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I. lnlroduction

Metabolism under changing fuel supply is controlled by the glucosefatty 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 anabolic 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 sporulation, 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) , dehydroepiandrosterone
(DHEA), neuropeptide
Y (NPY), neurotrophins,
thyroid
hormones, and somatostatin, together with acetylcholine, glutamate, serotonin and noradrenaline. Protagonist effecters of the dystrophic leg are glucocorticoids, galanin, GABA and amyloid-#? protein (AB) . Both systems are
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intricately interlocked by a network of regulatory crosstalks and shared signaling pathways.
The pattern of hormone/neurotransmitter
changes in a variety of CNS
ontogenetic and accidental/degenerative
events is surprisingly uniform: desensitization/degeneration
of proglucolytic agents and activation of prolipolytic hormones/neurotransmitters
paralleled by hypometabolism and
downregulation of glucose utilization. Thus, probing various brain pathologies (e.g., stroke, traumatic injury, epilepsy, Alzheimer disease) and ontogenetic events (maturation, aging) for metabolic stress signatures reveals
their shared heritage as metabolic deprivation syndromes. Neurotransmitters are dual conveyors of intercellular communication
(enabling affective
and cognitive processes) and energy homeostasis, establishing a psychosomatic continuum. In this holistic approach, psychosocial stress, depression,
and psychosis can be understood as heterogeneous phenotypes of psychosocial/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 abundance to use it for energy production during times of fuel shortage. Organisms as early as at the unicellular level have succeeded in taking advantage of the chemical properties of fuel substrates and particularly the most
important ones, glucose and fatty acids. Glucose is relatively rich in potential 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 increased energy demand due to stressful events activate the regulatory agents
of the glucose-FA cycle, hormones, and neurotransmitters.
These counterregulatory 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 oxidation of fatty acids by regulating their transfer into mitochondria. PDH catalyzes 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 facing 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, upregulation of glycogen synthesis, and storage and oxidation of lipids from
endogenous polyhydroxybutyrate/alkanoate
reserves, membranes, and exogenous 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 common 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 elaboration 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 response 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 reproduction and ontogenetic and oncogenetic events. For instance, differentiation 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 programmatically fixed as life- and cell-cycle events but retained their deprivation
response phenotypes. Particularly, ontogenetic events, including aging, unwind under a variety of metabolic features which suggest that induced by
hormones and mediated by stress transduction pathways the cells experience hypometabolic or energetic stress-like states (Heininger, 2001, 2002).
Hormones are conveyors of energetic/metabolic
informations thus replacing in the metazoan organism the environmental signals to which microorganisms 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, prolipolytic GC/catecholamine
system. Both animals and plants resort to FA oxidation following glucose starvation (Heininger, 2000b). In addition, as fixed
in microorganisms, the adaptive mechanism to a variety of environmental

THE

CEREBRAL

GLUCOSE-FATI’Y

ACID

CYCLE

107

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 phylogenetically 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 onefifth of the entire resting requirements of the body. In mammals, the regulation 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 anabolic 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 predominantly 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 glycolysis 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 substrate for oxidative phosphorylation
(Dringen et al., 1993; McKenna et al.,
1993). When glucose becomes scarce, astrocytes appear to supply in situ generated 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 conditions 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, vasoactive 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 evolution of multicellular organisms, and hence all the classical neurotransmitters
occur in virtually all phyla (Walker et aZ., 1996). The archaic role of neurotransmitters 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 environmental 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, controlling 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, neurotransmitters, by controlling the ion homeostasis of cells, regulated the energy homeostasis of cells and controlled the flow of fuels in an integrated, interactive 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 signaling via the insulin-like transduction pathway (Tissenbaum et al., 2000). Likewise, 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 neurotransmitters. 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*+ channels. 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 network 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 regulation of cerebral blood flow (CBF) and metabolism can be delineated
without dwelling in detail upon the complexity in terms of multiple receptor 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). Under physiological conditions, CBF and glucose utilization (GU) are tightly
coupled, neuronal activity and hence metabolic demand being the driving 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 glucose deprivation the brain has to utilize alternative energy sources as discussed above. Maintaining the coupling under these circumstances would
lead to detrimental consequences. Accordingly, CBF and glucose consumption 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 findings 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 neurotransmitterrelated 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 cholinergic 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 pathways (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 neuronal 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 memorytask-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, activation of central muscarinergic neurotransmission also enhanced cerebral
GU, glycogenolysis, the activity of glycogenolytic enzymes, and lactate production (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
pathway 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 ventricle induces systemic hyperglycemia and hepatic gluconeogenesis which
is suppressed by muscarinic antagonists (Nonogaki and Iguchi, 1997). Hypothalamic 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 glucose 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
dehydrogenase (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 potentiating 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 hormones (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 augmentative cycle. Glucose enhances cognition and various cholinergic functions. Glucose attenuates the amnesia induced by insulin-induced
hypoglycemia, 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, abolishes 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 noradrenergic projections, has little effect on basal GU (Savaki et al., 1984), but increases 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 invest 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 complex 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 revealed a general modification of the flow-metabolism coupling (Cudennec
et aZ., 1993). In humans, 5-HT activation appears to elicit hemispheric lateralized increases of GU in the left parietotemporal
and prefrontal cortices
(Mann et al., 1996). At the cellular level, 5-HT activates astroglial glycogenolysis 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 mediated 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 Magistretti, 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 feedback loop, virtually all brain glutamate appears to be derived from glucose in
healthy human brain (Gruetter et al., 1994). Glutamate-associated Ca2+ influx 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 mediator 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 anesthetized 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* agonists 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 demonstrate 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., phenobarbital 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 tidkoff, 1998). This synergistic feedback loop may operate at the hypothalamicpituitary 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 glutamate 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 excitatory 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 neurotransmitters 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 cooperative 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 central 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 neurohormones 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 neurotransmitters, they participate in signaling at synaptic and nonsynaptic sites and particularly play an important role in intercellular communication
as volume
transmission signals (Fuxe et aZ.,1994). Preferentially conferring a slow, longlasting, syndromic message (Fuxe et aZ., 1994)) they modulate neuronal energy homeostasis and excitability, regulate neurotransmitter
balances, and
drive circadian rhythms.
Both the control of energy balance at the systemic level and the cellular 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 thyroid 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 intermediary 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 upregulate 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

116

KURT

HEININGER

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 neurons 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 stimulates 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 stabilization 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 induction 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). Somatostatin enhances cortical and hippocampal glucose uptake (Shibata et aZ.,
1993). In development and maturity, mitochondrial respiration and oxidative 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 cooperative control circuits, however, is poor and at best bilateral interactions have
been investigated. For instance, synergistic interactions and reciprocal regulations have been described for neurotrophins
on one hand and TH, insulin/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 insulin 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., estrogens, 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 deprivation or insulin deficiency such as fasting and diabetes, GC induce a reduced
systemic and cerebral GU and increased FA/KB concentration and utilization (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). Remarkably, 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). Mitochondrial 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 stressors (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). Interactions with pro- and antiglycolytic neurotransmitters
contribute to the dystrophic 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). Furthermore, 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 degenerative 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 homeostasis (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 deprivation 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 glutamatergic, but not GABAergic, transmission and neuronal activity. Galanin is upregulated 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 upregulation 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 regulates 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 influences (Jehan et al., 1993). For instance, GC and neurotrophins are antagonistically linked (Heininger, 1999a). DHEA has antiglucocorticoid
effects
in that it blocks GC synthesis and antagonizes a variety of glucocorticoid actions, 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 paraventricular 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 interactions. 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 hippocampus of castrated rats which can be blocked by substitution with testosterone (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 regulated 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, neurotrophins, 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 glucose 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, phophatidylinositol, 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 intermediary 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 derepression 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 /!Ioxidation 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 pathway 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 cycle 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 metabolite of amyloid precursor protein that in appreciation of its pleiotropic actions in this adaptation has been proposed to be called deprivin (Heininger,
2000b). GCs and A/3 are interlocked in a synergistic feedback loop with mutual regulation of production as one of its features. These agents also orchestrate 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 h‘c Ca*+ levels are raised by physiological stimuli, glucose 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 oxidation 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 uncoupling 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 (LopesCardozo 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 taking 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 cellular 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
deprivation response are not unidirectional.
It should be borne in mind that differentiation initially served to generate dormant, resistant life forms, e.g.,
spores that, under favorable environmental conditions, could dedifferentiate 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 injury 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 associated 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 oxidation 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 clearance declines (Balasse and Fery, 1989) to aid the redirection of fuel. Since
the enzymatic activities of KB metabolism are present at much higher activities 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 uptake 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 utilization (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 approximately 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 mitochondrial metabolites of the TCA cycle, (3) impairs glycolysis through inhibition
of PDH and citrate-mediated inhibition of 6phosphofi-uctokinase,
(4) elevates 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 mitochondrial 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 appears to have a key role in the K&induced benefit by inhibiting glucose consumption (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 mitochondrial sulfhydryl groups (Bindoli et al., 1997)) improving mitochondrial resistance to the induction of permeability transition (Laughlin and
Heineman, 1994; Beyer et al., 1996; Humphries et aZ., 1998), and both protecting 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 mitochondrial 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 enzymes of the GABA shunt and diminish aspartate levels, an excitotoxin
(Erecinska et aZ., 1996; Daikhin and Yudkoff, 1998). These metabolic features 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 reduced cerebral excitability and elevated electroconvulsive threshold (Hori
et al., 1997; Stafstrom et al., 1999)) and make ketogenic diet a valuable therapy 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 induced by a isocaloric ketogenic diet or lipid infusion mimic those observed
after a few days of total fasting, emphasizing the role of carbohydrate restriction for the adaptations (Fery et al., 1982; Klein and Wolfe, 1992). The
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hormonal/metabolic
adaptive changes in the feedback loop of the glucoseFA 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 cellular energy homeostasis may be regarded as a means to achieve the primary
goal, to ensure the cellular survival under adverse conditions. The character of KB as an austerity fuel is highlighted by their effects on pyrimidine
biosynthesis. KB can impair cell proliferation by inhibiting de YUXJO
pyrimidine biosynthesis by 30% which may lead to lower brain weights in the newborn following ketonemic states in late pregnancy (Bhasin and Shambaugh,
1982). The brain may not be totally dependent on hepatic KB supply. Although 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 neurologitally 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 myelinogenesis (reviewed by Mayor and Cuezva, 1985; Nehlig, 1999). During this period, 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), particularly in conditions of nutritional stress (Padmini and Rao, 1991). Thus
in human neonates and infants, KB concentration,
cerebral uptake and
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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 pathway 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 dehydrogenase, 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). Lactating rats exhibit a high brain corticosterone level which may serve to promote 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 oxidative 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 intrathecal accumulation of GC. Conversion of inactive precursors into active agents,
i.e., cortisone into cortisol by the action of llfi-hydroxysteroid
dehydrogenase, 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 insulin receptor densities and signal transduction is decreasing during normal
aging (Frolich et al., 1999). Particularly during increased neuronal activity,
turnover
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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 agingrelated 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, utilization, and mitochondrial
oxidative capacity of KB and cellular ATP decline (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 ischemia, 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 activation 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 hippocampus ensues (Liberini et aZ., 1994; Ni et al., 1995) which cannot be prevented
by reperfusion (Kumagae and Matsui, 1991; Ishimaru et aZ., 1995). Following 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 correlates 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 realization that the tissue endangerments due to reperfusion injury and hyperglycemia and the neuroprotective effects of ischemic tolerance and induced
hypometabolism highlight the flip-flop sides of the same pathophysiological process. An integrative interpretation
of these phenomena (Heininger,
2000b) suggests that ischemic damage can be attenuated by hypometabolic
(antiglycolytic) and aggravated by hypermetabolic (proglycolytic) manipulations. The downregulation of the proglycolytic cholinergic system fulfills a
neuroprotective purpose as exemplified by the effects of pharmacologic manipulations. 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
protects 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 adaptive response needs time to develop. The evolutionary masterplan of the
response only becomes evident with a free interval of hours after a preconditioning 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 reflect the utilization of KB (Kirsch and D’Alecy, 1984; Vannucci and
Brucklacher, 1994). KB or ketosis-inducing agents and diets are neuroprotective 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 upregulation 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 deprivation 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. Prerequisite for these regulatory and even degenerative changes are severe, persistent 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 intercellular 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 continuum. Neurotransmitters
provide the link between psychosocial stressors
and somatic energetic responses giving rise to and representing the pathophysiological 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 individual 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 HPAaxis 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 maternal 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 pathways (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 responses 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 scopolamineinduced amnesia, while 21-30 days of stress result in cholinergic hyposensitivity 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) hippocampal 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 prolipolytic and decreased proglucolytic hormonal and neurotransmitter
activity 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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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 correlated 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 findings 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 markers 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.,
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 finding 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). Systemic 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 avariety 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 starvation responses ask for economization of fuel use characterized by hypometabolism and combustion of energy-rich FA. Consistently, neurochemical 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 responses. 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 response 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 number 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 technology, highly plastic parallel computing of millions of cells.

Ableitner,
A., Wuster,
M., and Herz, A. (1985).
Specific
changes
in local cerebral
glucose
utilization
in the rat brain induced
by acute and chronic
diazepam.
Brain Rex 359,49-56.
Agoston,
D. V., Komoly,
S., and Palkovits,
M. (1994).
Selective
up-regulation
of neuropeptide synthesis by blocking
the neuronal
activity:
galanin expression
in septohippocampal
neurons.
Exp. Neurol. 126, 247-255.
Almeida,
A., Almeida, J., Bolanos, J. P., and Moncada,
S. (2001). Different
responses
of astrocytes and neurons
to nitric oxide: The role of glycolytically
generated
ATP in astrocyte
protection.
Proc. Natl. Acad. Sci. USA 98, 15294-15299.

THE

CEREBRAL

GLUCOSE-FAITY

ACID

CYCLE

133

Amiel, S. A., Archibald,
H. R., Chusney,
G., Williams,
A. J., and Gale, E. A. (1991). Ketone infusion lowers hormonal
responses
to hypoglycaemia:
evidence
for acute cerebral
utilization
of a nonglucose
fuel. C&n. Sci. 81,189-194.
Ammon,
H. P., Estler, C. J., Heim, F., and Okoronkwo,
B. (1969). Different
effects of inhibition
of lipolysis by nicotinic
acid on the rate of glycolytic
carbohydrate
breakdown
in brain and
skeletal muscle. Lz? Sci. f&213-221.
Anwar, N., and Mason, D. F. J. (1982). Two actions of (y-aminobutyric
acid on the responses
of the isolated basilar artery from the rabbit. Br.J Pharmacol. 75, 177-181.
Arakawa,
T., Goto, T., and Okada, Y. (1991). Effect of ketone body (n-3-hydroxybutyrate)
on neural activity and energy metabolism
in hippocampal
slices of the adult guinea pig. Neurosci.
L&t. 130,53-56.
Ashkenazy-Shahar,
M., Ben-Porat,
H., and Beitner,
R. (1998).
Insulin
stimulates
binding
of
phosphofructokinase
to cytoskeleton
and increases glucose 1,6-bisphosphate
levels in NIH3T3 fibroblasts,
which is prevented
by calmodulin
antagonists.
Mol. Genet. Metab. 65,213219.
Auestad,
N., Korsak, R. A., Morrow,
J. W., and Edmond,
J. (1991).
Fatty acid oxidation
and
ketogenesis
by astrocytes
in primary
cu1ture.J.
Neurochem. 56,1376-1386.
Azcoitia,
I., Sierra, A., and Garcia-Segura,
L. M. (1999).
Neuroprotective
effects of estradiol in the adult rat hippocampus:
interaction
with insulin-like
growth factor-I signalling.
J. Newosci. Res. 58,815-822.
Bahnsen,
M., Burrin, J. M., Johnston,
D. G., Pernet, A., Walker, M., and Alberti, K. G. (1984).
Mechanisms
of catecholamine
effects on ketogenesis.
Am.J Physiol. 247, E173-E180.
Balasse, E. O., and Fery, F. (1989).
Ketone body production
and disposal:
effects of fasting,
diabetes, and exercise. Diabetes Metab. Reu. 5, 247-270.
Barbelivien,
A., MacKenzie,
E. T., and Dauphin,
F. (1995). Regional
cerebral
blood flow responses to neurochemical
stimulation
of the substantia
innominata
in the anaesthetized
rat. Neurosci. Lett. 190, 81-84.
Barbelivien,
A., MacKenzie,
E. T., and Dauphin,
F. (1998). Autoradiographic
mapping
of cerebral blood flow responses
to cholinergic
stimulation
of the rat substantia
innominata:
modulatory
effect of galanin. Brain Res. 789,92-100.
Bartanusz,
V., Muller, D., Gaillard, R. C., Sreit, P., and Kiss, J. Z. (1995). GABAand
glutamatergic
local networks
control
CRF neuron
activity in organotypic
cultures
of the hypothalamic
paraventricular
nucleus.
Sot. Neurosci. Abstl: 21, 1386.
Bar&i,
T. (1995).
Galanin.
A neuropeptide
with important
central
nervous
system actions.
In “Psychopharmacology:
The Fourth
Generation
of Progress”
(F. E. Bloom
and D. J.
Kupfer, eds.), pp. 563-571.
Raven Press, New York.
Bartfai, T., H&felt,
T., and Langel, U. (1993)
Galanin-a
neuroendocrine
peptide.
Cti’t. Rev.
Neurobiol. 7, 229-274.
Beani, L., Bianchi,
C., Nilsson,
L., Nordberg,
A., Romanelli,
L., and Sivilotti,
L. (1985).
The
effect of nicotine
and cytisine on 3H-acetylcholine
release from cortical slices of guinea-pig
brain. Naunyn-Schmiedebergs
Arch. Pharmakol. 331, 293-296.
Bedran de Castro, M. T. B., Crystal, G. J., Downey,
H. F., and Bashour,
F. A. (1984). Regional
blood flow in canine brain during
nicotine
infusion:
Pentobarbital
vs. chloralose
anesthesia. Stroke 15, 690-694.
Begum, N., Leitner,
W., Reusch, J. E. -B., Sussman,
K E., and Draznin,
B. (1993).
GLUT4
phosphorylation
and its intrinsic
activity. Mechanism
of Cazf -Induced
inhibition
ofinsulinstimulated
glucose transp0rt.J.
Biol. Chem. 268, 3352-3356.
Bellido, I., Diaz-Cabiale,
Z., Jimenez-Vasquez,
P. A., Andbjer,
B., Mathe, A. A., and Fuxe, K
(2002).
Increased
density of galanin
binding
sites in the dorsal raphe in a genetic
rat
model of depression.
Neurosci. Lett. 317, 101-105.

134

KURT

HEININGER

Ben-Ari,
Y, and Lazdunski,
M. (1989). Galanin protects
hippocampal
neurons
from the functional effects of anoxia. Eur.J. Pharmacol.
165, 331-332.
Bettini, E., and Maggi, A. (1992). Estrogen
induction
of cytochrome
c oxidase subunit
III in
rat hipp0campus.J.
Neurochem. 58, 1923-1929.
Beyer, R. E., Segura-Aguilar,
J., Di Bernardo,
S., Cavazzoni,
M., Fato, R., Fiorentini,
D., Galli, M.
C., Setti, M., Landi, L., and Lenaz, G. (1996). The role of DTdiaphorase
in the maintenance
of the reduced
antioxidant
form of coenzyme
Q in membrane
systems. Proc. Natl. Acad.
S-i. USA 93,2528-2532.
Bhargava,
H. K., Lalitha, T., and Telang, S. D. (1991). Corticosterone
administration
and lipid
metabolism
in brain regions during development.
Znd.J B&hem. BiOphys. 28, 214-218.
Bhasin, S., and Shambaugh,
C. E. (1982).
Fetal fuels. V Ketone bodies inhibit
pyrimidine
biosynthesis
in fetal rat brain. Am.J. Physiol. 243, E234-E239.
Bhatnagar,
S., Costall, B., and Smythe, J. W. (1997). Hippocampal
cholinergic
blockade
enhances hypothalamic-pituitary-adrenal
responses
to stress. Bruin Z&s. 766, 244-248.
Biesold, D., Inanami,
O., Sato, A., and Sato, Y (1989).
Stimulation
of the nucleus
basalis of
Meynert
increases
cerebral
cortical
blood flow in rats. Neurosci. Mt. 8,39-44.
Bihler, I. (1988). The 1987 Upjohn
award lecture. The role of membrane
transport
in the control of glucose metabolism
and its coupling
to cellular
function.
Can./. Physiol. Pharmacol.
66,549-560.
Bilger, A., and Nehlig, A. (1992). Q uantitative
histochemical
changes in enzymes involved
in energy metabolism
in the rat brain during postnatal
development.
II. Glucose-6phosphatase
dehydrogenase
and ,9-hydroxybutyrate
dehydrogenase.
Znt.J. Dev. Neurosci. 10, 143-152.
Bindoli,
A., Callegaro,
M. T., Barzon,
E., Benetti, M., and Rigobello,
M. l? (1997). Influence
of the redox state of pyridine
nucleotides
on mitochondrial
sulfhydryl
groups and permeability transition.
Arch. Biochem. Biophys. 342, 22-28.
Bishop, J., and Simpkins,
J. W. (1994).
Estradiol
enhances
brain glucose
uptake in ovariectomized rats. Bruin Z&s. Bull. 36, 315-320.
Biver, F., Goldman,
S., Delvenne,
V., Luxen,
A., De Maertelaer,
V., Hubain,
P., Mendlewicz,
J.,
and Lotstra, F. (1994). Frontal and parietal metabolic
disturbances
in unipolar
depression.
Biol. Psychiatry 36,381-388.
Blanchard,
D. C., Spencer,
R. L., Weiss, S. M., Blanchard,
R. J., McEwen,
B., and Sakai, R. R.
(1995). Visible burrow
system as a model of chronic
social stress: behavioral
and neuroendocrine
correlates.
Psychoneuroendocrinology
20, 117-134.
Blanchard,
R. J., M&&trick,
C. R., and Blanchard,
D. C. (2001). Animal models of social stress:
Effects on behavior
and brain neurochemical
systems. Physiol. Behav. 73, 261-271.
Blazquez,
C., Sanchez,
C., Velasco, G., and Guzman,
M. (1998).
Role of carnitine
palmitoyltransferase
I in the control
of ketogenesis
in primary
cultures
of rat astr0cytes.J.
Newochem.
71, 1597-1606.
Blazquez,
C., Sanchez, C., Daza, A., Galve-Roperh,
I., and Guzman,
M. (1999). The stimulation
of ketogenesis
by cannabinoids
in cultured
astrocytes
defines
carnitine
palmitoyltransferase I as a new ceramide-activated
enzyme.J.
Neurochem. 72, 1759-1768.
Blomqvist,
G., Thorell, J. O., Ingvar, M., Grill, V., Widen, L., and Stone-Elander,
S. (1995). Use
of R-b-[ l-‘lC] hydroxybutyrate
in PET studies of regional
cerebral
uptake of ketone bodies
in humans.
Am.J Physiol. 269, E948-E959.
Bock, A., Tegtmeier,
F., Hansen, A. J., and Holler, M. (1993). Lactate and postischemic
recovery
of energy metabolism
and electrical
activity in the isolated perfused
rat brain.J.
Neurosurg
Asesthesiol. 5, 94-103.
Bonvento,
G., Lacombe,
P., and Seylaz, J. (1989). Effects of electrical
stimulation
of the dorsal
raphe nucleus on local cerebral
blood flow in the rat.J. Cereb. BZoodFZow Metab. 9,251-255.

THE

CEREBRAL

GLUCOSE-FATTY

ACID

CYCLE

135

Bonvento,
G., Lacombe,
P., MacKenzie,
E. T., and Seylaz, J. (1991).
Effects of dorsal raphe
stimulation
on cerebral
glucose utilization
in the anaesthetized
rat. Bruin Z&s. 567, 325327.
Bookwala,
J., and Schulz, R. (1998). The role of neuroticism
and mastery in spouse caregivers’
assessment
of and response
to a contextual
stress0r.j.
Genmtol. B. Psych& Sci. Social Sci. 53,
P155-P164.
Booth, R. F., Patel, T. B., and Clark, J. B. (1980).
The development
of enzymes
of energy
metabolism
in the brain of a precocial
(guinea
pig) and non-precocial
(rat) species.
J Neurochem. 34, 17-25.
Bouchard,
T. J. (1994). Genes, environment
and personality.
Science 264,1700-1701.
Bough, K J., Valiyil, R., Han, F. T., and Eagles, D. A. (1999). Seizure resistance
is dependent
upon age and calorie restriction
in rats fed a ketogenic
diet. Epilepsy &s. 35,21-28.
Bough, K, J., Yao, S. G., and Eagles, D.A. (2000). Higher ketogenic
diet ratios confer protection
from seizures without
neurotoxicity.
Epi&s~ Res. 38, 15-25.
Bougneres,
P. F., Lemmel,
C., Ferre, P., and Bier, D. M. (1986). Ketone body transport
in the
human neonate
and infant.J.
Clin. Invest. 77,42-48.
Bown, C., Wang, J. F., MacQueen,
G., and Young, L. T. (2000).
Increased
temporal
cortex
ER stress proteins
in depressed
subjects who died by suicide. Neuropsychopharmacolo~
22,
327-332.
Braet, K., Paemeleire,
K, D’Herde,
K., Sanderson,
M. J., and Leybaert,
L. (2001). Astrocyteendothelial
cell calcium
signals conveyed
by two signalling
pathways.
Eur j Neurosci. 13,
79-81.
Brand, K. A., and Hermfisse,
U. (1997). Aerobic
glycolysis by proliferating
cells: A protective
strategy against reactive oxygen species. FASZXBJ 11, 388-395.
Bredt, D. S., and Snyder, S. H. (1989). Nitric oxide mediates
glutamate-linked
enhancement
of cGMP levels in the cerebellum.
Proc. N&l. Acad. Sci. USA 86,9030-9033.
Bredt, D. S., and Snyder,
S. H. (1990).
Isolation
of nitric oxide synthetase,
a calmodulinrequiring
enzyme. Proc. Natl. Acad. Sci. USA 87, 682-685.
Brewster,
W. J., Fernyhough,
P., Diemel,
L. T., Mohiuddin,
L., and Tomlinson,
D. R. (1995).
Changes
in nerve growth factor and preprotachykinin
messenger
RNA levels in the iris
and trigeminal
ganglion
in diabetic
rats; effects of treatment
with insulin or nerve growth
factor. Brain Bes. Mol. Brain Res. 29,131-139.
Brooks, K J., Clark, J. B., and Bates, T. E. (1998). 3-Hydroxybutyrate
aids the recovery
of the
energy state from aglycemic
hypoxia
of adult but not neonatal
rat brain s1ices.j. Newochem.
70,1986-1990.
Brownlee,
D. J. A., and Fairweather,
1. (1999). Exploring
the neurotransmitter
labyrinth
in
nematodes.
Trends Neurosci. 22, 16-24.
Bryan, R. M., Jr. (1990). Cerebral
blood flow and energy metabolism
during stress. Am.J, Physiol.
259, H269-H280.
Buchsbaum,
M. S., and Hazlett, E. A. (1998). Positron
emission tomography
studies of abnormal
glucose metabolism
in schizophrenia.
Schizqphrenia
Bull. 24,343-364.
Burgess, L. H., and Handa, R. J. (1992). Chronic
estrogen-induced
alterations
in adrenocorticotropin
and corticosterone
secretion,
and glucocorticoid
recetor-mediated
functions
in
female rats. Endocrinology
131, 1261-1269.
Cash, C. D. (1994).
(y-hydroxybutyrate:
an overview
of the pros and cons for it being a neuro
transmitter
and/or
a useful therapeutic
agent. Neurosci. Behav. Rm. l&291-304.
Chance, B., Sies, H., and Boveris, A. (1979). Hydroperoxide
metabolism
in mammalian
organs.
Physiol. REV. 59,527-605.
Chaouloff,
F. (2000). Serotonin,
stress and corticoids.j.
Psychophmmucol.
14, 139-151.

136

KURT

HEININGER

Checkley,
S. (1996). The neuroendocrinology
of depression
and chronic
stress. Br Med. Bull.
52,597-617.
Chatelain,
F., Kohl, C., Esser, V., McGarry,
J. D., Girard, J., and Pegorier,
J. P. (1996).
Cyclic
AMP and fatty acids increase carnitine
palmitoyhransferase-I
gene transcription
in cultured
fetal rat hepatocytes.
EucJ. Biocha.
235, 789-798.
Chen, G. Q., Cui, C. H., Mayer, M. L., and Gouaux,
E. (1999). Functional
characterization
of
a potassium-selective
prokaryotic
glutamate
receptor.
Nuture402,
817-821.
Chen, T., Qian, Y Z., Rice, A., Zhu, J. P, Di, X., and Bullock,
R. (2000).
Brain lactate uptake
increases
at the site of impact after traumatic
brain injury. Brain Res. 861, 281-287.
Cheng, C. M., Reinhardt,
R. R., Lee, W. H., Joncas, G., Pate], S. C., and Bondy, C. A. (2000).
Insulin-like
growth
factor
1 regulates
developing
brain glucose
metabolism.
Proc. Natl.
Acad. Sti. USA 97,10236-10241.
Cipres, G., Urcelay,
E., Butta, N., Ayuso, M. S., Parrilla, R., and Martin-Requero,
A. (1994). Loss
of fatty acid control
of gluconeogenesis
and PDH complex
flux in adrenalectomized
rats.
Am.J Physiol. 30, E528-E536.
Clark, C., Kopala, L., Li, D. K, and Hun&,
T. (2001). Regional
cerebral
glucose metabolism
in never-medicated
patients with schizophrenia.
Cun.J. Psychiatry 46,340-345.
Clark, J. B., Bates, T. E., Cullingford,
T., and Land, J. M. (1993). Development
of enzymes of
energy metabolism
in the neonatal
mammalian
brain. Dm. Newosci. 15, 174-180.
Cohen, Z., Bonvento,
G., Lacombe,
P., and Hamel, E. (1996).
Serotonin
in the regulation
of
brain microcirculation.
Prog. Neurobiol. 50, 335-362.
Conti, G., Blandini,
F., Tassorelli,
C., Giubilei,
F., Fornai, F., Zocchi,
A., and Orzi, F. (2001).
Intrastriatal
injection
of D-l or D-2 dopamine
agonists affects glucose utilization
in both
the direct and indirect
pathways
of the rat basal ganglia. Neurosci. Lett. 309, 161-164.
Corbisier,
P., and Remacle, J. (1993).
Influence
of the energetic
pattern
of mitochondria
in
cell aging. Mech. AgingDm
71, 47-58.
Cartes, R., Villar, M. J., Verhofstad,
A., and H&felt,
T. (1990). Effects of central nervous system
lesions on the expression
of galanin: a comparative
in situ hybridization
and immunohistochemical
study. Proc. Natl. Acad. Sci. USA 87, 7742-7746.
Craik,
R. L., Hand,
P. J., and Levin, B. E. (1987).
Locus coeruleus
input affects glucose
metabolism
in activated
rat barrel cortex. Brain l&s. Bull. 19, 495-499.
Crane, P. D., Braun, L. D., Cornford,
E. M., Cremer,
J. E., Glass, J. M., and Oldendorf,
W. H.
(1978).
Dose dependent
reduction
of glucose utilization
by pentobarbital
in rat brain.
Stroke9, 12-18.
Cudennec,
A., Duverger,
D., Nishikawa,
T., McRaeDegueurce,
A., MacKenzie,
E. T., and
Scatton, B. (1988a).
Influence
of ascending
serotonergic
pathways
on glucose use in the
conscious
rat brain. I. Effects of electrolytic
or neurotoxic
lesions of the dorsal and/or
median raphe nucleus.
Bruin I&s. 444, 214-226.
Cudennec,
A., Duverger,
D., Serrano, A., Scatton, B., and MacKenzie,
E. T. (1988b).
Influence
of ascending
serotonergic
pathways
on glucose use in the conscious
rat brain. II. Effects
of electrical
stimulation
of the rostra1 raphe nuclei. Brain Res. 444, 227-246.
Cudennec,
A., Bonvento,
G., Duverger,
D., Lacombe,
P., Seylaz, J., and MacKenzie,
E. T. (1993).
Effects of dorsal raphe nucleus
stimulation
on cerebral
blood flow and flow-metabolism
coupling
in the conscious
rat. Neuroscience 55, 395-401.
Cullingford,
T. E., Dolphin,
C. T., Bhakoo,
K. K., Peuchen,
S., Canevari,
L., and Clark, J. B.
(1998). Molecular
cloning
of rat mitochondrial3-hydroxy-3methylglutaryl-CoA
lyase and
detection
of the corresponding
mRNA and of those encoding
the remaining
enzymes
comprising
the ketogenic
3-hydroxy-3-methylglutaryl-CoA
cycle in central nervous system
of suckling
rats. Biochem.J
329, 373-381.
Dahlgren,
N., Lindvall,
O., Sakabe, T., Stenevi, U., and SieSj6, B. K. (1981).
Cerebral
blood

THE

CEREBRAL

GLUCOSE-FATTY

ACID

CYCLE

137

flow and oxygen
consumption
in the rat brain after lesions of the noradrenergic
locus
coeruleus
system. Bruin Res. 209,11-23.
Daikhin,
Y, a.ndYudkoff,
M. (1998). Ketone bodies and brain glutamate
and GABA metabolism.
Dev. Neurosci. 20,358-364.
D’Alecy,
L. G., Lundy, E. F., Kluger, M. J., Harker,
C. T., LeMay, D. R., and Shlafer, M. (1990).
Beta-hydroxybutyrate
and response
to hypoxia
in the ground
squirrel,
Spermophilus
tridecimlineatus. Comp. Biochem. Physiol. 96,189-193.
Dallman,
M. F., Strack, A. M., Akana, S. F., Bradbury,
M. J., Hanson,
E. S., Scribner,
K A., and
Smith, M. (1993). Feast and famine: Critical
role of glucocorticoids
with insulin in daily
energy flow. Fmnt. Neumendotinol.
14,303-347.
Dallman,
M. F., Akana, S. F., Strack, A. M., Hanson,
E. S., and Sebastian,
R. J. (1995).
The
neural network
that regulates
energy balance is responsive
to glucocorticoids
and insulin
and also regulates
HPA axis responsivity
at a site proximal
to CRF neurons.
Ann. N. I! Acud.
Sci. 771,730-742.
Dardzinski,
B. J., Smith, S. L., Towfighi,
J., Williams,
G. D., Vannucci,
R. C., and Smith, M. B.
(2000). Increased
plasma /I-hydroxybutyrate,
preserved
cerebral
energy metabolism,
and
amelioration
of brain damage during
neonatal
hypoxia
ischemia
with dexamethasone
pretreatment.
Pediatr. Res. 48, 248-255.
Dauphin,
F., Lacombe,
P., Sercombe,
R., Hamel, E., and Seylaz, J. (1991). Hypercapnia
and
stimulation
of the substantiainnominata
increase rat frontal cortical blood flow by different
cholinergic
mechanisms.
Brain Res. 553, 75-83.
Dauphin-Villemant,
C., Leboulenger,
F., and Vaudry, H. (1990). Adrenal
actvity in the female
lizard Lacerty tivipara Jacquin during artificial
hibernation.
Gen. Comp. Endowinol.
79,201214.
Davies, P., Anderton,
B., Kirsch, J., Konnerth,
A., Nitsch, R., and Sheetz, M. (1998). First one in,
last one out: The role of GABAergic
transmission
in generation
and degeneration.
F%g.
Neumbiol. 55,651-658.
DeAngelis,
M. M., Hayes, R. L., and Lyeth, B. G. ( 1994). Traumatic
brain injury causes a decrease
in M2 muscarinic
cholinergic
receptor
binding
in rat brain. Bruin Res. 653,39-44.
de Lacalle, S., Kulkarni,
S., and M&on,
E. J, (1997). Plasticity of galaninergic
fibers following
neurotoxic
damage within the rat basal forebrain:
Initial observations.
Exp. Neuml. 146,
361-366.
De Micheli,
E., and Soncrant,
T. T. (1992). Age-dependent
cerebral
metabolic
effects of unilateral nucleus
basalis magnocellularis
ablation
in rats. Neumbiol. Aging 13, 687-695.
deQuervain,
D. J. F., Roozendaal,
B., and McCaugh,
J. L. (1998).
Stress and glucocorticoids
impair retrieval
of long-term
spatial memory.
Nature 394,787-790.
De Sarno, P., and Giacobini,
E. (1989). Modulation
of acetylcholine
release by nicotinic
recep
tors in the rat brain. j. Neurosci. RRF. 22, 194-200.
Diaz, R., Brown, R. W., and Se&l, J. R. (1998).
Distinct
ontogeny
of glucocorticoid
and mineralocorticoid
receptor
and 1 la-hydroxysteroid
dehydrogenase
types I and II mRNAs in
the fetal rat brain suggest a complex
control
of glucocorticoid
actions. j Neumsci. 18,
2570-2580.
Dickinson,
C. J. (1996). Cerebral
oxidative
metabolism
in hypertension.
Clin. Sk. 91,539-550.
Dierks-Vending,
C., and Cone, A. L. (1971). Acetoacetylcoenzyme
A tbiolase in brain, liver,
and kidney during
maturation
of the rat. Science 172,380-382.
Diez-Guerra,
J., Aragon,
M. C., Gimenez,
C., and Valditieso,
F. (1981).
Effect of thyroid
hormones on the malic enzyme
activity
in rat brain during
development.
Deu. Neumsci. 4,
130-133.
Dikic, I., Schlessinger,
J., and Lax, I. (1994).
PC12 cells overexpressing
the insulin receptor
undergo
insulin-dependent
neuronal
differentiation.
Gun: Biol. 4,702-708.

138

KURT

HEININGER

Dinneen,
S., Alzaid, A., Miles, J., and Rizza, R. (1993). Metabolic
effects of the nocturnal
rise
in cortisol
on carbohydrate
metabolism
in normal
humans.J.
Clin. Znvest. 92, 2283-2290.
Dixon, C. E., Liu, S. J., Jenkins,
L. W., Bhattachargee,
M., Whitson,
J. S., Yang, K Y, and Hayes,
R. L. (1995).
Time course of increased
vulnerability
of cholinergic
neurotransmission
following
traumatic
brain injury in the rat. Behav. Bruin fis. 70, 125-131.
Dombrowski,
G. J., Jr., Swiatek, K R., and Chao, K. L. (1989). Lactate,
3hydroxybutyratq
and
glucose as substrates
for the early postnatal
rat brain. Neumchem. f&s. 14,667-675.
Doyle, P., Guillaume-Gentile,
C., Rohner-Jeanrenaud,
F., andJeanrenaud,
B. (1994). Effects of
corticosterone
administration
on local cerebral
glucose utilization
of rats. Bruin f&s. 645,
225-230.
Dringen,
R., Wiesinger,
H., and Hamprecht,
B. (1993).
Uptake
of Llactate
by cultured
rat
brain neurons.
Neurosci. Lett. 163,5-7.
Dringenberg,
H. C. (2000). Alzheimer’s
disease: more than a “cholinergic
disorder”-evidence
that cholinergic-monoaminergic
interactions
contribute
to EEG slowing and dementia.
Behav. Brain Res. 115, 235-249.
Dubal, D. B., Wilson,
M. E., Shughrue,
P. J., Merchenthaler,
I., and Wise, P. M. (1999). Induction of galanin gene expression
in estradiol-mediated
neuroprotection
against cerebral
ischemia.
Sot. Neurowi. Abstl: 25, 1449.
Duelli, R., Staudt, R., Gnmwald,
F., and Kuschinsky,
W. (1998). Increase of glucose transporter
densities
(GLUT1
and GLUTS)
during
chronic
administration
of nicotine
in rat brain.
Brain Rex 782, 36-42.
Edmond,
J. (1992). Energy metabolism
in developing
brain cells. Can. J Physiol. Pharmacol. 70
(Suppl.),
SllS-s129.
Edmond, J., Auestad,
N., Robbins,
R. A., and Bergstrom,
J. D. (1985). Ketone body metabolism
in the neonate:
Development
and the effect of diet. Fed. Proc. 44, 2359-2364.
Edvinsson,
L., and Krause, D. N. (1979). Pharmacological
characterization
of GABA receptors
mediating
vasodilatation
of cerebral
arteries in vitro. Bruin fix 173, 89-97.
Edvinsson,
L., Larsson, B., and Skarby, T. (1980). Effects of the GABA receptor
agonist muscimol on regional
cerebral
blood flow in the rat. Brain f&s. 185, 445-458.
Edvinsson,
L., MacKenzie,
E. T., and McCulloch,
J. (1993).
“Cerebral
Blood
Flow and
Metabolism.”
Raven Press, New York.
Elias, A. N., Guich,
S., and Wilson,
A. F. (2000). Ketosis with enhanced
GABAergic
tone promotes physiological
changes in transcendental
meditation.
Med. Hypotheses 54,660-662.
Elman, I., Adler, C. M., Malhotra,
A. K, Bir, C., Pickar,
D., and Breier, A. (1998).
Effect of
acute metabolic
stress on pituitary-adrenal
axis activation
in patients with schizophrenia.
AmJ. Psychiatry 155, 979-981.
Endo, Y, Nishimura,
J. I., Kobayashi,
S., and Kimura,
F. (1999). Chronic
stress exposure
influences local cerebral
blood flow in the rat hippocampus.
Neuroscience93,551-555.
Erecinska,
M., Nelson, D., Daikhin,
Y, and Xtdkoff,
M. (1996). Regulation
of GABA level in rat
brain synaptosomes:
fluxes through
enzymes of the GABA shunt and effects of glutamate,
calcium,
and ketone b0dies.J.
Neurochem. 67, 2325-2334.
Fanburg,
B. L., and Lee, S. L. (1997). A new role for an old molecule:
Serotonin
as a mitogen.
Am.J Physiol. 272, L795-LS06.
Feldman,
E. L., Sullivan, K. A., Kim, B., and Russell, J. W. (1997).
Insulin-like
growth factors
regulate neuronal
differentiation
and survival.
Neurobiol. Dis. 4, 201-214.
Fery, F., Bourdoux,
P., Christophe,
J., and Balasse, E. 0. (1982).
Hormonal
and metabolic
changes induced
by an isocaloric
isoproteinic
ketogenic
diet in healthy subjects.
Diabetes
Metab. 8, 299-305.
Fery, F., Plat, L., Melot, C., and Balasse, E. 0. (1996).
Role of fat-derived
substrates
in the
regulation
of gluconeogenesis
during fasting. Am.J Physiol. 270, ES22-ES30.

THE

CEREBRAL

GLUCOSE-FATTY

ACID

CYCLE

139

Fillenz,
M., Lowry, J. P., Boutelle,
M. G., and Fray, A. E. (1999).
The role of astrocytes
and
noradrenaline
in neuronal
glucose metabolism.
Actu Physiol. &and. 167,275-284.
Finkelstein,
Y!, Koffler,
B., Rabey, J. M., and Gilad, G. M. (1985).
Dynamics
of cholinergic
synaptic
mechanisms
in rat hippocampus
after stress. Brain Res. 343,314-319.
Fleshner,
M., Pugh, C. R., Tremblay,
D., and Rudy, J. W. (1997). DHEA-S
selectively
impairs
contextual
fear conditioning:
Support
for the antiglucocorticoid
hypothesis.
Behav. New
rosci. 111, 512-517.
Folli, F., Ghidella,
S., Bonfanti,
L., Kahn, C. R., and Merighi,
A. (1996).
The early intracellular signaling
pathway
for the insulin/insulin-like
growth
factor receptor
family in the
mammalian
central
nervous system. Mol. Neurobiol. 13, 155-183.
Frame, S., and Cohen, P. (2001). GSK3 takes centre stage more than 20 years after its discovery.
BiochemJ.
359, l-16.
Fray, A. E., For+,
R. J., Boutelle,
M. G., and Fillenz, M. (1996). The mechanism
controlling
physiologically
stimulated
changes in rat brain glucose and lactate: a microdialysis
study.
J. Physiol. (Lond.) 496, 49-57.
French, N., Lalies, M. D., Nutt, D. J., and Pratt, J. A. (1995). Idazoxan-induced
reductions
in cortical glucose use are accompanied
by an increase in noradrenaline
release: complementary
[14C] 2deoxyglucose
and microdialysis
studies. NeurophurmacoZo~
34,605-613.
Frolich,
L., Strauss, M., Kornhuber,
J., Hoyer, S., Sorbi, S., Riederer,
P., and Amaducci,
L.
(1990).
Changes
in pyruvate
dehydrogenase
complex
(PDHc)
activity
and [‘H]QNB
receptor
binding
in rat brain subsequent
to intracerebroventricular
injection
of bromopyruvate.J.
Neural. Tranrm. Park. Dis. Demmt. Sect. 2, 169-178.
Friilich,
L., Blum-Degen,
D., Riederer,
P., and Hoyer, S. (1999). A disturbance
in the neuronal
insulin receptor
signal transduction
in sporadic
Alzheimer’s
disease. Ann. N.Y. Acad. Sci.
893,290-293.
Fujiwara,
M., Muramatsu,
I., and Shibata, S. (1975). Gamma-aminobutyric
acid receptors
on
vascular smooth
muscle of dog cerebral
arteries.
Br.J Pharmacol. 55, 561-562.
Fukuyama,
H., Ouchi,
Y, Matsuzaki,
S., Ogawa, M., Yamauchi,
H., Nagahama,
Y, Kimura, J.,
Yonekura,
Y, Shibasaki,
H., and Tsukada,
H. (1996). Focal cortical
blood flow activation
is
regulated
by intrinsic
cortical
cholinergic
neurons.
Neuroimage 3,195-201.
Furchgott,
R. F., and Zawadzki,
J. V. (1980).
The obligatory
role of endothelial
cells in the
relaxation
of arterial smooth
muscle by acetylcholine.
Nature 288, 373-376.
Fuxe, K, Li, X.-M., Bjelke, B., Hedlund,
P. B., Biagini, G., and Agnati, L. F. (1994). Possible
mechanisms
for the powerful
actions of neuropeptides.
Ann. N. Y Acad. Sci. 739,42-59.
Gancedo,
J. M. (1998). Yeast carbon catabolite
repression.
Microbial.
Mol. Biol. Rm. 62, 334361.
Garthwaite,
J., Charles,
S. L., and Chess-Williams,
R. (1988).
Endothelium-derived
relaxing
factor release on activation
of NMDA receptors
suggests role as intercellular
messenger
in
the brain. Nature 336,385-388.
Garthwaite,
J., Garthwaite,
G., Palmer,
R. M. J., and Moncada,
S. (1989).
NMDA
receptor
activation
induces nitric oxide synthesis from arginine
in rat brain slices. Eur J Phamacol.
172,413-416.
Ghajar, J. B., Gibson, G. E., and Duffy, T. E. (1985). Regional
acetylcholine
metabolism
in brain
during acute hypoglycemia
and rec0very.J.
Newochem. 44,94-98.
Gibson,
G. E., and Blass, J. P. (1976).
A relation
between
(NAD+)/(NADH)
potentials
and
glucose utilization
in rat brain s1ices.J. Biol. Chem. 251, 4127-4130.
Gibson, G. E., Barclay,
L., and Blass, J. (1982). The role of the cholinergic
system in thiamin
deficiency.
Ann. N. Z Acad. Sci. 378, 382-403.
Gibson,
G. E., and Mykytyn,
V. (1988). An in vitro model of anoxic-induced
damage in mouse
brain. Neurochem. Res. 13,9-20.

140

KURT

HEININGER

Gibson, G. E., Manger, T., Toral-Barza,
L., and Freeman,
neurotransmitter
release with decreased
availability
14,437-443.
Gilad, G. M. (1987). The stress-induced
response
of the
Avectorial
outcome
of psychoneuroendocrinological
12,167-184.
Gilad, G. M., Rabey, J. M., Tizabi, Y, and Gilad, V. H.
pensatory
changes of septohippocampal
cholinergic
in longevity
and response
to stress. Bruin fis. 436,
Gillespie,
C. M., Merkel,
A. L., and Martin, A. A. (1997).
and LR(S)IGF-I
on regional
blood flow in normal
Gispen-de
Wied, C. C. (2000).
Stress in schizophrenia:

G. (1989). Cytosolic-free
of glucose and oxygen.
septo-hippocampal
interactions.

calcium

and

Neumchem.

cholinergic

&I.

system.

Pychoneuroadocrinology

(1987). Age-dependent
loss and comneurons
in two rat strains differing
31 l-322.
Effects of insulin-like
growth factor-I
rats.J Endocrinol.
155, 351-358.
An integrative
view. Eur J Pharmacol.

405,375-384.

Gitelman,
D. R., and Prohovnik,
I. (1992). Muscarinic
and nicotinic
contributions
to cognitive
function
and cortical
blood flow. Neurobiol. A@ng13,313-318.
Gjedde, A., and Crone, C. (1975). Induction
processes in blood-brain
transfer of ketone bodies
during starvation.
Am.J. Physiol. 229, 1165-l 169.
Gjedde, A., and Rasmussen,
M. (1980). Pentobarbital
anesthesia
reduces blood-brain
glucose
transfer in the rat.j
Neurochem. 35, 1382-1387.
Gluckman,
P. D., Guan, J., Beilharz,
E. J., Klempt,
N. D., Klempt,
M., Miller, O., Sirimanne,
E., Dragunow,
M., and Williams,
C. E. (1993). The role of the insulin-like
growth factor
system in neuronal
rescue. Ann. N.Y Acad. Sci. 692, 138-148.
Gonzalez,
A. M., and Pazos, A. (1992). Affinity
changes
in muscarinic
acetylcholine
receptors
in the rat brain following
acute immobilization
stress: an autoradiographic
study. Eur. J
Pharmacol. 214,261-268.
Gonzalez-Nicolini,
M. V., Orezzoli,
A. A., and Villar, M. J. (1998). An immunohistochemical
study of temperature-related
changes in galanin and nitric oxide synthase immunoreactivity in the hypothalamus
of the toad. G-n. Comp. Endocrinol.
110,175-181.
Gorman,
L. K., Fu, K, Hovda, D. A., Becker, D. P., and Katayama,
Y (1989). Analysis of acetylcholine release following
concussive
brain injury in the rat.J Neurotruuma
6, 203.
Gottstein,
U., Miiller, W., Berghoff,
W., Gartner,
H., and Held, K. (1971).
Utilization
of nonesterified
fatty acids and ketone bodies in human brain. Kkin. Wschr. 49, 406-411.
Gramsbergen,
J. B. P., Schmidt,
W., Turski, W. A., and Schwartz,
R. (1992). Age-related
changes
in kynurenic
acid production
in rat brain. Brain Res. 588, 1-5.
Grasby, P. M., Frith, C. D., Paulesu, E., Friston, K J., Frackowiak,
R. S., and Dolan, R. J. (1995).
The effect of the muscarinic
antagonist
scopolamine
on regional
cerebral
blood flow
during
the performance
of a memory
task. Exp. Bruin Res. 104, 337-348.
Greenberg,
J. H., Greenberg,
M. Z., Takahashi,
K., and Reivich,
M. (1999).
Nitric oxide plays
a role in activation-flow
coupling
in both awake and anesthetized
rats. Sot. Neurosti. Abstr:
25, 900.

Gruetter,
R., Novotny,
Prichard, J. W., and
brain of amino acid
Griinwald,
F., Schrock,
glucose utilization

E. J., Boulware,
S. D., Mason, G. F., Rothman,
D. L., Shulman,
G. I.,
Shulman,
R. G. (1994). Localized
13C NMR spectroscopy
in the human
labeling from n-[l-13C]glucose.J.
Neurochem. 63, 1377-1385.
H., Theilen,
H., Biber, A., and Kuschinsky,
W. (1988).
Local cerebral
of the awake rat during
chronic
administration
of nicotine.
Brain Res.

456,350-356.

GrYinwald,
F., Schrock,
H., and Kuschinsky,
W. (1991).
The
cerebral
blood flow in rats. Neurosci. Lett. 124, 108-110.
Guzman,
M., and Blazquez,
C. (2001). Is there an astrocyte-neuron
Endocrinol
Metab. 12, 169-173.

influence
ketone

of nicotine
body

shuttle?

on local
Trends

THE
Haba,

CEREBRAL

GLUCOSE-FATTY

ACID

CYCLE

141

K, Ogawa, N., Mizukawa,
R, and Mori, A. (1991). Time course of changes in lipid peroxidation,
pre- and postsynaptic
cholinergic
indices,
NMDA
receptor
binding
and neuronal death in the gerbil hippocampus
following
transient
ischemia.
Brain Z&s. 540, 116122.
Hardie,
D. G. (1999). Roles of the AMP-activated/SNFl
protein
kinase family in the response
to cellular stress. Biochem. Sot. Symp. 64, 13-27.
Hardie,
D. G., and Carling,
D. (1997). The AMP-activated
protein
kinase-fuel
gauge of the
mammalian
cell? Eur.J Biochem. 246, 259-273.
Harik, S. I., LaManna,
J. C., Light, A. I., and Rosenthal,
M. (1979). Cerebral
norepinephrine:
Influence
on cortical
oxidative
metabolism
in situ. Science 206,69-71.
Harrell,
L. E., and Davis, J. N. (1985).
Cholinergic
influences
on hippocampal
glucose
metabolism.
Neuroscience 15,359-369.
Harris, E. J., Booth, R., and Cooper, M. B. (1982). The effect of superoxide
generation
on the
ability of mitochondria
to take up and retain Ca’+. EEB.S Lett. 146, 267-272.
Hat-wood,
A. J. (2001). Regulation
of GSK-3: A cellular multiprocessor.
Cell 105,821-824.
Hass, R. (1994). Retrodifferentiation
and cell death. Cri’t. Z&u. Oncog. 5, 359-371.
Hasselbalch,
S. G., Knudsen,
G. M., Jakobsen,
J., Hageman,
L. P., Holm, S., and Paulson, 0. B.
(1994). Brain metabolism
during short-term
starvation
in humans.j.
Cereb. BZoodFZouMetab.
14,125-131.
Hatterer,
J. A., Herbert,
J., Hidaka, C., Roose, S. P., and Gorman,
J. M. (1993). CSF transthyretin
in patients with depression.
Am.J Psychiatry 150, 813-815.
Hawkins,
R. A., Williamson,
D. H., and Krebs, H. A. (1971).
Ketone-body
utilization
by adult
and suckling
rat brain in viva. Biochem.J. 122, 13-18.
Hawkins,
R. A., and Biebuyck,
J. F. (1979).
Ketone bodies are selectively
used by individual
brain regions.
Science 205,325-327.
Hawkins,
R. A., Mans, A. M., and Davis, D. W. (1986).
Regional
ketone body utilization
by rat
brain in starvation
and diabetes. Am.J Physiol. 250, E169-E178.
Hazlett,
E. A., Buchsbaum,
M. S., Byne, W., Wei, T. C., Spiegel-Cohen,
J., Geneve,
C.,
Kinderlehrer,
R., Haznedar,
M. M., Shihabuddin,
L., and Siever, L. J. (1999).
Threedimensional
analysis with MRI and PET of the size, shape, and function
of the thalamus
in the schizophrenia
spectrum.
Am.J Psychiatry 156, 1190-1199.
Heim, C., Owens, M. J., Plotsky, P. M., and Nemeroff,
C. B. (1997).
Persistent
changes
in
corticotropin-releasing
factor systems due to early life stress: relationship
to the pathophysiology
of major depression
and post-traumatic
stress disorder.
Psychopharmacol.
Bull.
33,185-192.
Heininger,
K (1999a).
A unifying
hypothesis
of Alzheimer’s
disease. I. Ageing sets the stage.
Hum. Psychopharmacol.
Clin. Exp. 14, 363-414.
Heininger,
K. (1999b).
A unifying
hypothesis
of Alzheimer’s
disease. II. Pathophysiological
processes.
Hum. Psychopharmacol.
Clin. Exp. 14, 525-581.
Heininger,
K (2000a).
A unifying
hypothesis
of Alzheimer’s
disease. III. Risk factors. Hum.
Psychopharmacol.
Clin. Exp. 15, l-70.
Heininger,
K. (2000b).
A unifying
hypothesis
of Alzheimer’s
disease. IV. Causation
and sequence of events. Z&x Neurosci. 11,213-328.
Heininger,
K. (2001). The deprivation
syndrome
is the driving force of phylogeny,
ontogeny
and ontogeny.
Rew. Neurosci. 12,217-287.
Heininger,
K (2002). Ageing is a deprivation
syndrome
driven by a germ-soma
conflict.
Aging
Z&s. Rm. 1,481-536.
Heininger,
R, Hindmarch,
I., and deVry, J. (1998). Psychotropic
potential
of calcium
antagonists. In “Calcium
Ion Modulators.
The New Wave of Psychotropic
Drugs”
(K Inoue and
Y Watanabe,
eds.), pp. 147-160.
Harwood
Academic
Publishers,
Amsterdam,

142

KURT

HEININGER

Henriksson,
J. (1990).
The possible
role of skeletal muscle
in the adaptation
to periods
of
energy deficiency.
Eul: J. Clin. N&r. 44 Suppl. 1,55-64.
Hillered,
L., Emster,
L., and Siesjb, B. K. (1984).
Influence
of in vitro lactic acidosis
and
hypercapnia
on respiratory
activity of isolated rat brain mitochondria
J. Cereb. Blood Flow
Metab. 4, 430-437.
Hiraide,
A., Katayama,
M., Sugimoto,
H., Yoshioka,
T., and Sugimoto,
T. (1991).
Effect of
3-hydroxybutyrate
on posttraumatic
metabolism
in man. Surgery 109, 176-181.
Hodes, J. E., Soncrant,
T. T., Larson,
D. M., Carlson,
S. G., and Rapoport,
S. I. (1985).
Selective changes in local cerebral
glucose utilization
induced
by phenobarbital
in the rat.
Anesthesiology 63, 633-639.
Hodgkins,
P. S., and Schwartz,
R. (1998). Metabolic
control
of kynurenic
acid formation
in the
rat brain. Deu. Neurosci. 20,408-416.
H&felt,
T., Broberger,
C., Diez, M., Xu, 2. Q., Shi, T., Kopp,J.,
Zhang, X., Holmberg,
K., Landry,
M., and Koistinaho,
J. (1999). Galanin and NPY, two peptides with multiple
putative roles
in the nervous system. Hwm. Metab. Res. 31,330-334.
Holden,
R. J. (1999). The role of brain insulin in the neurophysiology
of serious mental disorders: Review. Med. Hypotheses 52, 193-200.
Holsboer,
F. (1995).
Neuroendocrinology
of mood disorders.
In “Psychopharmacology:
The
Fourth
Generation
of Progress”
(F. E. Bloom and D. J. Kupfer, eds.), pp. 957-969.
Raven
Press, New York.
Holsboer,
F. (2001).
Stress, hypercortisolism
and corticosteroid
receptors
in depression:
Implications
for therapy.J.
Affect. Disord. 62, 77-91.
Hori, A., Tandon,
P., Holmes,
G. L., and Stafstrom,
C. E. (1997).
Ketogenic
diet: Effects on
expression
of kindled
seizures and behavior
in adult rats. Epilepsia 38, 750-758.
Horst, C., Rokos, H., and Seitz, H. J. (1989). Rapid stimulation
of hepatic oxygen consumption
by 3,5di-iodo-L-thyronine.
Biochem.J
261,945-950.
Hortnagl,
H., Berger, M. L., Havelec,
L., and Hornykiewicz,
0. (1993). Role of glucocorticoids
in the cholinergic
degeneration
in rat hippocampus
induced
by ethylcholine
aziridinium
(AF64A).J
Neurosci. 13,2939-2945.
Hovda,
D. A., Yoshino, A., Kawamata,
T., Katayama,
Y, Fineman,
I., and Becker, D. P. (1990).
The increase
in local cerebral
glucose utilization
following
fluid percussion
brain injury is
prevented
with kynurenic
acid and is associated
with an increase in calcium.
Acta Neunxhir
Suppl. (Wien) 51,331-333.
Hoyer,
S., Oesterreich,
R, and Wagner,
0. (1988).
Glucose
metabolism
as the site of the
primary
abnormality
in early-onset
dementia
of Alzheimer
type?J. Neural. 235,143-148.
Hoyer, S., Nitsch, R., and Oesterreich,
K. (1991).
Predominant
abnormality
in cerebral
glucose utilization
in late-onset
dementia
of the Alzheimer
type: a cross-sectional
comparison
against advanced
late-onset
and incipient
early-onset
cases. J. Neural Transm. Park. Dis.
Demerit. Sect. 3, 1-14.
Hu, Y, and Wilson,
G. S. (1997). A temporary
local energy pool coupled
to neuronal
activity: fluctuations
of extracellular
lactate levels in rat brain monitored
with rapid-response
enzyme-based
sens0r.J.
Neurochem. 69,1484-1490.
Humphries,
K. M., Yoo, Y, and Szweda, L. I. (1998). Inhibition
of NADH-linked
mitochondrial
respiration
by 4-hydroxy-2-none&.
Biochemistry 37,552-557.
Husain, K, and Ansari, R. A. (1988). Influence
of cholinergic
and adrenergic
blocking
drugs
on hyperglycemia
and brain glycogenolysis
in diazinon-treated
animals.
Can. J Physiol.
P/larmacol. 66, 1144-l 147.
Huttenlocher,
P. R. (1976). Ketonemia
and seizures: metabolic
and anticonvulsant
effects of
two ketogenic
diets in childhood
epilepsy. Pediatl: Res. 10,536-540.

THE

CEREBRAL

GLUCOSE-FATTY

ACID

CYCLE

143

Iadecola,
C., Li, J., Xu, S., and Yang, G. (1996). Neural mechanisms
of blood flow regulation
during synaptic
activity in cerebellar
c0rtex.J.
Newophysiol.
75,940-950.
Ignarro,
L. J., Buga, G. M., Wood, K S., Byrns, R E., and Chaudhuri,
G. (1987). Endotheliumderived
relaxing
factor produced
and released from artery and vein is nitric oxide. Proc.
Natl. Acad. Sci. USA 84,9265-9269.
Ingenbleek,
Y, and Bernstein,
L. (1999). The stressful condition
as a nutritionally
dependent
adaptive dichotomy.
Nutrition
15,305-320.
Inoue,
M., McHugh,
M., and Pappius,
H. M. (1991).
The effect of cY-adrenergic
receptor
blockers
prazosin
and yohimbine
on cerebral
metabolism
and biogenic
amine content
of traumatized
brain. J. Cereb. Blood Flow Metab. 11, 242-252.
Ishimaru,
H., Takahashi,
A., Ikarashi,
Y, and Maruyama,
Y (1995).
Pentobarbital
protects
against CA1 pyramidal
cell death but not dysfunction
of hippocampal
cholinergic
neurons
following
transient
ischemia.
Brain Res. 673, 112-118.
Ishiwata,
&, Ishii, K., Ogawa, R, Nozaki,
T., and Senda, M. (1996). A brain uptake
study of
[ l-“C]
hexanoate
in the mouse: the effect of hypoxia,
starvation
and substrate
competition.
Ann. Nucl. Med. 10,265-270.
Izumi, Y., Ishii, K, Katsuki,
H., Benz, A. M., and Zorumski,
C. F. (1998).
/l-hydroxybutyrate
fuels synaptic
function
during
development.
Histological
and physiological
evidence
in
rat hippocampal
s1ices.J. CZin, Invest.101, 1121-1132.
Jani, M. S., Telang, S. D., and Katyare, S. S. (1991). Effect of corticosterone
treatment
on energy
metabolism
in rat liver mitochondria.
j Steroid Biochem. Mol. Biol. 38,587-591,
Jansen,
L. M., Gispende
Wied,
C. C., and Kahn, R. S. (2000).
Selective
impairments
in the stress response
in schizophrenic
patients.
Psychopharmacology
(Berlin)
149, 319325.
Jehan,
F., Neveu, I., Naveilhan,
P., Brachet,
P., and Wion, D. (1993).
Complex
interactions
among second
messenger
pathways,
steroid
hormones,
and protooncogenes
of the Fos
and Jun families converge
in the regulation
of the nerve growth factor gene.J. Neurochem.
60,1843-1853.
Johnson,
J. K., and Berman,
N. E. (1996). A transient
phase of cell death in the developing
medial forebrain
of the perinatal
ferret. Brain Res. Dee. Brain Res. 94, 159-165.
Johnson,
W. A., and Weiner,
M. W. (1978).
Protective
effects of ketogenic
diets on signs of
hypoglycemia.
Diabetes 27, 1087-1091.
Johnston,
B. M., Mallard, E. C., Williams,
C. E., and Gluckman,
P. D. (1996). Insulin-like
growth
factor-I is a potent neuronal
rescue agent after hypoxic-ischemic
injury in fetal 1ambs.J. C&n.
Invest 97, 300-308.
Johnston,
D. G., Gill, A., Orskov, H., Batstone,
G. F., and Alberti,
K G. (1982). Metabolic
effects
of cortisol
in man-studies
with somatostatin.
Metabolism 31, 312-317.
Johnston,
M. (1999). Feasting,
fasting and fermenting.
Trends &net. 15,29-33.
Justice, A., Feldman,
S. M., and Brown, L. L. (1989). The nucleus locus coeruleus
modulates
local cerebral
glucose utilization
during noise stress in rats. Brain Rex 490, 73-84.
Kakihana,
R., Moore, J. A., and Butte, J. C. (1980).
Brain corticosterone
in lactating
rats:
possible relation
to the attenuation
of the pituitary-adrenocortical
response
to stress. Res.
Commun. Chem. Pathol. Pharmacol.
27, 105-117.
Kalimi, M., Shafagoj, Y, Loria, R., Padgett, D., and Regelson,
W. (1994). Antiglucocorticoid
effects of dehydroepiandrosterone
(DHEA).
Mol. cell. Biochem. 131,99-104.
Kammula,
R. G. (1976). Metabolism
of ketone bodies by ovine brain in vivo. Am.J Physiol. 231,
1490-1494.
Kask, K., Berthold,
M., and Bartfai, T. (1997). Galanin receptors:
involvement
in feeding, pain,
depression
and Alzheimer’s
disease. Life Sti. 60, 1523-1533.

144

KURT

HEININGER

Kate,

H., Araki, T., Murase,
R, and Kogure,
K (1992).
Induction
of tolerance
alterations
in second-messenger
systems in the gerbil hippocampus.
Brain
559-565.
Katyare,
S. S., Bangur,
C. S., and Howland,
J. L. (1994).
Is respiratory
activity
mitochondria
responsive
to thyroid
hormone
action? A critical
reevaluation.

to ischemia:
Res. Bull. 29,
in the brain
Biochem. J

302,857-860.

Kaufer, D., and Soreq, H. (1999). Tracking
cholinergic
pathways
from psychological
and chemical stressors
to variable
neurodeterioration
paradigms.
Gun: @in. Neural. 12, 739-743.
Kaufer, D., Friedman,
A., Seidman, S., and Soreq, H. (1998a). Acute stress facilitates
long-lasting
changes in cholinergic
gene expression.
Nature 393, 373-377.
Kaufer, D., Friedman,
A., Pavlovsky,
L., and Soreq, H. (1998b).
Stress-induced
transcriptional
modulation
elicits weeks-long
changes
in cholinergic
transmission.
Sot. Neurosci. Abstl: 24,
1434.
Kawamata,
T., Katayama,
Y, Hovda, D. A., Yoshino, A., and Becker, D. P. (1992). Administration
of excitatory
amino acid antagonists
via microdialysis
attenuates
the increase
in glucose
utilization
seen following
concussive
brain injury.J.
Cereb. Blood Flow Metab. 12, 12-24.
Kelley, D. E., Mokan,
M., Simoneau,
J. A., and Mandarino,
L. J. (1993). Interaction
between
glucose and free fatty acid metabolism
in human skeletal musc1e.J.
Clin. Invest. 92,91-98.
Kelly, P. A. T., and McCulloch,
J. (1983).
The effect of the GABA agonist
muscimol
upon
the relationship
between local cerebral
blood flow and glucose utilization.
Bruin Res. 258,
338-342.

Kelly, P. A. T., Faulkner,
A. J., and Burro, A. P. (1989).
upon blood flow in different
vascular territories

The effects of the GABA agonist muscimol
of the rat c0rtex.J.
Cereb. Blood Flow Metab.

9,754-758.

Kemp,

B. E., Mitchelhill,
K. I., Stapleton,
D., Michell,
B. J., Chen, Z. P., and Witters,
L. A.
(1999). Dealing
with energy demand:
the AMP-activated
protein
kinase.
Trends Biockem.
Sci. 24, 22-25.
Kennedy,
S. H., Evans, K R., Kruger,
S., Mayberg,
H. S., Meyer, J. H., McCann,
S., Arifuzzman,
A. I., Houle, S., andvaccarino,
F. J. (2001). Changes in regional brain glucose metabolism
measured
with positron
emission
tomography
after paroxetine
treatment
of major depression. Am.J Psychiatry 158,899-905.
Kim, J. K., Wi, J. K, and Youn, J. H. (1996). Metabolic
impairment
precedes
insulin resistance
in skeletal muscle during high-fat
feeding in rats. Diabetes 45,651-658.
King, P., Parkin, H., MacDonald,
I. A., Barber,
C., and Tattersall,
R. B. (1997). The effect of
intravenous
lactate on cerebral
function
during
hypoglycaemia.
Diabetes Med. 14, 19-28.
Kinoshita,
A., Yamada, K., Mushiroi,
T., and Hayakawa,
T. (1992).
Cholinergic
deafferentation prevents
delayed neuronal
death of the hippocampal
CA1 pyramidal
neurons
after
transient
forebrain
ischemia.
Neuml. Res. 14,340-344.
Kirsch, J. R., and D’Alecy,
L. G. (1984). Hypoxia
induced
preferential
ketone utilization
by rat
brain slices. Stroke 15, 319-323.
Kirschbaum,
C., Platte, P., Pirke, K-M., and Hellhammer,
D. H. (1995). Adrenocortical
activation following
stressful exercise: further
evidence
for attenuated
free cortisol
responses
in
women using oral contraceptives.
Stress Med. 12, 137-143.
Klee, C. B., and Sokoloff,
L. (1967).
Changes
in n--p-hydroxybutyric
dehydrogenase
activity
during brain maturation
in the rat.J Biol. Chem. 242, 3880-3883.
Klein, S., and Wolfe, R. R. (1992). Carbohydrate
restriction
regulates
the adaptive
response
to
fasting. Am.J Physiol. 262, E631-E636.
Kopf, S. R., and Baratti, C. M. (1995). The impairment
of retention
induced
by insulin in mice
may be mediated
by a reduction
in central cholinergic
activity. Neurobiol. Learn. Mem. 63,
220-228.

THE
Kopf,

CEREBRAL

GLUCOSE-FATI’Y

ACID

CYCLE

145

S. R., and Baratti, C. M. (1996). Effects of posttraining
administration
of glucose on retention of a habituation
response
in mice: Participation
of a central cholinergic
mechanism.
Neurobiol. Learn. Mem. 65,253-260.
Kopf, S. R., and Baratti, C. M. (1999). Effects of posttraining
administration
of insulin on retention of a habituation
response
in mice: Participation
of a central cholinergic
mechanism.
Neurobiol. Learn. Mem. 71,50-61.
Kostanyan,
A., and Nazaryan,
K. (1992). Rat brain glycolysis regulation
by estradiol-17B.
Biochim.
Biaphys. Acta 1133, 301-306.
Kraus, H., Schlenker,
S., and Schwedesky,
D. (1974). Developmental
changesofcerebral
ketone
body utilization
in human infants. Hoppe Sqlers Z. Physiol. Chem. 355, 164-170.
Kumagae,
Y, and Matsui, Y (1991). Output,
tissue levels, and synthesis of acetylcholine
during
and after transient
forebrain
ischemia
in the rat. J Neurochem. 56, 1169-l 173.
Kurosawa,
M., Sato, A., and Sato, I! (1989).
Stimulation
of the nucleus
basalis of Meynert
increases
acetylcholine
release in the cerebral
cortex in rats. Neurosci. Lett. 98,45-50.
Kuschinsky,
W., Wahl, M., and Neiss, A. (1974). Evidence
for cholinergic
dilatatory
receptors
in pial arteries of cats. Pjtigers Arch. 347, 199-208.
Lacombe,
P., Sercombe,
R., Verrecchia,
C., Philipson,
V., MacKenzie,
E. T., and Seylaz, J. (1989).
Cortical
blood flow increases
induced
by stimulation
of the substantia
innominata
in the
unanestbetized
rat. Brain Res. 491, 1-14.
Lacombe,
P., Sercombe,
R., Vaucher,
E., and Seylaz, J. (1997).
Reduced
cortical
vasodilatory
response
to stimulation
of the nucleus basalis of Meynert
in the aged rat and evidence
for
a control
of the cerebral
circulation.
Ann. N.I: Acud. Sci. 826,410-415.
LaManna,
J. C., Harik, S. I., Light, A. I., and Rosenthal,
M. (1981). Norepinephrine
depletion
alters cerebral
oxidative
metabolism
in the “active” state. Brain Res. 204, 87-101.
Lannert,
H., Wirtz, P., Schuhmann,
V., and Galmbacher,
R. (1988). Effects of estradiol-17fi
on
learning,
memory
and cerebral
energy metabolism
in male rats after intracerebroventricular administration
of streptozot0cin.J.
Neural Transm. 105,1045-1063.
Lauder, J. M. (1993).
Neurotransmitters
as growth
regulatory
signals: role of receptors
and
second messengers.
Trends Newxti.
16,233-240.
Laughlin,
M. R., and Heineman,
F. W. (1994).
The relationship
between
phosphorylation
potential
and redox
state in the isolated working
rabbit heart. J Alal. Cell. Curdiol. 26,
1525-1536.
Laurie, D. J., and Pratt, J. A. (1989). Local cerebral
glucose utilization
following
subacute
and
chronic
diazepam
pretreatment:
differential
tolerance.
Bruin Res. 504, 101-111.
Lebedev,
E. D. (1978).
11-hydroxycorticosteroid
content
in the peripheral
blood plasma and
in the cerebrospinal
fluid in acute disorders
of the cerebral
circulation.
Zh. Newopatol.
Psikhiatl: 78,66-72.
Lefresne,
P., Guyenet,
P., and Glowinski,
J. (1973). Acetylcholine
synthesis from (2-14C)pyruvate
in rat striatal s1ices.J. Nemo&m.
20, 1083-1097.
Lehninger,
A. L., Vercesi, A., and Bababunmi,
E. A. (1978). Regulation
of Ca2+ release from
mitochondria
by the oxidation-reduction
state of pyridine
nucleotides.
Proc. Natl. Acad.
Sci. USA 75,1690-1694.
Leibowitz,
S. F. (1998). Differential
functions
of hypothalamic
galanin cell groups in the regulation of eating and body weight. Ann. N. Y Acad. Sci. 863,206-220.
Leino, R. L., Gerhart,
D. Z., and Drewes, L. R. (1999). Monocarboxylate
transporter
(MCTl)
abundance
in brains of suckling
and adult rats: A quantitative
electron
microscopic
immunogold
study. Deu. Brain Res. 113,47-54.
Leloup,
C., Michaelson,
D. M., Fisher, A., Hartmann,
T., Beyreuther,
K., and Stein, R. (2000).
Ml muscarinic
receptors
block
caspase activation
by phosphoinositide
3kinaseand
MAPK/ERK-independent
pathways.
CellDeath Di@r 7, 825-833.

146

KURT

HEININGER

Leonard,
J. R., Maris, D. O., and Grady, M. S. (1994).
Fluid percussion
injury causes loss of
forebrain
choline acetyltransferase
and nerve growth factor receptor
immunoreactive
cells
in the rat.J. Neurotrauma
11, 379-392.
Leonard,
J. R., Grady, M. S., Lee, M. E., Paz, J. C., and Westrum,
L. E. (1997). Fluid percussion
injury causes disruption
of the septohippocampal
pathway
in the rat. Exp. Newel. 143,
177-187.
Leuchter,
A. F., Uijtdehaage,
S. H. J., Cook, I. A., O’Hara,
R., and Mandelkern,
M. (1999).
Relationship
between
brain electrical
activity
and cortical
perfusion
in normal
subjects.
Psychiatry
Res. 90, 125-140.
Levant, B., Cross, R. S., and Pazdernik,
T. L. (1998). Alterations
in local cerebral
glucose utilization produced
by D-3 dopamine
receptor-selective
doses of 7-OH-DPAT
and nafadotride.
Brain Z&s. 812, 193-199.
Li, M. D., Kane, J. K, Matta, S. G., Blaner, W. S., and Sharp, B. M. (2000). Nicotine
enhances
the biosynthesis
and secretion
of transthyretin
from the choroid
plexus in rats: implications
for B-amyloid
formati0n.J.
Neurosci. 20, 1318-1323.
Liberini,
P., Pioro, E. P., Maysinger,
D., and Cuello, A. C. (1994).
Neocortical
infarction
in
subhuman
primates
leads to restricted
morphological
damage of the cholinergic
neurons
in the nucleus
basalis of Meynert.
Brain Z&s. 648, 1-8.
Lin, M. T., and Shian, L. R. (1991). Stimulation
of 5-hydroxytryptamine
nerve cells in dorsal
and median raphe nuclei elevates blood glucose in rats. P$tigrs Arch. 417,441-445.
Liu, D., Diorio, J., Tannenbaum,
B., Caldji, C., Francis, D., Freedman,
A., Sharma, S., Pearson,
D., Plotsky,
P. M., and Meaney,
M. J. (1997).
Maternal
care, hippocampal
glucocorticoid receptors,
and hypothalamic-pituitary-adrenal
responses
to stress. Stience 277, 16591662.
Liu, J., and Mori, A. (1994).
Involvement
of reactive
oxygen
species in emotional
stress:
A hypothesis
based on the immobilization
stress-induced
oxidative
damage and antioxidant defense changes in rat brain, and the effect of antioxidant
treatment
with reduced
glutathione.
Znt.J Stress Munag. 1, 249-263.
Liu, J. K., and Mori, A. (1999).
Stress, aging, and brain oxidative
damage. Neurochem. Res. 24,
1479-1497.
Liu, J, L., and Patel, Y C. (1995). Glucocorticoids
inhibit somatostatin
gene expression
through
accelerated
degradation
of somatostatin
messenger
ribonucleic
acid in human
thyroid
medullary
carcinoma
(‘IT) cells. Endoninology
136, 2389-2396.
Liu, S. L., Lyeth, B. G., and Hamm,
R. J. (1994).
Protective
effect of galanin on behavioral
deficits in experimental
traumatic
brain injury.J
Neurotrauma
11,73-82.
Liuzzi, A., Pocchiari,
F., and Angeletti,
P. U. (1968). Glucose metabolism
in embryonic
ganglia:
effect of nerve growth factor [NGF] and insulin. Brain Z&s. 7, 452-454.
London,
E. D., Margolin,
R. A., Duara, R., Holloway,
H. W., Robertson-Tchabo,
E. A., Cutler,
N. R., and Rapoport,
S. I. (1986).
Effects of fasting on ketone body concentrations
in
healthy men of different
ages.J. Genmtol. 41,599-604.
London,
E. D., Connolly,
R. J., Szikszay, M., Wamsley,
J. IL, and Dam, M. (1988).
Effects of
nicotine
on local cerebral
glucose utilization
in the rat.j
Neurosci. 8,3920-3928.
Lopes-Cardozo,
M., and Klein, W. (1982). Ketone-body
utilization
by homogenates
of adult rat
brain, Newochem. Z&s. 7, 687-703.
Lopes-Cardozo,
M., Larsson,
0. M.. and Schousboe,
A. (1986). Acetoacetate
and glucose
as
lipid precursors
and energy substrates
in primary
cultures
of astrocytes
and neurons
from
mouse cerebral
c0rtex.J.
Neumchem. 46,773-778.
Lopez, J. F., Chalmers,
D. T., Little, K. Y, and Watson,
S. J. (1998). Regulation
of serotonintA,
glucocorticoid,
and mineralocorticoid
receptor
in rat and human hippocampus:
imphcations for the neurobiology
of depression.
Biol. Psychiatry 43, 547-573.

THE

CEREBRAL

GLUCOSE-FATI’Y

ACID

CYCLE

147

Losada, M. E. (1988).
Changes
in the central
GABAergic
system after acute treatment
with
corticosterone.
Naunyn-Schmiedebergs
Arch. Pkwmukol.
337, 669-674.
Lowell, B. B., and Goodman,
M. N. (1987). Protein sparing in skeletal muscle during prolonged
starvation.
Dependence
on lipid fuel availability.
Diabetes 36, 14-19.
Lutz, P. L. (1992). Mechanisms
for anoxic survival in the vertebrate
brain. Annu. Rev. Physiol.
54,601-618.
Lyeth, B. G., Dixon, C. E., Jenkins,
L. W., Hamm, R. J., Alberico,
A., Young, H. F., Stonnington,
H. H., and Hayes, R. L. (1988). Effects of scopolamine
treatment
on long-term
behavioral
deficits following
concussive
brain injury to the rat. Bruin fis. 452, 39-48.
Lyons, D. M., Lopez, J. M., Yang, C., and Schatzberg,
A. F. (2000). Stress-level
cortisol
treatment
impairs
inhibitory
control
of behavior
in monkeys. J Neurosci. 20, 7816-7821.
Maccari,
S., Piazza, P. V., Kabbaj, M., Barbazanges,
A., Simon, H., and Lemoal, M. (1995). Adoption reverses the long-term
impairment
in glucocorticoid
feedback
induced
by prenatal
stress.J
Neumsci. 15, 110-116.
Madsen, P. L., Linde, R., Hasselbalch,
S. G., Paulson, 0. B., and Lassen, N. A. (1998). Activationinduced resetting
of cerebral
oxygen and glucose uptake in the rat.J. Cereb. BloodFlow Metab.
18,742-748.
Maes, M., De Vos, N., Pioli, R., Demedts,
P., Wauters, A., Neels, H., and Christophe,
A. (2000).
Lower serum vitamin
estrogens
concentrations
in major depression.
Another
marker
of
lowered antioxidant
defenses in that il1ness.J. Affect. Disord. 58, 241-246.
Magistretti,
P. J., Pellerin, L., and Martin, J.-L. (1995). Brain energy metabolism.
An integrated
perspective.
In “Psychopharmacology:
The Fourth
Generation
of Progress”
(F. E. Bloom
and D. J. Kupfer, eds.), pp. 657-670.
Raven Press, New York.
Mahadik,
S. P., Evans, D., and Lal, H. (2001).
Oxidative
stress and role of antioxidant
and
omega-3 essential fatty acid supplementation
in schizophrenia.
Prog. Neuro-Psychrgharmacol.
Biol. Psychiatry 25, 463-493.
Malendowicz,
L. K, Nussdorfer,
G. G., Nowak, K. W., and Mazzocchi,
G. (1994). The possible
involvement
of galanin in the modulation
of the function
of rat pituitary-adrenocortical
axis under basal and stressful conditions.
Endon: Res. 20, 307-317.
Mamelak,
M. (1989). Gammahydroxybutyrate:
an endogenous
regulator
of energy metabolism.
Neurosci. Biobehav. Rev. 13, 187-198.
Mann, J. J., Malone,
K. M., Diehl, D. J., Perel, J., Nichols,
T. E., and Mintun,
M. A. (1996).
Positron emission
tomographic
imaging ofserotonin
activation
effects on prefrontal
cortex
in healthy vo1unteers.J.
Cezb. Blood Flow Metab. 16,418-426.
Mans, A. M., Davis, D. W., and Hawkins,
R. A. (1987). Regional
brain glucose use in unstressed
rats after two days of starvation.
Metab. Brain Dis. 2,213-221.
Mansell, P. I., and Macdonald,
I. A. (1990). The effect of starvation
on insulin-induced
glucose
disposal and thermogenesis
in humans.
Metabolism 39,502-510.
Marangell,
L. B., Ketter,
T. A., George,
M. S., Pazzaglia,
P. J., Callahan,
A. M., Parekh,
P.,
Andreason,
P. J., Horwitz,
B., Herscovitch,
P., and Post, R. M. (1997). Inverse relationship
of peripheral
tbyrotropin-stimulating
hormone
levels to brain activity in mood disorders.
Am.J Psychiatry 154, 224-230.
Marie, C., Bralet, A. M., G&dry,
S., and Bralet, J. (1990). Fasting prior to transient
cerebral
ischemia
reduces delayed neuronal
necrosis.
Metab. Bruin Dis. 5, 65-75.
Marks, J. L., and Waite, K (1997). Intracerebroventricular
neuropeptide
Y acutely influences
glucose metabolism
and insulin sensitivity
in the rat.J Neumendoninol.
9,99-103.
Marshall,
J. J., Wie, E. P., and Kontos, H. A. (1988). Independent
blockade
of cerebral
vasodilation from acetylcholine
and nitric oxide. Am.J Physiol. 255, H847-H854.
Martens,
M. E., Peterson,
P. L., and Lee, C. P. (1991).
In vitro effects of glucocorticoid
on
mitochondrial
energy metabolism.
Biochim. Biophys. Acta 1058, 152-160.

148

KURT

HEININGER

Mattson,
M. P., and Cheng, B. (1993).
Growth
factors protect
neurons
against excitotoxic/
ischemic
damage by stabilizing
calcium
homeostasis.
Stroke 24, I 136-I 140.
Mattson,
M. P., Robinson,
N., and Guo, Q. (1997). Estrogens
stabilize mitochondrial
function
and protect neural cells against the pro-apoptotic
action of mutant presenilin-1.
Neurorep
8,3817-3812.
Mayor, F.,Veloso,
D., and Williamson,
D. H. (1967). Effects of nicotinic
acid on the acetoacetate
and 3-hydroxybutyrate
concentrations
of rat blood and liver. Biochem.J
104,57P.
Mayor, F., and Cuezva, J. M. (1985). Hormonal
and metabolic
changes in the perinatal
period.
Biol. Neonate 48, 185-196.
Mazarati,
A. M., Liu, H. T., Soomets,
U., Sankar,
R., Shin, D., Katsumori,
H., Langel,
U.,
and Wasterlain,
C. G. (1998).
Galanin
modulation
of seizures and seizure modulation
of hippocampal
galanin
in animal
models of status epilepticus.
J Neurosti.
18, 1007010077.
McCormack,
J. G., and Denton,
R. M. (1986). Ca2+ as second messenger
within mitochondria.
Trends Biol. Sci. 11, 258-262.
McEwen,
B. S., Gould, E. A., and Sakai, R. R. (1992). The vulnerability
of the hippocampus
to
protective
and destructive
effects of glucocorticoids
in relation
to stress. BxJ Psychiatry 15
Suppl, 18-23.
McEwen,
B. S., and Sapolsky, R. M. (1995). Stress and cognitive
function.
Curr: @in. Neurobiol.
5,205-216.
McEwen,
B. S., and Margarinos,
A. M. (1997).
Stress effects on morphology
and function
of
the hippocampus.
Ann. N.K Acad. Sci. 821, 271-284.
McGarry,
J. D., and Brown, N. F. (1997).
The mitochondrial
carnitine
palmitoyltransferase
system. From concept
to molecular
analysis. EuT.J. Biochem. 244, 1-14.
McIntosh,
M. K., Pan, J.-S., and Berdanier,
C. D. (1993).
In vitro studies on the effects of
dehydroepiandrosterone
and corticosterone
on hepatic steroid receptor
binding
and mitochondrial
respiration.
Camp. Biochem. Physiol. 104A, 147-153.
McKenna,
M. C., Tildon, J. T., Stevenson, J. H., Boatright,
R., and Huang, S. (1993). Regulation
of energy metabolism
in synaptic
terminals
and cultured
rat brain astrocytes:
differences
revealed
using aminooxyacetate.
Deu. Neurosci. 15,320-329.
Meguro,
K., Yamaguchi,
S., Itoh, M., Fujiwara,
T., and Yamadori,
A. (1997). Striatal dopamine
metabolism
correlated
with frontotemporal
glucose utilization
in Alzheimer’s
disease: a
double-tracer
PET study. Neurology 49,941-945.
Menendez,
J. A., Atrens,
D. M., and Leibotitz,
S. F. (1992). Metabolic
effects of galanin injections into the paraventricular
nucleus
of the hypothalamus.
Pqtides 13, 323-327.
Meyer, E. M., Judkins,
J. H., Momol, A. E., and Hardwick,
E. 0. (1994). Effects of peroxidation
and aging on rat neocortical
ACh-release
and protein
kinase C. Neurobiol. Agingl5,63-67.
Micheau, J., Messier, C., and Jaffard, R. (1995). Glucose enhancement
of scopolamine-induced
increase
of hippocampal
high-affinity
uptake in mice: Relation
to pasma glucose levels.
Brain &s. 685, 99-104.
Michel,
P. P., and Agid, Y (1995). Death of septal cholinergic
neurons
produced
by chronic
exposure
to glutamate
is prevented
by the noncompetitive
NMDA receptor/channel
antagonist, MK-801: role of nerve growth factor and nitric 0xide.J.
Neurosci. Res. 40,764-775.
Miller, A. L., and Corddry,
D. H. (1981).
Brain carbohydrate
metabolism
in developing
rats
during hypercapnia.J.
Neurochem. 36, 1202-1210.
Miller, C. (2000). Ion channel
surprises:
prokaryotes
do it again. Neuron 25, 7-9.
Miller, R. E. (1981).
Pancreatic
neuroendocrinology:
peripheral
neural mechanisms
in the
regulation
of the Islets of Langerhans.
Endocl: &. 2, 471-494.
Mishunina,
T. M., and Kononenko,
V. I. (1990).
Hormonal
control
of metabolism
of
(y-aminobutyric
acid in the rat hypothalamus
and hippocampus.
Ukl: Biokhim. Zh. 62,
71-79.

THE

CEREBRAL

GLUCOSEFATTY

ACID

CYCLE

149

Mizoguchi,
K, Kunishita,
T., Chui, D. H., and Tabira, T. (1992). Stress induces neuronal
death
in the hippocampus
of castrated
rats. Neurosci. L&t. 138,157-160.
Mohammed,
A. H., Hem&son,
B. G., Soderstrom,
S., Ebental,
T., Olsson, T., and Seckl, J. R.
(1993).
Environmental
influences
on the central
nervous
system and their implications
for the aging rat. Behav. Brain Res. 57, 183-191.
Mohan, P. F., and Clear-y, M. P. (1991). Short-term
effects ofdehydroepiandrosterone
treatment
in rats on mitochondrial
respirati0n.J.
Nuts: 121, 240-250.
Moisan, M. P., Edwards,
C. R., and Seckl, J. R. (1992). Ontogeny
of 11/l-hydroxysteroid
dehydrogenase
in rat brain and kidney. Endotinology
130,400-404.
Mooradian,
A. D., Girgis, W., and Shah, G. N. (1997).
Thyroid
hormone-induced
GLUT-l
expression
in rat cerebral
tissue: effect of age. Brain Res. 747, 144-146.
Morelli,
A., Grasso, M., and Calissano,
P. (1986).
Effect of nerve growth
factor
on glucose
utilization
and nucleotide
content of pheochromocytoma
cells (clone PC12). J Neunxhem.
47,375-38
1.
Moroni,
F. (1999). Tryptophan
metabolism
and brain function:
focus on kynurenine
and other
indole metabolites.
EurJ
Pharmacol. 375,87-100.
Moroni,
F., Russi, P., Lombardi,
G., Beni, M., and Carla, V. (1988).
Kynurenic
acid in the
mammalian
brain increases during the aging process or after the administration
of its precursors. In “Frontiers
in Excitatory
Amino Acid Research”
(E. A. Cavalheiro,
J. Lehmann,
and L. Turski, eds.), pp. 629-636.
AR Liss, New York.
Muck-Seler,
D., Pivac, N., Jakovljevic,
M., and Brzovic,
Z. (1999).
Platelet serotonin,
plasma
cortisol,
and dexamethasone
suppression
test in schizophrenic
patients.
Biol. Psychiatry 45,
1433-1439.
Murakami,
K., Nakagawa,
T., Shozu, M., Uchide,
K, Koike, &, and moue, M. (1999). Changes
with aging of steroidal
levels in the cerebrospinal
fluid of women. M&u&as
33,71-80.
Murdoch,
I., Perry, E. K, Court, J. A., Graham,
D. I., and Dewar, D. (1998). Cortical cholinergic
dysfunction
after human
head injury.J.
Neumtrauma
15,295-305.
Murphy,
B. E. (1981). Ontogeny
of cortisol-cortisone
interconversion
in human tissues: a role
for cortisone
in human fetal deve1opment.J.
Steroid Biochem. 14,811-817.
Nlgga,
&, Bogdanovic,
N., and Marcusson,
J. (1999).
GABA
transporters
(GAT-1)
in
Alzheimer’s
disease.J.
Neural Transm. 106, 1141-1149.
Nakashima,
N., Haji, M., Sakai, Y, Ono, Y, Umeda,
F., and Nawata, H. (1995). Effect of dehydroepiandrosterone
on glucose
uptake
in cultured
human fibroblasts.
Metabolism 44,
543-548.
Nehlig,
A. (1999). Age-dependent
pathways
of brain energy metabolism:
the suckling
rat, a
natural model of the ketogenic
diet. .!?$iZqfq Res. 37, 211-221.
Nehlig, A., Porrino,
L. J., Crane, A. M., and Sokoloff,
L. (1985). Local cerebral
glucose utilization in normal female rats: variations
during the estrous cycle and comparison
with males.
J. Cereb. Blood Flow Metab. 5,393-400.
Nelson,
B. D. (1990). Thyroid
hormone
regulation
of mitochondrial
function.
Comments
on
the mechanism
of signal transduction.
Biochim. Biophys. Acta 1018, 275-277.
Nemeroff,
C. B., and Krishnan,
K R. R. (1992).
Neuroendocrine
alterations
in psychiatric
disorders.
In “Neuroendocrinology”
(C. B. Nemeroff,
ed.), pp. 413-441.
CRC Press, Boca
Raton.
Nesse, R. M. (1999).
Proximate
and evolutionary
studies of anxiety,
stress and depression:
synergy at the interface.
Neunwi.
Biobehav. l&w. 23,895-903.
Ni, J. W., Matsumoto,
K., Li, H. B., Murakami,
Y, and Watanabe,
H. (1995). Neuronal
damage
and decrease
of central
acetylcholine
level following
permanent
occlusion
of bilateral
common
carotid
arteries in rat. Brain Res. 673,290-296.
Nijjar, M., and Be&rave,
R. L. (1997). Regulation
of Ca2+ homeostasis
by glucose metabolism
in rat brain. Mol. Cell. Biochem. 176. 317-326.

150

KURT

HEININGER

Nilsson, G. E., and Lutz, P. L. (1993). Role of GABA in hypoxia
tolerance,
metabolic
depression
and hibernation-possible
links to nemotransmitter
evolution.
Corn@ Biochem. Physiol. C
105,329-336.
Nobler,
M. S., Pelton, G. H., and Sackeim,
H. A. (1999). Cerebral
blood flow and metabolism
in late-life depression
and dementia.J.
Get+& Psychi&
Neuml. 12, 118-127.
Nonogaki,
R, and Iguchi,
A. (1997). Role of central neural mechanisms
in the regulation
of
hepatic glucose metabolism.
Life Sci. 60, 797-807.
Nowicki,
J. P., Assumel-Lurdin,
C., Duverger,
D., and MacKenzie,
E. T. (1988).
Temporal
evolution of regional
energy metabolism
following
focal cerebral
ischemia
in the rat.,J Cereb.
Blood Flow Metab. 8, 462-473.
Ogawa, M., Fukuyama,
H., Ouchi, Y., Yamauchi,
H., Matsuzaki,
S., Kimura, J., and Tsukada,
H.
(1996).
Uncoupling
between
cortical
glucose metabolism
and blood flow after ibotenate
lesion of the rat basal forebrain:
a PET study. Neurosci. Lett. 204, 193-196.
Okuda, Y., Kawai, R, Koide, Y, Kimura,
S., and Yamashita,
K. (1992). Evidence
for regulation
of hepatic ketogenesis
in rats by Ca2+ -calmodulin
messenger
system. Diabetes Nuts: Metab.
5, 3-8.
Olff, M. (1999). Stress, depression
and immunity:
the role of defense and coping styles. Psychi&
Res. Neuroimaging85,7-15.
O’Meara,
G., Coumis,
U., Ma, S. Y, Kehr, J.. Mahoney,
S., Bacon, A., Allen, S. J., Holmes,
F., Kahl, U., Wang, F. H., Kearns,
1. R., Ove-Ogren,
S., Dawbarn,
D., Mufson,
E. J.,
Davies, C., Dawson,
G., and Wynick,
D. (2000).
Galanin
regulates
the postnatal
survival
of a subset of basal forebrain
cholinergic
neurons.
Proc. N&l. Acud. Sci. USA 97, 1156911574.
Ontko, J. A., and Westbrook,
D. J. (1983). Dual effects of calcium on the oxidation
of fatty acids
to ketone bodies in liver mitochondria.
Biochem. Biophys. Res. Commun. 116, 173-179.
Orzi, F., Diana, G., Casamenti,
F., Palombo,
E., and Fieschi, C. (1988). Local cerebral
glucose
utilization
following
unilateral
and bilateral
lesions of the nucleus basalis magnocellularis
in the rat. Brain Res. 462,99-103.
Ott, E.O., Abraham,
J., Meyer, J. S., Achari,
A. N., Chee, A. N., and Mathew,
N. T. (1975).
Disordered
cholinergic
neurotransmission
and dysautoregulation
after acute cerebral
infarction
Stroke 6, 172-180.
Otto, D.A., and Ontko, J. A. (1978). Activation
of mitochondrial
fatty acid oxidation
by calcium.
Conversion
to the energized
state.J. Biol. Chem. 253, 789-799.
Owen, 0. E., Morgan,
A. P., Kemp, H. G., Sullivan, J. M., Herrera,
M. G., and Cahill, G. F., Jr.
(1967). Brain metabolism
during fasting.J.
Clin. Invest.46, 1589-1595.
Owen, 0. E., and Cahill, G. F., Jr. (1973). Metabolic
effects of exogenous
glucocorticoids
in
fasted man.,J Clin. Invest. 52,2596-2605.
Padmini,
S., and Rao, P. S. (1991).
Enhanced
,%oxidative
utilization
of [l-‘4C]palmitate
during active myelinogenesis
in developing
rat brain under nutritional
stress. Lipids 26,
83-85.
Palaiologos,
G., and Felig, P. (1976). Effects of ketone bodies on amino acid metabolism
in
isolated rat diaphragm.
Biochem.J
154, 709-716.
Palmer, R. M., Ferrige,
A. G., and Moncada,
S. (1987).
Nitric oxide release accounts
for the
biological
activity of endotheliumderived
relaxing
factor. Nature 327,524-526.
Pan, J. W., Rothman,
D. L., Behar, K. L., Stein, D. T., and Hetherington,
H. P. (2000).
Human
brain B-hydroxybutyrate
and lactate increase in fasting-induced
ketosis. J. Cereb. BZood Flow
Metab. 20, 1502-1507.
Parent, M. B., Laurey, P. T., Wilkniss,
S., and Gold, P. E. (1997). Intraseptal
infusions
ofmuscimol
impair spontaneous
alternation
performance:
Infusions
of glucose into the hippocampus,
but not the medial septum, reverse the deficit. Neurobiol. Learn. Me-m. 68, 75-85.

THE
Park,

CEREBRAL

GLUCOSE-FATTY

ACID

CYCLE

151

I. R., Thorn,
M. B., and Bachelard,
H. S. (1987). Threshold
requirements
for oxygen in
the release of acetylcholine
from, and in the maintenance
of the energy state in, rat brain
synaptosomes.J.
Newochem. 49,781-788.
Parnas, J. (1999).
From
predisposition
to psychosis:
progression
of symptoms
in schizo
phrenia.
Actu Psych&l:
&and. SupPl. 395,20-29.
Parsons,
P. A. (1993).
Stress, extinctions
and evolutionary
change:
From living organisms
to
fossils. Biol. Rev. 68, 313-333.
Patel, M. S. (1977). Age-dependent
changes in the oxidative
metabolism
in rat brain.J.
Gernntol.
32,643-646.
Pauly, J. R., Grun, E. U., and Collins, A. C. (1990).
Chronic
corticosterone
administration
modulates
nicotine
sensitivity
and brain nicotinic
receptor
binding
in C3H mice. Psychopharmacology
101,310-316.
Pauly, J. R., and Collins, A. C. (1993). An autoradiographic
analysis of alterations
in nicotinic
cholinergic
receptors
following
1 week of corticosterone
supplementation.
Newoendoninology 57,262-271.
Peet, M., Murphy,
B., Shay, J., and Horrobin,
D. (1998). Depletion
of omega-3 fatty acid levels
in red blood cell membranes
of depressive
patients.
Biol. Psychiatry 43,315-319.
Pellerin,
L., and Magistretti,
P. J. (1994). Glutamate
uptake into astrocytes
stimulates
aerobic
glycolysis:
A mechanism
coupling
neuronal
activity to glucose utilization.
Proc. Nutl. Acad.
Sci. USA 91,10625-10629.
Pellerin,
L., Pellegri,
G., Martin, J. L., and Magistretti,
P. J. (1998a).
Expression
of monocarboxylate
transporter
mRNAs in mouse brain: Support
for a distinct
role of lactate as an
energy substrate
for the neonatal
vs. adult brain. Proc. Nutl. Acud. Sci. USA 95, 3990-3995.
Pellerin,
L., Pellegri,
G., Bittar, P. G., Charnay,
Y, Bouras,
C., Martin, J. L., Stella, N., and
Magistretti,
P. J. (1998b).
Evidence
supporting
the existence
of an activity-dependent
astrocyte-neuron
lactate shuttle. Dev. Newosci. 20,291-299.
Pereira
de Vasconcelos,
A., Schroeder,
H., and Nehlig,
A. (1987).
Effects of early chronic
phenobarbital
treatment
on the maturation
of energy metabolism
in the developing
rat
brain. II. Incorporation
of ,!l-hydroxybutyrate
into amino acids. Bruin Res. 433,231-236.
Pereira de Vasconcelos,
A., Boyet, S., and Nehlig, A. (1990). Consequences
of chronic
phenobarbital
treatment
on local cerebral
glucose utilization
in the developing
rat. Brain Res.
Dev. Bruin Res. 53, 168-178.
Perry, E. &, Piggott, M. A., Court, J. A., Johnson,
M., and Perry, R. H. (1993). Transmitters
in
the developing
and senescent
human brain. Ann. N.E Acud. Sci. 695,69-72.
Peterson,
C. (1990). Tetrahydroaminoacridine
increases
acetylcholine
synthesis
and glucose
oxidation
by mouse brain slices in vitro. Neurosci. I&. 115, 274-278.
Pettit, F. H., Pelley, J. W., and Reed, L. J. (1975). Regulation
of pyruvate dehydrogenase
kinase
and phosphatase
by acetyl-CoA/CoA
and NADH/NAD
ratios. Biochem. Biophys. Res. Commun. 65,575-582.
Pietrini,
P., Ricciardi,
E., Furey, M. L., Dani, A., Guazzelli,
M., Schapiro,
M. B., Rapoport,
S. I.,
and Alexander,
G. E. (1999). Effects of the healthy aging process on the relation of regional
cerebral
blood flow (rCBF) to glucose metabolism
(rCMRglc)
during rest and audiovisual
stimulation
in humans.
Sot. Neurosci. Abstr. 25, 1144.
Pillar, T. M., and Seitz, H. J. (1997). Thyroid
hormone
and gene expression
in the regulation
of mitochondrial
respiratory
function.
Eur.J. Endocrinol.
136, 231-239.
Plomin, R., Owen, M. J., and McGuffin,
P. (1994). The genetic basis of complex
human behaviors. Science 264,1733-1739.
Plotsky,
I? M., and Meaney,
M. J. (1993).
Early, postnatal
experience
alters hypothalamic
corticotropin-releasing
factor
(CRF) mRNA, median
eminence
CRF content
and stressinduced
release in adult rats. Bruin f&s. Mol. Brain f&s. 18, 195-200.

152

KURT

HEININGER

Plotsky, P. M., Owens, M. J., and Nemeroff,
C. B. (1995). Neuropeptide
alterations
in mood
disorders.
In “Psychopharmacology:
The Fourth Generation
of Progress”
(F. E. Bloom and
D. J. Kupfer, eds.), pp. 971-981.
Raven Press, New York.
Poblete, J. C., and Azmitia, E. C. (1995). Activation
of glycogen phosphorylase
by serotonin
and
3,4methylenedioxymethamphetamine
in astroglial-rich
primary
cultures:
involvement
of
the ~-HT~A receptor.
Bruin Res. 680, 9-15.
Poduslo,
S. E. (1989). Induction
of ketone body enzymes in glial cells. Arch. Biochem. Biophys.
272,318-322.
Poduslo,
S. E., Pak, C. H., and Miller, K. (1990).
Hydrocortisone
induction
during
oligodendroglial
differentiation.
Neurosci. Lett. 113, 84-88.
Pollay, M., and Stevens, F. A. (1980). Starvation-induced
changes in transport
of ketone bodies
across the blood-brain
barrier.J.
Neurosci. I&X 5, 163-172.
Popovici,
D., Mihai, N., and Urbanavicius,
V (1980). Abnormalities
of oxidative
phosphorylation due to excess or deficiency
of thyroid
hormones.
Endon’nologie
18,143-147.
Posener, J. A., Schatzberg,
A. F., Williams,
G. H., Samson, J. A., McHale,
N. L., Bessette, M. P.,
and Schildkraut,
J. J. (1999).
Hypothalamic-pituitary-adrenal
axis effects on plasma homovanillic
acid in man. Biol. Psychiatry 45, 222-228.
Prange, A. J. Jr., t&butt,
J. C., and Loosen,
P. T. (1987).
The hypothalamic-pituitary-thyroid
axis in affective
disorders.
In “Psychopharmacology:
The Third
Generation
of Progress”
(H. Y Mehzer,
eds.), pp. 629-636.
Raven Press, New York.
Prapong,
T., Uemura,
E., and Hsu, W. (2001).
G protein
and CAMP-dependent
protein
kinase mediate amyloid B-peptide
inhibition
of neuronal
glucose uptake. Exp. New&. 167,
59-64.
Prasad, A. N., and Stafstrom,
C. E. (1998). Dietary therapy
of epilepsy in the nineties: Renewed
experience
with the ketogenic
diet. Nuts: Res. 18, 403-416.
Prendergast,
M. A., and Buccafusco,
J. J. (1998).
(-)-Nicotine
increases
mRNA
encoding
GSPDH and the vesicular
acetylcholine
transporter
in vivo. Neurorqbort 9,1385-1389.
Ragozzino,
M. E., Unick,
K E., and Gold, P. E. (1996).
Hippocampal
acetylcholine
release
during
memory
testing in rats: Augmentation
by glucose.
Pmt. Natl. Acad. Sci. USA 93,
4693-4698.
Ramade, F., and Bayle, J. D. (1989). Adaptation
of the adrenocorticotropic
response
to chronic
intermittent
stress was altered by intracerebroventricular
infusion
of hemicholinium-3.
Neuroendotinoloa
50, 165-169.
Randle, P. J. (1998).
Regulatory
interactions
between
lipids and carbohydrates:
the glucose
fatty acid cycle after 35 years. Diabetes Metab. Reo. 14, 263-283.
Randle, P. J., Sugden, P. H., Kerbey, A. L., Radcliffe,
P. M., and Hutson,
N. J. (1978). Regulation
of pyruvate
oxidation
and the conservation
of glucose. Biochem. Sot. Symp. 43,47-67.
Redies, C., Hoffer,
L. J., Beil, C., Marliss, E. B., Evans, A. C., Lariviere,
F., Marrett,
S., Meyer, E.,
Diksic, M., Gjedde, A., and Hakim,
A. M. (1989).
Generalized
decrease
in brain glucose
metabolism
during fasting in humans
studied by PET. Am.J Physiol. 256, E805-E810.
Reis, D. J., Golanov,
E. V., Galea, E., and Feinstein,
D. L. (1997).
Central neurogenic
neuroprotection:
Central neural systems that protect
the brain from hypoxia and ischemia.
Ann.
N. Y Acud. Sci. 835, 168-186.
Renault,
E., Sarrazin,
S., and Deschatrette,
J. (1998).
Evidence
for interactions
between
rat
hepatoma
cell apoptosis
and differentiation.
Biochem. &net. 36, 1-13.
Robinson,
J. K, and Crawley, J. N. (1993).
The role of galanin in cholinergically-mediated
memory
processes.
Prog. NewvPsychophawnacol.
Biol. Psychiatry 17, 71-85.
Robinson,
S. E., Martin, R. M., Davis, T. R., Gyenes, C. A., Ryland, J. E., and Enters, E. K. (1990).
The effect of acetylcholine
depletion
on behavior
following
traumatic
brain injury. Brain
Res. 509,41-46.

THE

CEREBRAL

GLUCOSE-FATTY

ACID

CYCLE

153

Roeder,
L. M., Poduslo,
S. E., and Tildon,
J. T. (1982).
Utilization
of ketone
bodies and
glucose by established
neural cell 1ines.J. Neumsci. Res. 8,671-682.
Roland, P. E., and Friberg,
L. (1988). The effect of GABA-A agonist THIP on regional
cortical
blood flow in humans.
A new test of hemispheric
dominance.
J. Cereb. Blood Flow Metab. 8,
314-323.
Romijn, J. A., Godfried,
M. H., Hommes,
M. J., Endert,
E., and Sauerwein,
H. P. (1990).
Decreased glucose oxidation
during
short-term
starvation.
Metabolism 39,525-530.
Rosenblum,
W. I. (1997). Selective
impairment
of response
to acetylcholine
after ischemia/
reperfusion
in mice. Stroke 28,448-451.
Ross, D. L., Swaiman,
K. F., Torres,
F., and Hansen,
J. (1985).
Early biochemical
and EEG
correlates
of the ketogenic
diet in children
with atypical absence epilepsy. Pediatl: Neural.
1,104-108.
Rubinow,
D. R., Davis, C. L., and Post, R. M. (1995).
Somatostatin
in the central
nervous
system. In “Psychopharmacology:
The Fourth
Generation
of Progress”
(F. E. Bloom and
D. J. Kupfer, eds.), pp. 553-562.
Raven Press, New York.
Ruderman,
N. B., Ross, P. S., Berger, M., and Goodman,
M. W. (1974). Regulation
of glucose
and ketone-body
metabolism
in brain of anaesthetized
rats. Biochem.J. 138, l-10.
Ruderman,
N. B., Saha, A. R, Vawas, D., Heydrick,
S. J., and Kurowski,
T. G (1997).
Lipid
abnormalities
in muscle of insulin-resistant
rodents.
The malonyl
CoA hypothesis.
Ann.
N. I: Acad. Sci. 827, 221-230.
Ruderman,
N. B., Saha, A. R, Vawas, D., and Witters, L. A. (1999). Malonyl-CoA,
fuel sensing,
and insulin resistance.
Am.J Physiol. 276, El-E18.
Sabell, I., Morata,
P., Quesada, J., and Morell,
M. (1985).
Effect of thyroid
hormones
on the
glycolytic
enzyme activity in brain areas of the rat. Enzyyme 34,27-32.
Saboureau,
M., Bobet, J. P., and Boissin, J. (1980).
Cyclic activity of adrenal function
and seasonal variations
ofcortisol
peripheral
metabolism
in a hibernating
mammal,
the hedgehog.
J. Physiol. (Paris) 76, 617-629.
Saltiel, A. R., and Kahn, C. R. (2001). Insulin signalling
and the regulation
of glucose and lipid
metabolism.
Nuture414,
799-806.
Sapolsky, R. M. (1985). A mechanism
for glucocorticoid
toxicity in the hippocampus:
Increased
vulnerability
to metabolic
insu1ts.J.
Neumsci. 5, 1228-1232.
Sapolsky,
R. M. (1986). Glucocorticoid
toxicity
in the hippocampus:
reversal by supplementation with brain fuels. J. Neurosci. 6, 2240-2244.
Sapolsky,
R. M. (1993).
Potential
behavioral
modification
of glucocorticoid
damage
to the
hippocampus.
Behav. Bruin Res. 57, 175-182.
Sapolsky,
R. M. (1994). The physiological
relevance
of glucocorticoid
endangerment
of the
hippocampus.
Ann. N.K Acad. Sci. 746, 294-307.
Sato, A., and Sato, Y (1992). Regulation
of regional
cerebral
blood flow by cholinergic
fibers
originating
in the basal forebrain.
Neurosci. Res. 14, 242-274.
Sato, K., Kashiwaya,
Y, Keon, C. A., Tsuchiya,
N., King, M. T., Radda, G. K., Chance,
B.,
Clarke,
K, and Veech, R. L. (1995).
Insulin,
ketone
bodies, and mitochondrial
energy
transduction.
FASEBJ 9,651-658.
Savaki, H. E., Graham,
D. I., Grome, J. J., and McCulloch,
J. (1984). Functional
consequences
of unilateral
lesion of the locus coeruleus:
a quantitative
“G2deoxyglucose
investigation.
Brain Rex 292, 357-366.
Schade, D. S., Eaton, R. P., and Peake, G. T. (1980). The ketotic
effects of glucocorticoid
and
growth hormone
in man. Acta Diabetol. Lat. 17, 161-169.
Schade, D. S., and Eaton, R. P. (1980). The temporal
relationship
betweeen
endogenously
secreted stress hormones
and metabolic
decompensation
in diabetic man.J. CZin. Endocrinol.
Metab. 50, 131-136.

154

KURT

HEININGER

Schauer, J. E., Schelin, A., Hanson,
P., and Stratman,
F. W. (1990). Dehydroepiandrosterone
and a beta-agonist,
energy
transducers,
alter antioxidant
enzyme
systems: influence
of
chronic
training
and acute exercise in rats. Arch. Biochem. Biophys. 283,503-511.
Schlessinger,
J., and Ullrich,
A. (1992). Growth
factor signaling
by receptor
tyrosine
kinases.
Neuron 9,383-391.
Schmidt,
R. H., and Grady, M. S. (1995). Loss of forebrain
choline@
neurons
following
fluidpercussion
injury: implications
for cognitive
impairment
in closed head injuv.J
Neumsurg.
83,496-502.
Schroeder,
H., Bomont,
L., and Nehlig, A. (1991).
Influence
of early chronic
phenobarbital treatment
on cerebral
arteriovenous
differences
of glucose and ketone bodies in the
developing
rat. ht. J. Deu. Neurosci. 9, 453-461.
Schroeder,
H., Collignon,
A., Uttscheid,
L., Pereira
de Vasconcelos,
A., and Nehlig,
A.
(1994).
Effects of early chronic
diazepam
treatment
on incorporation
of glucose
and
j3-hydroxybutyrate
into cerebral
amino acids: Relation
to undernutrition.
ht. J Deu. Nrurosci. 12,471-484.
Schroeder,
H., Humbert,
A. C., Koziel, V., Desor, D., and Nehlig, A. (1995). Behavioral
and
metabolic
consequences
of neonatal
exposure
to diazepam
in rat pups. &p. Neuml. 131,
53-63.
Schurr,
A., West, C. A., and Rigor, B. M. (1988). Lactate-supported
synaptic function
in the rat
hippocampal
slice preparation.
Science 240, 1326-1328.
Schurr,
A., Payne, R. S., Miller, J. J., and Rigor, B. M. (1997). Brain lactate, not glucose, fuels
recovery
of synaptic
function
from hypoxia
upon reoxygenation:
an in vitro study. Brain
Res. 744,105-l
11.
Schwartz,
M. W., Baskin, D. G., Kaiyala, K. J., and Woods, S. C. (1999). Model for the regulation
ofenergy
balance and adiposity by the central nervous system. AmJ. Clin. N&l: 69,584-596.
Scrimgeour,
A. G., Blakesley,
V A., Stannard,
B. S., and LeRoith,
D. (1997). Mitogen-activated
protein kinase and phosphatidylinositol3-kinase
pathways are not sufficient
for insulin-like
growth factor I-induced
mitogenesis
and tumorigenesis.
&zdotinology
138, 2552-2558.
Seckl, J. R. (1997).
Glucocorticoids,
feto-placental
1 lfi-hydroxysteroid
dehydrogenase
type 2,
and the early life origins of adult disease. Steroids 62,89-94.
Settergren,
G., Lindblad,
B. S., and Persson, B. (1980). Cerebral
blood flow and exchange
of
oxygen, glucose, ketone bodies, lactate, pyruvate and amino acids in anesthetized
children.
Acta Paedriatr
&and. 69,457-465.
Seymour,
K. J., Bluml, S., Sutherling,
J., Sutherling,
W., and Ross, B. D. (1999). Identification
of cerebral
acetone
by ‘H-MRS
in patients
with epilepsy
controlled
by ketogenic
diet.
MAGMA
8,33-42.
Shibata, S., Kodama,
R, Tominaga,
K., Tanaka,
T., and Watanabe,
S. (1992).
Effect of muscarinic cholinergic
drugs on ischemia-induced
decreases in glucose uptake and CA1 field
potentials
in rat hippocampus
slices. Eur. J. Pharmacol. 221, 113-119.
Shibata, S., Koga, Y, Hamada, T., and Watanabe,
S. (1993). Facilitation
of 2deoxyglucose
uptake
in rat cortex and hippocampus
slices by somatostatin
is independent
of cholinergic
activity.
EurJ
Pharmacol.
231,381-388.
Shulman,
R. G., Rothman,
D. L., and Hyder, F. (1999). Stimulated
changes in localized cerebral
energy consumption
under anesthesia.
Proc. Natl. Acad. Sci. USA 96,3245-3250.
Sibson, N. R., Dhankhar,
A., Mason, G. F., Rothman,
D. L., Behar, K. L., and Shulman,
R. G.
(1998). Stoichiometric
coupling
of brain glucose metabolism
and glutamatergic
neuronal
activity. Proc. Natl. Acad. Sci. USA 95, 316-321.
Silva, A., Montague,
J. R., Lopez, T. F., and Mudd, L. M. (2000). Growth factor effects on survival
and development
of calbindin
immunopositive
cultured
septal neurons.
Brain fis. Bull.
51,35-42.

THE

CEREBRAL

GLUCOSE-FA’ITY

ACID

CYCLE

155

Skaper, S. D., andvaron,
S. (1979). Nerve growth factor action on 2deoxy-D-glucose
transport
in dorsal root ganglionic
dissociates
from chick embryo.
Brain Res. 163,89-100.
Smith, A. L., Satterthwaite,
H. S., and Sokoloff,
L. (1969).
Induction
of brain
D(-)-/lhydroxybutyrate
dehydrogenase
activity by fasting. Science 163,79-81.
Smythe, G. A., and Edwards,
S. R. (1991). A role for central postsynaptic
az-adrenoceptors
in
glucoregulation.
Brain Res. 562, 225-229.
Soboll, S. (1993). Long-term
and short-term
changes in mitochondrial
parameters
by thyroid
hormones.
Biochem. Sot. Trans. 21, 799-803.
Soengas, J. L., Strong, E. F., and Andres,
M. D. (1998). Glucose,
lactate, and B-hydroxybutyrate
utilization
by rainbow
trout brain: changes during food deprivation.
Physiol. Zool. 71,285293.
Sokoloff,
L. (1973). Metabolism
of ketone bodies by the brain. Annu. Rev. Med. 24,271-280.
Sokoloff,
L., Reivich,
M., Kennedy,
C., Des Rosiers,
M. H., Patlak, C. S., Pettigrew,
K D.,
Sakurada,
O., and Shinohara,
M. (1977). The [14C]deoxyglucose
method
for the measurement
of local cerebral
glucose utilization:
Theory,
procedure,
and normal
values in
the conscious
and anesthetized
albino rat.J Newochem. 28,897-916.
Soncrant,
T. T., Holloway,
H. W., and Rapoport,
S. I. (1985). Arecoline-induced
elevations
of
regional
cerebral
metabolism
in the conscious
rat. Brain Z&s. 347, 205-216.
Soncrant,
T. T., Holloway,
H. W., Greig, N. H., and Rapoport,
S. I. (1989).
Regional
brain
metabolic
responsivity
to the muscarinic
cholinergic
agonist arecoline
is similar in young
and aged Fischer-344
rats. Bruin fis. 487, 255-266.
Sonnewald,
U., Wang, A. Y, Schousboe,
A., Erikson,
R., and Skottner,
A. (1996). New aspects
of lactate metabolism:
IGF-I and insulin regulate
mitochondrial
function
in cultured
brain
cells during normoxia
and hypoxia.
Dew. Neurosci. 18, 443-448.
Srivastava,
A. K, and Pandey, S. K (1998). Potential
mechanism(s)
involved
in the regulation
of glycogen
synthesis by insulin. Mol. Cell. Biochem. 182, 135-141.
Srivastava,
L. K, and Baquer,
N. Z. (1985).
Changes
in phosphofructokinase
and pyruvate
kinase in rat brain following
thyroidectomy.
Biochem. Znt. 11,491~500.
Stafstrom,
C. E., Wang, C., and Jensen, F. E. (1999). Electrophysiological
observations
in hippocampal
slices from rats treated with the ketogenic
diet. Dev. Newosci. 21, 393-399.
Steckler,
T., Holsboer,
F., and Reul, J. M. H. M. (1999). Glucocorticoids
and depression.
Best
&act. Res. Clin. Endocrinol.
Metab. 13, 597-614.
Stefani, M. R., and Gold, P. E. (1998).
Intra-septal
injections
of glucose and glibenclamide
attenuate
galanin-induced
spontaneous
alternation
performance
deficits in the rat. Brain
f&s. 813,50-56.
Stratakis,
C. A., and Chrousos,
G. P. (1995). Neuroendocrinology
and pathophysiology
of the
stress system. Ann. N.Y. Acad. Sci. 771, 1-18.
Sun, A., and Cheng, J. (1999).
Novel targets for therapeutic
intervention
against ischemic
brain injury. Clin. Neurqpharmacol.
22, 164-171.
Sunanda Rao, B. S. S., and Raju, T. R. (2000). Restraint
stress-induced
alterations
in the levels
of biogenic
amines, amino acids, and AChE activity in the hippocampus.
Neurochem. Rps.
25,1547-1552.
Swaab, D. F., Raadsheer,
F. C., Endert, E., Hofman,
M. A., Kamphorst,
W., and Ravid, R. (1994).
Increased
cortisol
levels in aging and Alzheimer’s
disease in postmortem
cerebrospinal
fluid.J.
Neuroadoninol.
6, 681-687.
Sze, J. Y., Victor, M., Loer, C., Shi, Y, and Ruvkun,
G. (2000). Food and metabolic
signaling
defects in a Caenorhabditis
elegant serotonin-synthesis
mutant.
Nature 403,560-564.
Takahashi,
A., Ishimaru,
H., Ikarashi,
Y, Kishi, E., and Maruyama,
Y (1996).
Hypothalamic
cholinergic
activity associated
with 2deoxyglucose-induced
hyperglycemia.
Brain Res. 734,
116-122.

156

KURT

HEININGER

Thakore,
J. H., Richards,
P. J., Reznek, R. H., Martin,
A., and Dinan, T. G. (1997). Increased
intra-abdominal
fat deposition
in patients
with major depressive
illness as measured
by
computed
tomography.
Biol. Psychiatry 41, 1140-1142.
Theodore,
W. H., DiChiro,
G., Margolin,
R., Fishbein,
D., Porter,
R. J., and Brooks,
R. A.
(1986). Barbiturates
reduce human cerebral
glucose metabolism.
Neurolo~
36,60-64.
Thompson,
J. R., and Wu, G. (1991). The effect of ketone bodies on nitrogen
metabolism
in
skeletal muscle.
Camp. Biochem. Physiol. 100, 209-216.
Thurston,
J. H., Hauhart,
R. E., Dirgo, J, A., and Jones, E. M. (1980). Mechanism
of increased
brain glucose and glycogen
after hydrocortisone:
possible clinical significance.
Ann. Neural.
7,515-523.
Thurston,
J. H., and Hauhart,
R. E. (1989).
Effect of momentary
stress on brain energy
metabolism
in weanling
mice: apparent
use of lactate as cerebral
metabolic
fuel concomitant with a decrease
in brain glucose metabolism.
Metab. Brain Dis. 4, 177-186.
Tildon, J. T., McKenna,
M. C., and Stevenson,
J. H. (1994). Transport
of 3-hydroxybutyrate
by
cultured
rat brain astrocytes.
Neurochem. Res. 19, 1237-1242.
Tissenbaum,
H. A., Hawdon, J., Perregaux,
M., Hotez, P., Guarente,
L., and Ruvkun,
G. (2000).
A common
muscarinic
pathway for diapause
recovery
in the distantly
related nematode
species Caenorhabditis
elegans and Ancylostoma
caninum. Pmt. Natl. Acad. Sci. USA 97, 460465.
Tizabi, Y, Gilad, V. H., and Gilad, G. M. (1989). Effects of chronic
stressors
or corticosterone
treatment
on the septohippocampal
cholinergic
system of the rat. Neurosci. Lett. 105, 177182.
Tomkins,
G. M. (1975). The metabolic
code. Science 189,760-763.
Toran-Allerand,
C. D., Miranda,
R. C., Bentham,
W. D., Sohrabji,
F., Brown, T. J., Hochberg,
R. B., and MacLusky,
N. J. (1992).
Estrogen
receptors
colocalize
with low-affinity
nerve
growth factor receptors
in cholinergic
neurons
of the basal forebrain.
PTVC. Natl. Acad. Sci.
USA 89,4668-4672.
Trejo, J. L., Rua, C., Cuchillo,
I., and Machin, C. (1998). Calbindin-D28kand astroglial
proteinimmunoreactivities,
and ultrastructural
differentiation
in the prenatal
rat cerebral
cortex
and hippocampus
are affected
by maternal
adrenalectomy.
Brain Res. Dew. Brain Res. 108,
161-177.
Trumbly,
R. J. (1992). Glucose
repression
in the yeast Saccharomyces cereuisiae. Mol. Micmbiol. 6,
15-21.
Tsuang, M. (2000). Schizophrenia:
genes and environment.
Biol. Psychiatry 47,210-220.
Tsubokawa,
T., Katayama,
Y, Kondo, T., Ueno, Y, Hayashi, N., and Moriyasu,
N. (1980). Changes
in local cerebral
blood flow and neuronal
activity during
sensory stimulation
in normal
and sympathectomized
cats. Brain Res. 190,51-65.
Tsukada,
H., Kakiuchi,
T., Ando, I., Shizuno, H., Nakanishi,
S., and Ouchi, Y. (1997). Regulation
of cerebral
blood flow response
to somatosensory
stimulation
through
the cholinergic
system: A positron
emission
tomography
study in unanaesthetized
monkeys.
Brain Res.
749,10-17.
Tuor, U. I. (1997).
Glucocorticoids
and the prevention
of hypoxic-ischemic
brain damage.
Neurosci. Biobehav. Rev. 21, 175-179.
Tuor, U. I., Chumas,
P. D., and Del Bigio, M. R. (1995). Prevention
of hypoxic-ischemic
damage
with dexamethasone
is dependent
on age and not influenced
by fasting. Exp. Neural. 132,
116-122.
Turlejski,
K. (1996). Evolutionary
ancient roles of serotonin:
long-lasting
regulation
of activity
and development.
Acta Neurobiol. Exp. ( Warsz.) 56, 619-636.
Turner,
B. B. (1997). Influence
of gonadal steroids on brain corticosteroid
receptors:
a minireview. Newochem. Res. 22. 1375-1385.

THE

CEREBRAL

GLUCOSE-FATTY

ACID

CYCLE

157

Uchida,
S., Kagitani,
F., Nakayama,
H., and Sato, A. (1997). Effect of stimulation
of nicotinic
cholinergic
receptors
on cortical
cerebral
blood flow and changes
in the effect during
aging in anesthetized
rats. Neurosci. Lett.228,203-206.
Unger,
J.W., and Schmidt,
Y (1993).
Galanin-immunoreactivity
in the nucleus
basalis of
Meynert
in the rat: Age-related
changes and differential
response
to lesion-induced
cholinergic cell loss. Neumsti. Lett. 153, 140-143.
Vallee, M., MacCari,
S., Delhi, F., Simon, H., Le Moal, M., and Mayo, W. (1999). Long-term
effects of prenatal
stress and postnatal
handling
on age-related
glucocorticoid
secretion
and cognitive
performance:
a longitudinal
study in the rat. Eu7: J Newosci.
11, 29062916.
Vannucci,
R. C., and Brncklacher,
R. M. (1994). Cerebral
mitochondrial
redox states during
metabolic
stress in the immature
rat. Bruin fis. 653, 141-147.
Varela, A., Testoni,
G., Carregal,
M., Dalamon,
V., and Savino, E. A. (1997).
Effects of 3hydroxybutyrate
on the hypoxic
and reoxygenated
atria from fed and fasted rats.j
Physiol.
Biochem. 53, 377-381.
Vaucher,
E., Lacombe,
P., and Hamel, E. (1997). Cholinergic
basal forebrain
neurons
as modulators of the cortical
microcirculation.
Med. Sci. 13,534-541.
Vega-Nunez,
E., Menendez-Hurtado,
A., Garesse, R., Santos, A., and Perez-Castillo,
A. (1995).
Thyroid
hormone-regulated
brain mitochondrial
genes revealed
by differential
cDNA
c1oning.J.
Clin. Invest. 96,893-899.
Veneman,
T., Mitrakou,
A., Mokan,
M., Cryer, P., and Gerich, J. (1994). Effect of hyperketonemia and hyperlacticacidemia
on symptoms,
cognitive
dysfunction,
and counterregulatory
hormone
responses
during hypoglycemia
in normal
humans.
Diabete~43,
1311-1317.
Venter, J. C., di Porzio, U., Robinson,
D. A., Shreeve,
S. M., Lai, J., Kerlavage,
A. R., Fracek,
S. P., Jr., Lentes, K. U., and Fraser, C. M. (1988). Evolution
of neurotransmitter
receptor
systems. Prog. Neurobiol. 30, 105-169.
Vercesi,
A. E. (1984).
Dissociation
of NAD(P)+-stimulated
mitochondrial
Ca*+ efflux from
swelling and membrane
damage. Arch. Biochem. Biqbhys. 232,86-91.
Vernadakis,
A. (1996). Glia-neuron
intercommunications
and synaptic plasticity.
Pmg. Neurobiol.
49,185-214.
Viau, V., and Meaney,
M. J. (1996).
The inhibitory
effect of testosterone
on hypothalamicpituitary-adrenal
responses
to stress is mediated
by the medial preoptic
area. J Neumsti.
16,1866-1876.
Videbech,
P. (2000). PET measurements
of brain glucose metabolism
and blood flow in major
depressive
disorder:
A critical
review. Acta Psych&r
&and. 101, 1 l-20.
Virgin,
C. E., and Sapolsky,
R. M. (1997). Sty1 es of male social behavior
and their endocrine
correlates
among low-ranking
baboons.
Am.J. Primatol. 42, 25-39.
Virgin,
C., Ha, T., Packan, D., Tombaugh,
G., Yang, S., Horner,
H., and Sapolsky,
R. (1991).
Glucocorticoids
inhibit glucose transport
and glutamate
uptake in hippocampal
astrocytes:
Implications
for glucocorticoid
neurot0xicity.J.
Neurochem. 57, 1422-1428.
Virkamlki,
A., Ueki, K, and Kahn, C. R. (1999). Protein-protein
interaction
in insulin signaling
and the molecular
mechanisms
of insulin resistance.
j. Clin. Invest. 103,931-943.
von Schwarzenfeld,
I., Fischer, H. D., and Oelszner,
W. (1975). Interaction
between
cellular
metabolism
and acetylcholine
turnover
of rat brain cortex slices in the presence
of arecoline. Actu Biol. Med. Ger 34, 1525-1528.
Wada, H., Okada,
Y, Nabetani,
M., and Nakamura,
H. (1997).
The effects of lactate and
B-hydroxybutyrate
on the energy
metabolism
and neural activity
of hippocampal
slices
from adult and immature
rat. Dee. Bruin Res. 101, l-7.
Waddell,
B. J. (1993). The placenta
as hypothalamus
and pituitary:
possible impact and fetal
adrenal function.
&pod.
F&Z. Dew. 5,479-497.

158

KURT

HEININGER

Wahba, Z. Z., and Soliman, K. F. (1992). Effect of stress on choline
acetyltransferase
activity of
the brain and the adrenal of the rat. Experientia 48,265-268.
Walker, E. F., and Diforio,
D. (1997). Schizophrenia:
A neural diathesis-stress
model. Psychol.
Rev. 104,667-685.
Walker,
R. J., Brooks, H. L., and Holden-Dye,
L. (1996).
Evolution
and overview
of classical
transmitter
molecules
and their receptors.
Parasitology 113 Suppl., S3-S33.
Wang, J.. Akabayashi,
A., Yu, H. J., Dourmashkin,
J., Alexander,J.
T., Silva, I., Lighter, J., and
Leibowitz,
S. F. (1998). Hypothalamic
galanin: Control
by signals of fat metabolism.
Bruin
Rex 804, 7-20.
Werner,
H., Raizada,
M. R, Mudd, L. M., Foyt, H. L., Simpson,
I. A., Roberts,
C. T., Jr., and
LeRoith,
D. (1989). Regulation
of rat brain/HepC2
glucose
transporter
gene expression
by insulin and insulin-like
growth factor-1 in primary
cultures
of neuronal
and glial cells.
Endocrinology
125, 314-320.
Wheatley,
D. (1997). Stress, anxiety and depression.
Stress Med. 13, 173-177.
Williams,
N. G., and Roberts,
T. M. (1994).
Signal transduction
pathways
involving
the Raf
proto-oncogene.
CancerMetastasisRev.
13,105-116.
Winder,
W. W., and Hardie,
D. G. (1999). AMP-activated
protein
kinase, a metabolic
master
switch: Possible roles in type 2 diabetes.
Am.J Physiol. 277, El-ElO.
Winokur,
A., Maislin,
G., Phillips, J. I,., and Amsterdam,
J. D. (1988).
Insulin
resistance
after oral glucose
tolerance
testing in patients
with major depression.
Am. j. Psychiatry
145,325-330.
Wissink,
S., Meijer, O., Pearce, D., van der Burg, B., and van der Saag, P. T. (2000). Regulation
of the rat serotonin-1A
receptor
gene by corticosteroids.J.
Biol. Chem. 275, 1321-1326.
Yager, J. Y. (1994). Protective
effects of fasting and ketone body supplementation
on hypoxicischemic
brain damage in the immature
rat. Ann. Neural. 36, 540.
Yao, J. K., Reddy, R. D., and van Kammen,
D. P. (2001). Oxidative
damage and schizophrenia:
an overview
of the evidence
and its therapeutic
implications.
CNSDrugs
15,287-310.
Yeh, Y Y (1984). Biosynthesis
of phospholipids
and sphingolipids
from acetoacetate
and glucose in different
regions of developing
brain in viva. j Neurosci. Res. 11,383-394.
Yu, N., Martin, J. I,., Stella, N., and Magistretti,
P. J. (1993). Arachidonic
acid stimulates
glucose
uptake in cerebral
cortical
astrocytes.
PWJC. Natl. Acad. Sci. USA 90, 4042-4046.
Zerbib,
R., and Laborit,
H. (1990).
Chronic
stress and memory:
implication
of the central
cholinergic
system. Pharmacol. Biochem. Behav. 36,897-900.
Zhang, J. R., Vrecko,
K., Nadlinger,
K, Tomic, D. S., Birkmayer,
G. D., and Reibnegger,
G.
(1998). The reduced
coenzyme
nicotinamide
adenine dinucleotide
(NADH)
repairs DNA
damage of PC12 cells induced
by dox0rubicin.J.
Tumor Marker Oncol. 13,5-17.
Zhang, X. H., Peng, L., Chen, Y, and Hertz, L. (1993). Stimulation
ofglycogenolysis
in astrocytes
by fluoxetine,
an antidepressant
acting like 5-HT. Neurm@orl4,1235-1238.
Zhou, Y P., Berggren,
P. O., and Grill, V. (1996).
A fatty acid-induced
decrease
in pyruvate
dehydrogenase
activity is an important
determinant
of beta-cell
dysfunction
in the obese
diabetic
db/db mouse. Diabetes 45, 580-586.
Zhu, C. Z., and Auer, R. N. (1994).
Intraventricular
administration
of insulin and IGF-1 in
transient
forebrain
ischemia..J.
Cereb. Blood Flow Metab. 14, 237-242.

