxidative phosphorylation, and (7) improves mito- 
chondrial energy transduction, energy charge, and reserve (Heininger, 
2000b). These effects counteract the metabolic stress-related deterioration 
of the redox ratio, acidosis, uncoupling of oxidative phosphorylation, and 
ATP depletion and thereby protect the cell from oxidative stress and energy 
shortage (Hillered et aZ., 1984; Corbisier and Remacle, 1993; Humphries 
et aZ., 1998). Particularly the modulation of the [NAD+/NADH] ratio ap- 
pears to have a key role in the K&induced benefit by inhibiting glucose con- 
sumption (Gibson and Blass, 1976) and PDH (Pettit et al., 1975; Randle et cd., 

1978)) preventing and reversing the mitochondrial Ca2+ release (Lehninger 
et al., 1978; Harris et uZ., 1982; Vercesi, 1984), preventing the loss of mi- 
tochondrial sulfhydryl groups (Bindoli et al., 1997)) improving mitochon- 
drial resistance to the induction of permeability transition (Laughlin and 
Heineman, 1994; Beyer et al., 1996; Humphries et aZ., 1998), and both pro- 
tecting against DNA damage and promoting DNA repair (Zhang et al., 

1998). In addition, the oxidation of the [Q/QHs] couple, by decreasing 
the semiquinone form of reduced coenzyme Q the major source of mito- 
chondrial reactive oxygen species (Chance et al., 1979)) can be expected to 
attenuate free radical production (Sato et aZ., 1995). 

KB increase and maintain a high level of GABA by regulating the en- 
zymes of the GABA shunt and diminish aspartate levels, an excitotoxin 
(Erecinska et aZ., 1996; Daikhin and Yudkoff, 1998). These metabolic fea- 
tures confer KB a neuroprotective potential in models of hypoglycemia, 
hypoxia, ischemia, and brain trauma (Johnson and Weiner, 1978; D’Alecy 
et al., 1990; Marie et aZ., 1990; Hiraide et al., 1991; Veneman et uZ., 1994; Yager, 
1994). They also render the brain metabolically more stable, result in a re- 
duced cerebral excitability and elevated electroconvulsive threshold (Hori 
et al., 1997; Stafstrom et al., 1999)) and make ketogenic diet a valuable ther- 
apy in childhood and adulthood epilepsy (Huttenlocher, 1976; Ross et al., 

1985; Hori et al., 1997; Prasad and Stafstrom, 1998). Remarkably, acetone 
appears to be the predominant RB after ketogenic diet, at least in brain of 
children (Seymour et al., 1999). The hormonal and metabolic changes in- 
duced by a isocaloric ketogenic diet or lipid infusion mimic those observed 
after a few days of total fasting, emphasizing the role of carbohydrate re- 
striction for the adaptations (Fery et al., 1982; Klein and Wolfe, 1992). The 



124 KURT HEININGER 

hormonal/metabolic adaptive changes in the feedback loop of the glucose- 
FA cycle, but not the KB levels (Bough et al., 2000; Likhodii et al., 2000), 
may constitute the underlying therapeutic principle. This conclusion is sup 
ported by the finding that caloric restriction also exerts a seizure-protective 
effect (Bough et al., 1999). The beneficial effects of KB in optimizing the cel- 
lular energy homeostasis may be regarded as a means to achieve the primary 
goal, to ensure the cellular survival under adverse conditions. The charac- 
ter of KB as an austerity fuel is highlighted by their effects on pyrimidine 
biosynthesis. KB can impair cell proliferation by inhibiting de YUXJO pyrimi- 
dine biosynthesis by 30% which may lead to lower brain weights in the new- 
born following ketonemic states in late pregnancy (Bhasin and Shambaugh, 
1982). The brain may not be totally dependent on hepatic KB supply. Al- 
though neurons are not able to use FA, astroglial cells can degrade FA 
by p-oxidation to provide KB to the neurons (Edmond, 1992). In fact, the 
starving brain also extracts FA from the circulation (Padmini and Rao, 1991; 
Ishiwata et al, 1996). In addition, lactate may serve as fuel in the glucoprivic 
brain (Veneman et aZ., 1994; King et aZ., 199’7). 

B. BRAIN ONTOGENESIS 

Cellular life history events like differentiation and apoptosis evolved in 
unicellular organisms as reponses to environmental challenges, particularly 
nutrient deprivation (Heininger, 2001). Activation of lipolytic metabolism 
and inhibition of glycolysis as metabolic hallmarks of deprivation syndromes 
also control the differentiation/apoptosis balance (Heininger, 2001). Thus, 
in ontogenetic events like brain maturation and aging systemic metabolic 
conditions carry the signature of evolutionarily programmed deprivation 
responses (Heininger, 2001, 2002). 

In nonprecocial species like human and rat which are born neurologi- 
tally incompetent the enzyme machinery necessary to metabolize glucose 
only develops during the late suckling period (Booth et aZ., 1980; Clark et ab, 

1993). In the early neonatal period, lactate serves as major fuel (Mayor 
and Cuezva, 1985; Dombrowski et aZ., 1989). Thereafter, milk provides FA 
as primary carbon source (Edmond et al., 1985) and the brain uses KB 
and FA both as an energy source and lipid precursors for myelinogene- 
sis (reviewed by Mayor and Cuezva, 1985; Nehlig, 1999). During this pe- 
riod, lactate is the major product of glucose metabolism (Lopes-Cardozo 
et aZ., 1986). In addition, neonatal brain astrocytes readily ,&oxidize FA to 
provide KB to the neurons (Auestad et aZ., 1991; Edmond, 1992), partic- 
ularly in conditions of nutritional stress (Padmini and Rao, 1991). Thus 
in human neonates and infants, KB concentration, cerebral uptake and 
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turnover are markedly elevated (Settergren et cd., 1980; Bougneres et d., 
1986). In contrast, the increase of GU correlates temporally and topically 
with maturation of neuronal functions as evidenced in the rat brain (Nehlig, 
1999). Notably, cholinergic innervation of the hippocampus and cortex only 
develop postnatally (Perry et aZ., 1993), in parallel with the maturation of 
glycolytic metabolism. Even then, glucose is readily replaced by lactate as 
cerebral metabolic fuel in metabolically stressed weanling mice (Thurston 
and Hauhart, 1989). 

Compatible with the pattern of fetal fuel use, in utero maternal GC play 
an important role for fetal organogenesis and maturation (Waddell, 1993) 
and are particularly necessary for brain development (Trejo et al, 1998). 
GC regulate fuel utilization during development when the glycolytic path- 
way is immature (Thurston et uZ., 1980; Poduslo et al., 1990; Bhargava et al., 
1991). In the immature rat brain, high levels of 1 l#?-hydroxysteroid dehy- 
drogenase, converting inactive GC into active GC, are expressed (Moisan 
et al., 1992; Diaz et uZ., 1998). Cortisone-cortisol interconversion may also 
play a role in human fetal development (Murphy, 1981; Seckl, 1997). Lac- 
tating rats exhibit a high brain corticosterone level which may serve to pro- 
mote the utilization of KB and give rise to the neonatal suppression of HPA 
axis responses to stress (Kakihana et aZ., 1980). In nursing mice, GC also 
increase brain glucose and glycogen, presumably due to the shift of oxida- 
tive metabolism to KB (Thurston et al., 1980) and lactate (Thurston and 
Hauhart, 1989). 

Aging is a genetically programmed deprivation syndrome in which the 
soma, stressed by the degeneration of the trophic milieu, actively pursues 
a survival pathway characterized by hypometabolism, adjustments of the 
glucose-FAcycle, oxidative stress, and modulation of DNArepair (Heininger, 
1999a, 2001,2002). Overall, as evidence of a metabolic stress response aging 
is associated with an increased HPA axis activity exerting particularly CNS 
targeted effects. Human aging is associated with increased CSF, particularly 
ventricular, cortisol levels (Swaab et al., 1994; Murakami et al, 1999). Due 
to an at best mild concomitant increase of serum cortisol levels the cortisol 
CSF/serum ratio is elevated (Murakami et uZ., 1999) suggesting an intrathe- 
cal accumulation of GC. Conversion of inactive precursors into active agents, 
i.e., cortisone into cortisol by the action of llfi-hydroxysteroid dehydroge- 
nase, at the level of target structures appears to be the underlying principle 
(Heininger, 2000b). The adaptive response of the glucose-FA cycle is set in 
motion during normal brain aging resulting in the reduction of CBF and GU 
(Heininger, 1999a), the dissociation of oxygen utilization and GU (Hoyer 
et al., 19881991)) and increased KB utilization (Dickinson, 1996). Brain in- 
sulin receptor densities and signal transduction is decreasing during normal 
aging (Frolich et al., 1999). Particularly during increased neuronal activity, 
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increase of regional GU but not CBF is attenuated in aged compared to 
young individuals (Pietrini et al., 1999) indicating that part of the increased 
energetic demand is covered by combustion of alternative fuels, possibly KB 
and lactate. The temporal sequence of predominant fuel utilization in the 
neonatal brain (which is lactate, KB and glucose) is recapitulated in reverse 
order by the aging brain (Heininger, 2000b). 

During CNS aging, specifically proglycolytic neurotransmitters ACh, NA, 
5-HT, and glutamate degenerate (Heininger, 1999a). The cholinergic effects 
on CBF and GU are attenuated with aging presumably due to the aging- 
related cholinergic decline (De Micheli and Soncrant, 1992; Lacombe et al., 
1997; Uchida et al., 1997). While the muscarinergic transmission seems to 
be unaffected (Soncrant et aZ., 1989), the nicotinergic mediation of CBF 
is profoundly impaired (Uchida et uZ., 1997). In contrast, GABA is little 
affected (Heininger, 1999a) and kynurenate metabolism and tissue levels 
are increased (Moroni et uZ., 1988; Gramsbergen et uZ., 1992). In conjunction 
with its late maturation (Perry et al., 1993), the cholinergic system follows a 
“last in-first out” behavior while the GABAergic system exhibits a “first in-last 
out” pattern (Davies et uZ., 1998; Nagga et al., 1999) in accordance with the, 
at least in part, changing fuel use. 

There is a clear age-dependent propensity to accomplish and benefit 
from the starvation-related metabolic switch. Fasting-induced KB levels rise 
more readily in young than in aged individuals and activities of enzymes 
of KB metabolism are higher in suckling than adult rat brain (Klee and 
Sokoloff, 1967; Dierks-Ventling and Cone, 1971; Bilger and Nehlig, 1992). 
Thus, in prolonged fasting KB levels in aged individuals remain higher 
(London et uZ., 1986) possibly reflecting reduced clearance. Moreover, 
monocarboxylate transporter densities are markedly higher in vessel and 
astrocytic end feet membranes of suckling than adult rats (Pellerin et al., 

1998a; Leino et al., 1999). Hence, with increasing age brain uptake, uti- 
lization, and mitochondrial oxidative capacity of KB and cellular ATP de- 
cline (Kraus et aZ., 1974; Patel, 1977) paralleled by the progressive failure of 
KB to sustain synaptic function in glucoprivic brain (Arakawa et al., 1991; 
Wada et al., 1997; Izumi et al., 1998). The deterioration of synaptic function 
may even occur in hippocampal slices when sufficient KB are provided to 
maintain ATP levels (Arakawa et uZ., 1991). Consequently, the capacity of 
KB to overcome respiration uncoupling is impaired in aged mitochondria 
(Corbisier and Remacle, 1993) and the antiepileptic potency of a ketogenic 
diet decreases (Bough et uZ., 1999). 

In accordance with this concept, GC, probably by enhancing cerebral 
KB supply and utilization (Dardzinski et uZ., 2000), are neuroprotective in 
neonatal animals when given in advance of cerebral ischemia (reviewed by 
Tuor, 1997) and increase high-energy phosphates (Dardzinski et d., 2000), 
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a condition characteristic for KB oxidative metabolism. Compatible with 
the relative ease of the metabolic switch in neonate but not adult rats is the 
finding that this protective action is no longer detectable in one-month-old 
rats (Tuor et aZ., 1995) which parallels the time course of loss of KB-related 
maintenance of synaptic function (Izumi et aZ., 1998). In adult and aged 
brain, lactate can support the recovery of energy metabolism and synaptic 
activity after ischemia, hypoglycemia, and hypoxia (Schurr et al., 1988,1997; 
Bock et al, 1993) and appears to be oxidized as replacement of glucose in 
hypercapnia (Miller and Corddry, 1981) and following TBI (Chen et al, 

2000). 

C. NEUROLOGICALDISORDERS 

The brain has adaptive systems which allow it to survive short-term energy 
deprivations (Lutz, 1992; Reis et al., 1997). In a variety of acutely developing 
conditions which are associated with persistent (22 min) metabolic stress 
and particularly a lack of glucose supply, e.g., ischemia, TBI with secondary is- 
chemia, hypoxia, and hypoglycemia, a different kind of syndrome develops. 
It is characterized by the phylogenetically fixed program aiming at curbing 
metabolism and saving glucose by both hypometabolism and the delayed 
degeneration of the proglycolytic cholinergic system. After an initial activa- 
tion of the cholinergic system (Gorman et aZ., 1989; Kumagae and Matsui, 
1991) which can be detected before any energetic compromise takes place 
(Park et al., 1987), a delayed degeneration of basal forebrain cholinergic 
neurons and loss of cholinergic innervation of the cortex and hippocam- 
pus ensues (Liberini et aZ., 1994; Ni et al., 1995) which cannot be prevented 
by reperfusion (Kumagae and Matsui, 1991; Ishimaru et aZ., 1995). Follow- 
ing both permanent vessel occlusion and reperfusion, a syndrome develops 
with reduced CBF and regional dysautoregulation presumably due to an 
impaired vascular response to ACh (Ott et aZ., 1975; Rosenblum, 1997). In a 
variety of energetic stress model systems, the cholinergic degeneration cor- 
relates with the fall of GU, appears to be mediated by Ca2+ uptake (Gibson 
and Mykytyn, 1988; Gibson et aZ., 1989) and oxidative stress (Meyer et al., 

1994)) and is characterized by presynaptic inhibition of neurotransmission 
in the basal forebrain, cortical decline of both ChAT activity, stimulated ACh 
release and muscarinic binding sites, loss of cholinergic receptor-G protein 
coupling, and increased tissue choline and ACh esterase levels (Heininger, 
2000b). For instance, in human traumatized brain, markers of cholinergic 
neurotransmission are lost (Murdoch et aZ., 1998). The loss of cholinergic 
forebrain neurons after TBI (Leonard et al., 1994; Schmidt and Grady, 1995) 
leads to a disruption of the septohippocampal pathway (DeAngelis et al., 
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1994; Leonard et al., 1997) and an enhancedvulnerability to anticholinergic 
agents (Dixon et al, 1995). Likewise, acute hypoglycemia diminishes cortical 
and striatal ACh concentration and synthesis (Ghajar et al., 1985) resulting 
in impaired memory performance (Kopf and Baratti, 1995). The adaptive 
inhibition of the cholinergic system can also be elicited by inhibition of PDH 
(Frdlich et al, 1990). Generally, the time course of the degeneration appears 
to depend on the severity of the metabolic stress, is reversible in 14 days’ 
time after 5 min of ischemia (Haba et al., 1991) and chronic progredient 
after permanent vessel occlusion (Ni et al., 1995). In permanent occlusion 
models, the adaptive changes of the cholinergic system are paralleled by a 
gradual decrease of regional energy metabolism (Nowicki et al., 1988) and 
ensuing neuronal degeneration. 

Key to the understanding of the deprivation syndrome is the realiza- 
tion that the tissue endangerments due to reperfusion injury and hyper- 
glycemia and the neuroprotective effects of ischemic tolerance and induced 
hypometabolism highlight the flip-flop sides of the same pathophysiologi- 
cal process. An integrative interpretation of these phenomena (Heininger, 
2000b) suggests that ischemic damage can be attenuated by hypometabolic 
(antiglycolytic) and aggravated by hypermetabolic (proglycolytic) manipu- 
lations. The downregulation of the proglycolytic cholinergic system fulfills a 
neuroprotective purpose as exemplified by the effects of pharmacologic ma- 
nipulations. Muscarinergic agonists aggravate and muscarinic antagonists 
attenuate ischemia and TBI-induced deficits (Lyeth et aZ., 1988; Robinson 
et al., 1990; Shibata et al., 1992), while a cholinergic deafferentation pro- 
tects hippocampal pyramidal neurons from ischemia-induced degeneration 
(Kinoshita et aZ., 1992). Likewise, noradrenergic inhibition attenuates the 
posttraumatic metabolic depression (Inoue et al., 1991). However, the adap- 
tive response needs time to develop. The evolutionary masterplan of the 
response only becomes evident with a free interval of hours after a precondi- 
tioning stimulus. Intriguingly, the adaptive response can be frustrated by an 
intervening hypermetabolism. Thus, a reinstitution of glycolytic metabolism 
(reperfusion) can have detrimental effects in a tissue actually adapting for 
hypometabolism. 

In conditions of metabolic stress such as hypoxia, anoxia, ischemia and 
hypoglycemia, the brain fuel utilization, and mitochondrial redox state re- 
flect the utilization of KB (Kirsch and D’Alecy, 1984; Vannucci and 
Brucklacher, 1994). KB or ketosis-inducing agents and diets are neuropro- 
tective in models of hypoglycemia, hypoxia, ischemia, and brain trauma 
(Johnson and Weiner, 19’78; D’Alecy et aZ., 1990; Marie et aZ., 1990; Hiraide 
et al., 1991) and may aid the postischemic recovery of oxidative metabolism 
(Varela et al., 199’7; Brooks et aZ., 1998). Hypercortisolism and galanin upreg- 
ulation appear to regulate these metabolic changes in ischemia (Lebedev, 
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1978; Sapolsky, 1986; de Lacalle et al., 1997) like they do in hibernation 
(Saboureau et al., 1980; Dauphin-Villemant et aZ., 1990; Gonzalez-Nicolini 
et al., 1998). 

Mammals go through attenuated cycles of caloric excess and depriva- 
tion with every meal followed by fasting and during sleep (Dallman et al., 
1993; Dinneen et al., 1993). The same program is activated in times of 
increased need, e.g., prolonged physical activity and trauma, conditions 
which are characterized by ketosis. Since ketosis itself has an antiglycolytic 
effect (see Section VA.) minor adaptations do not have to be necessarily 
associated with long-term changes of neurotransmitter balances. Prerequi- 
site for these regulatory and even degenerative changes are severe, persis- 
tent energy deprivations. For instance, no long-term adaptations occur after 
an ischemia lasting up to 2 min (Kato et al., 1992). Apparently, there is a 
severity-duration continuum (Dixon et al., 1995)) with less severe but more 
persistent changes, like in Alzheimer disease being able to cause adaptations 
as well (see Heininger, 1999b, 2000b). These adaptive responses carry the 
neurochemical and metabolic signature of a prototypic deprivation response 
(Heininger, 2000b). 

D. PSYCHIATRICDISORDERS 

Due to the dual role of neurotransmitters as conveyors of intercellu- 
lar communication (enabling affective and cognitive processes) and energy 
homeostasis, psychosocial and affective stressors feed into the somatic and 
cellular metabolic stress response system, establishing a psychosomatic con- 
tinuum. Neurotransmitters provide the link between psychosocial stressors 
and somatic energetic responses giving rise to and representing the patho- 
physiological substrate of a whole array of psychosomatic diseases. Thus, in 
its last consequence and as its defining signature both biotic and abiotic 
stressors, mediated by neurotransmitters, elicit metabolic stress and trigger 
an adaptive metabolic response. 

Contemporary stress research emphasizes the importance of the individ- 
ual appraisal of the stressor. The degree to which the individual can cope 
with or defend against the psychosocial stressor determines the individual 
stress hormone profile and development of stress pathologies (Virgin and 
Sapolsky, 1997; Bookwala and Schulz, 1998; Olff, 1999). The individual stress 
vulnerability is modulated very early in life as a result of a gene-environment 
interaction (Plotsky and Meaney, 1993; Bouchard, 1994; Plomin et al, 1994; 
Heim et al, 1997). In animals, prenatal and postnatal stress increase HPA- 
axis responsivity and prolong stress-induced GC secretion in later life 
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(Maccari et aZ., 1995; Vallee et al., 1999). On the other hand, postnatal ma- 
ternal care and neonatal handling reduce HPA reactivity, improve cognitive 
performance, and protect the hippocampus from age-related dysfunction 
and neuronal loss (Mohammed et al., 1993; Sapolsky 1993; Liu et al., 1997). 
In adult life, exposure to acute and chronic psychosocial stressors worsens 
cognitive performance in laboratory animals (McEwen and Sapolsky, 1995; 
Blanchard et al., 1995; deQuervain et aZ., 1998), deteriorates hippocampal 
blood flow (Endo et al., 1999)) increases GC levels, and impairs hippocampal 
function and dendritic morphology (McEwen et al., 1992; Sapolsky, 1994; 
McEwen and Margarinos, 1997). Like with other stressors (Heininger, 2001), 
oxidative stress may be the final effector of emotional stress signaling path- 
ways (Liu and Mori, 1994, 1999). 

Acute stress activates the cholinergic system (Gilad, 1987; Kaufer et al., 

1998a) but may also attenuate choline acetyltransferase (ChAT) activity 
(Wahba and Soliman, 1992). Intermediate-term stress elicits mixed res- 
ponses characterized by decreased choline uptake but an upregulation of 
muscarinic binding sites (Finkelstein et al., 1985; Gonzalez and Pazos, 1992). 
In contrast, chronic stress induces cholinergic degeneration evidenced by 
enhanced sensitivity to muscarinic antagonists (Kaufer et aZ., 1998b). The 
neurobiological effects are paralleled by behavioral changes. Ten days of 
stress induce a cholinergic hypersensitivity and resistance to scopolamine- 
induced amnesia, while 21-30 days of stress result in cholinergic hyposensi- 
tivity and learning deficits (Zerbib and Laborit, 1990; Sunanda et aZ., 2000). 

An increased stress responsivity is associated with a premature degeneration 
of the cholinergic septohippocampal pathway and shorter life span (Gilad 
et aZ., 1987). Chronic stress, like GC, decreases aminergic (5-HT, NA) hip- 
pocampal and cortical neurotransmission (Lopez et al., 1998; Sunanda et al., 

2000; Blanchard et al., 2001). Chronic stress also interacts antagonistically 
with hormonal activities of the hypothalamic-pituitary-gonadal, -thyroid, and 
-somatic axes and the neurotrophic agents (Heininger, 2000a). 

Depression and chronic stress share pathophysiological pathways 
(Checkley, 1996; Wheatley, 1997; Lopez et aZ., 1998; Nesse, 1999) causally 
linked to GC at the crossroads of the neuroendocrine network (Holsboer, 
2001). Depression is associated with a variety of neuroendocrinological 
abnormalities (reviewed by Nemeroff and Krishnan, 1992; Holsboer, 1995; 
Plotsky et aZ., 1995). The pattern of elevated antiglucolytic and proli- 
polytic and decreased proglucolytic hormonal and neurotransmitter ac- 
tivity suggest depression as a metabolic stress syndrome. Animal models 
indicate an increased galaninergic tone (Kask et aZ., 1997; Bellido et al., 

2002). The HPA axis is dysregulated with elevated plasma cortisol levels 
which normalize after remission (Steckler et al., 1999). The dexamethasone 
suppression test indicates an impaired HPA-axis feedback. Likewise, the 
hypothalmic-pituitary-thyroid axis is hypofunctional (reviewed by Prange 
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et al., 1987; Holsboer, 1995). The TSH response to TKH is often blunted, 
the nocturnal TSH rise absent, transthyretin is reduced in CSF (Hatterer 
et al., 1993), and euthyroid sick syndrome may be present. Importantly, the 
peripheral thyroid stimulating hormone (TSH) levels are inversely corre- 
lated to the global and regional CBF and glucose metabolism (Marangell 
et al., 1997). Systemic insulin resistence is a routine finding (Winokur et al., 

1988) and, like in the aging-associated metabolic syndrome (Heininger, 
2002), visceral fat deposition is increased (Thakore et aZ., 1997), arguing 
for systemic metabolic stress. This notion is supported by systemic find- 
ings of defective antioxidant defenses and oxidative stress (Peet et al., 1998; 

Maes et aZ., 2000) and disrupted Ca*+ homeostasis (Heininger et aZ., 1998). 
The systemic alterations may mirror a CNS metabolic syndrome (Frolich 
et al., 1999; Holden, 1999) that is also indicated by metabolic stress mark- 
ers found in temporal cortex tissue of depressed suicide victims (Bown 
et aZ., 2000). Imaging studies detected a reduced perfusion and glucose 
metabolism of regions in the limbic system and frontal lobes (Biver et al., 

1994; Nobler et al., 1999; Videbech, 2000) in depression, particularly of old 
age. Successful therapy may be associated with increased GU (Kennedy et al., 

2001). 

In a gene-environment interaction, stress is thought to play a role in 
the manifestation of schizophrenia (Parnas, 1999; Gispen-de Wied, 2000; 
Tsuang, 2000). Notably, schizophrenics display an impaired stress response 
system (Walker and Diforio, 1997; Muck-Seler et al., 1999; Jansen et al., 

2000), including exaggerated responses to metabolic stress (Elman et aZ., 

1998). Stress, GC, and dopamine may be causally involved in behavioral 
sensitization and impaired behavioral control (Walker and Diforio, 1997; 
Lyons et aZ., 2000). Neurochemically, cholinergic, particularly nicotinergic, 
neurotransmission is impaired (Kaufer and Soreq, 1999). Dopaminergic 
alterations (Walker and Diforio, 1997) may also be relevant for energetic 
homeostasis, particularly of the limbic system. The most consistent find- 
ing is a reduced CBF and GU in the frontal cortex and thalamic nuclei 
(Buchsbaum and Hazlett, 1998; Hazlett et al., 1999; Clark et al., 2001). Sys- 
temic and cerebral markers of oxidative stress exposure (Mahadik et al., 

2001; Yao et al., 2001) indicate a metabolic stress syndrome (Heininger, 
2001). 

VI. Conclusion 

The fingerprints of evolutionary pressures can be recognized upon avari- 
ety of features of metabolic stress responses. With regard to time course and 
fuel availability two main stress reactions can be distinguished: the acute 
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fight/flight reaction and the chronic starvation response. Fight/flight as 
active behavior requires the mobilization of glucose to meet the suddenly 
increased demand for readily metabolizable fuel. In contrast, chronic star- 
vation responses ask for economization of fuel use characterized by hy- 
pometabolism and combustion of energy-rich FA. Consistently, neurochem- 
ical responses to stress, both metabolic and psychosocial, mimic this pattern: 
after an acute phase with activation of proglycolytic neurotransmitters, e.g., 
ACh, 5-HT and NA, a chronic phase ensues in which these neurotransmitters 
are downregulated. 

An intriguing finding is the high diversity of agents regulating eutrophic 
conditions, but the limited number of agents engaged in dystrophic re- 
sponses. At the brink of life, selection pressures increase and safety margins 
become narrow. This limits the leeway of “mutagenetic experimentation” 
and the viability of its outcomes. Efficiency in the “low tolerance zone” is 
ensured by a limited set of highly efficient, pleiotropic agents such as AD. 
Similar laws appear to rule the diversity of organisms: diversity is highest in 
resourceful environments while it becomes low under harsher conditions. 

The uniformity of the evolutionarily programmed metabolic stress re- 
sponse contrasts with the great variety of clinical pictures of CNS disorders. 
Adaptive entity of the phylogenetically old metabolic stress response is the 
individual cell. Largely independent on the location of these cells, they 
activate their archaic cellular survival responses; and, if a threshold num- 
ber of these responders is affected, they induce the also very old adaptive 
responses of the limbic-hypothalamic-pituitary axes. Due to the structural 
organization of the brain, the location of the cells determines the manifold 
clinical pictures elicited by their malfunction and compensatory capacity. 
Thus, the brain intertwines in its response pattern two behaviors with widely 
differing evolutionary histories: the most mundane stress survival strategies 
programmed by egoistic microorganisms and the most advanced technol- 
ogy, highly plastic parallel computing of millions of cells. 
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