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Abstract

The brain uses glucose as its primary fuel. Cerebral metabolism of glucose requires transport through the blood—brain barrier, glycolytic
conversion to pyruvate, metabolism via the tricarboxylic acid cycle and ultimately oxidation to carbon dioxide and water for full provision of
adenosine triphosphate (ATP) and its high-energy equivalents. When deprived of glucose, the brain becomes dysfunctional or can be even
permanently damaged. Glucose is stored as glycogen within astrocytes with potential importance for tolerance of hypoglycemia. Glycogen
may also be important for the metabolic response to somatosensory stimulation and coupling of blood flow and cellular metabolism.
Uncontrolled diabetes has a variety of adverse effects upon brain metabolism and function. Many aspects of function that affect the brain may
be indirectly linked to cerebral glucose metabolism. Neurotransmitter metabolism, cerebral blood flow, blood—brain barrier and
microvascular function may all be affected to varying degrees by either hypoglycemia or uncontrolled diabetes mellitus.
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1. Introduction

The brain uses glucose, largely through oxidative me-
tabolism, as its primary fuel for energy generation. When
blood glucose levels are reduced by insulin administration
to levels below ~ 3 mmol/l, subtle brain dysfunction
occurs in humans within minutes. Prolonged or profound
hypoglycemia leads to coma, seizures and potentially per-
manent brain damage. There is little short-term flexibility of
the brain for facultative use of alternative fuels. Metabolism
of glucose non-oxidatively to lactate also occurs in brain
and may be important for rapid responses to synaptic
activity. The role and quantity of glycogen in the brain are
being re-evaluated because of new measurement methods.
There are also new conceptual insights into how glycogen
helps the brain deal with rapidly changing metabolic cir-
cumstances and defend against hypoglycemia.

Normally, the brain depends upon a continuous supply of
glucose from the blood stream. Glucose must be transported
into the brain through the endothelial cells of the brain
microvasculature using facilitated diffusion by transport
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carrier proteins. Glucose transport and its regulation, which
uses many isoforms of glucose transporters, are being
recognized as increasingly complex. Energy use within
neurons is tightly coupled with local blood flow to brain
regions. At least in part this is mediated by signals organized
by astroglial cells, which also serve as the primary repos-
itory of brain glycogen.

Diabetes mellitus is a disorder caused by a relative (Type
2 diabetes mellitus) or absolute deficiency (Type 1 diabetes
mellitus) of the hormone insulin. Diabetes mellitus has long-
term complications including accelerated atherosclerosis,
retinal microvascular damage causing vision loss, glomeru-
lar injury causing renal failure, and peripheral neuropathy
leading to amputations. Diabetes mellitus and its most
common treatment side effect, hypoglycemia, have multiple
effects on the central nervous system. This review summa-
rizes selected aspects of recent understanding of brain
metabolism in diabetes and hypoglycemia.

2. Overview of brain metabolism

2.1. Brain metabolic activity and energy use

The brain is very metabolically active; it consumes
metabolic energy disproportionate to its size. Representing
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about 2% of body weight in adults, in the resting state, the
brain consumes 20% of the body’s oxygen use and 15% of
the cardiac output (Clarke and Sokoloff, 1999). Develop-
mentally, even more disproportionate energy consumption
by the brain occurs (Kinnala et al., 1996). In children by
5—6 years of age the brain’s consumption of oxygen may
approach 50% of total body consumption at rest. These
high rates of energy consumption during development may
place children at an increased risk of fuel deprivation.
Certainly, much of the evidence that long-term damage
occurs as a result of hypoglycemia is noted in children,
especially when associated with severe hypoglycemia in-
duced seizures (Kaufman et al., 1999; Rovet and Ehrlich,
1999).

Consumption of energy by the brain is not accounted for
by mechanical work as with muscle or by osmotic work as
with the kidney. Instead, energy consumption by the brain
is largely needed to maintain and restore ionic gradients
associated with synaptic transmission. Electrical potentials
and active reuptake of neurotransmitters, perhaps especially
excitatory neurotransmitters such as glutamate, by energy-
dependent processes also consume significant energy.
Some synthetic processes also account for significant
energy use.

Chemical energy within the brain exists primarily in
the form of high-energy phosphate bonds contained in
creatine phosphate and adenosine triphosphate (ATP). The
levels of creatine phosphate and ATP are extremely labile
postmortem and with acute deprivation of glucose and/or
oxygen for any extended period. Creatine phosphate levels
in brain are higher than those of ATP. The enzyme
creatine kinase is very active in brain. Labile high-energy
phosphate bonds from creatine phosphate help buffer ATP
by providing a ready source of ~ P to phosphorylate
ADP.

2.2. Glucose as the primary fuel for brain metabolism

Glucose is the primary fuel for the brain (Clarke and
Sokoloff, 1999). To a lesser degree, lactate derived from
glucose metabolism may also play an important role (Pel-
lerin et al., 2002). The metabolism of glucose in the brain is
traditionally thought to be largely through its complete
oxidation to CO, and water. In general, it is believed that
long chain fatty acids are not used to support any significant
contribution to brain energy metabolism. This view has been
challenged recently by studies using '*C-octanoate incor-
poration into metabolic pathways in rat brain. The results of
these studies have led investigators to propose that up to
20% of brain metabolism, albeit in a compartmentalized
fashion, may be provided by fatty acid metabolism (Ebert et
al., 2003).

Ketone body (beta-hydroxybutyrate and acetoacetate)
metabolism has been known for some time to be able to
provide significant energy to the brain in several situations.
During development (Cremer and Heath, 1974), with star-

vation (Owen et al., 1967), high fat feeding and ketogenic
diets (Mitchell et al., 1995), and in severely uncontrolled
diabetes (diabetic ketoacidosis), these short chain fatty acids
may provide a quantitatively significant amount ( ~ 60%)
of fuel for brain energy metabolism (Ruderman et al., 1974).
Based on the distribution within the brain of radiolabeled
products from different fuels (e.g., glucose, ketone bodies),
it is likely, however, that metabolism of ketones to support
energy generation may be restricted to certain areas within
the brain (Hawkins and Biebuyck, 1979).

2.3. Brain oxidative metabolism and blood flow in altered
glycemia

Brain oxidative energy metabolism in classic early stud-
ies was reported to be depressed as a result of extreme
hyperglycemia associated with experimental diabetic ketoa-
cidosis and coma (Kety et al., 1948a,b). Depressed fuel
utilization could be caused partly by the comatose state and
also could be influenced by hypothermia, which is often
observed in ketoacidotic diabetes as well as in hypoglyce-
mic coma (Kety et al., 1948a). Animal studies have reported
reduced overall glucose metabolism and changes in glucose
metabolism regionally with poorly controlled diabetes
(Ruderman et al., 1974; Jakobsen et al., 1990). When
ketonemia is present in uncontrolled diabetes, it may dis-
place glucose utilization as a source for energy metabolism
in brain in a glucose-fatty acid cycle manner. Such findings
are not reproduced, in studies of brain metabolism in human
diabetic subjects with less severe dysmetabolism however
(Fanelli et al., 1998).

In animal models with insulin deficiency and marked
hyperglycemia, there is a regionally specific decrease in
cerebral blood flow. Duckrow found that hindbrain blood
flow was more reduced than forebrain blood flow. More-
over, cerebral blood flow decreases regionally were depen-
dent acutely and chronically upon the degree of
hyperglycemia (Duckrow, 1987). In these studies, an os-
motic effect was eliminated as a cause since control experi-
ments with isosmotic mannitol showed no cerebral blood
flow change. In contrast to hyperglycemia, characteristical-
ly in animal models, both acute and chronic hypoglycemia
may increase cerebral blood flow, presumably as a com-
pensatory mechanism to maintain adequate delivery of
glucose fuel to the brain (Pelligrino, 1990). Chronic hypo-
glycemia may mitigate the cerebral blood flow increase
of subsequent acute hypoglycemia through an adaptive
response.

Human studies of cerebral blood flow in hyperglycemia
and hypoglycemia are more inconsistent than animal stud-
ies. One reason may be that more extreme glucose ranges
are often assessed in animal models. Findings of altered
cerebral blood flow in human studies could also be con-
founded by the presence of vascular disease however,
making the animal models a better index of functional
changes related to glycemic alterations. Diabetes alters
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cerebrovascular reactivity and resistance function properties
(Lass et al., 1989; Tkac et al., 2001) of blood vessels in the
brain. Decreases in cerebral blood flow (Wakisaka et al.,
1990), no changes in basal cerebral blood flow but increases
in cerebral blood flow with hypoglycemia (Neil et al., 1987)
and increases in cerebral blood flow (Grill et al., 1990) of
humans with diabetes are reported. Abnormalities in vaso-
reactivity are commonly reported in humans with diabetes.
Abnormalities include impaired autoregulation in Type 1
diabetes mellitus (Kastrup et al., 1986), impaired microvas-
cular reactivity (Kastrup et al., 1990), and abnormal autor-
egulation during cardiac bypass surgery (Croughwell et al.,
1990).

2.4. Importance of glucose transport

To permit normal function and energy metabolism, the
brain depends completely upon a continuous glucose sup-
ply. This supply must transfer glucose across the phospho-
lipid cell membranes of microvascular endothelial cells that
form the blood—brain barrier to reach neurons and glial cells
(Clarke and Sokoloff, 1999). The primary method for
transfer of glucose into the brain is by facilitated diffusion,
an energy independent process. Carrier proteins mediate this
transport of glucose.

Glucose transport proteins are thus the physiological
basis for glucose entry into the brain across the blood—
brain-barrier and also into individual brain cells. A high
molecular weight isoform of glucose transporter-1 (55
kDa), which is heavily glycosylated, is the carrier protein
for glucose entry at the blood—brain barrier. Other carrier
proteins are present in the membranes of different cell
types within the brain. Astroglial cells appear to rich in a
lower molecular weight (i.e., less glycosylated) glucose
transporter-1, which is probably widely distributed in other
cells within the brain. Glucose transporter-3 and glucose
transporter-8 are glucose transport proteins that exist pri-
marily in neuronal cells and have an apparently comple-
mentary distribution (Reagan et al., 2002). Glucose
transporter-5 is highly concentrated within microglial cells
of the brain (Vannucci et al., 1998). Its inefficiency as a
glucose transporter makes this isoform an unlikely source
of significant glucose availability to the brain (Shepherd et
al., 1992).

Specialized roles for glucose transporter-4 and glucose
transporter-2 in relation to insulin-like growth factor-1 (IGF-
1) and glucose sensing have been postulated based upon
their discrete, selective distribution in some neuronal pop-
ulations and their biochemical associations in brain (Ngar-
mukos et al., 2001; Leloup et al., 1994; Leloup et al., 1996;
Leloup et al., 1998; Cheng et al., 2000). Glucose transport-
er-4 expression in brain may be regulated by combined high
insulin and glucose levels in some rodent models (Vannucci
et al., 1998).

In addition to these long recognized and better-charac-
terized glucose transporter-1—5 isoforms, there are several

recently cloned isoforms. Their nomenclature has changed
from that originally used (see review by Joost and Thorens,
2001). These include glucose transporter-x1 (now called
glucose transporter-8), glucose transporter-9 (now called
glucose transporter-6), glucose transporter-10, glucose
transporter-11 and glucose transporter-12. The role of glu-
cose transporter-8, which is a hormonally regulated neuro-
nal transporter, is most clearly relevant to diabetes and the
brain (Reagan et al., 2000). Glucose transporter-8 appears to
be susceptible to regulation by uncontrolled diabetes and
stress (Reagan et al., 2000). Glucose transporter-9 may have
limited expression in brain in addition to some of the other
newly recognized isoforms. Whether they will turn out to be
an important in brain cellular transport and altered by
diabetes or hypoglycemia needs additional research to
clarify.

2.5. Blood—brain barrier and brain cellular transport
regulation

Several studies have reported that blood—brain trans-
port of glucose may be downregulated in uncontrolled
diabetes (Gjedde and Crone, 1981; McCall et al., 1982,
see review in the work of Mooradian, 1997). Conversely,
upregulation of blood—brain barrier transport in chronic
hypoglycemia has been described (McCall et al., 1986;
Pelligrino, 1990; Uehara et al., 1997; Simpson et al.,
1999, see review in the work of McCall, 1998). Re-
duced efficiency of transport in uncontrolled diabetes
remains controversial (Simpson et al., 1999), although
a number of studies using differing techniques have
found this. Unrecognized physiological differences in
the models as well as different methods to measure
transport might be important to the discrepancies be-
tween these studies. Findings of upregulation of glucose
transport are consistent in most animal models, but
questions remain because of the absence of confirmation
in human studies. Additional studies may yield more
definitive answers.

2.6. Brain intolerance to hypoglycemia

The primary products of oxidative energy within the
brain are high-energy phosphate compounds, such as crea-
tine phosphate and adenosine triphosphate. The metabolic
processes in the brain presumably supported by energy
generation relate to synaptic transmission and its energy-
dependent restoration of ionic equilibrium and neurotrans-
mitter reuptake (axons, dendrites and synapses). A signifi-
cant proportion of fuel use by the brain occurs in the
neuronal perikarya, however. When glucose deprivation
occurs, as with acute insulin hypoglycemia in humans,
several investigators have reported neuronal dysfunction
with abnormal latency of evoked potentials (e.g., P300)
after visual or auditory stimuli occurs at blood glucose
values of ~ 3 mmol/l (54 mg/dl) in non-diabetic adults
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Fig. 1. This schematic illustrates some of the relationships between glucose metabolism and a number of important intermediary metabolites and compounds

important for neurochemistry derived from them.

(Mitrakou et al., 1991; Jones et al., 1990, Blackman et al.,
1990) (Fig. 1).

3. Brain glycogen
3.1. Glycogen stores in brain

Glycogen is a stored source of glucose present within
many tissues. The levels in brain for many years have been
estimated to be relatively low when compared to muscle.
Clarke and Sokoloff (1999) suggest that estimates for
glycogen levels in rat brain are best given at about 3.3
umol/g. By comparison, muscle and liver glycogen content
is estimated to be more than 10-fold greater (Bischof et al.,
2001; Iglesias et al., 2002) Glycogen storage is primarily
contained within astrocytes; histologic stains for glycogen
in the brain usually only reveal significant astrocytic
stores.

One physiological implication of these traditionally
low glycogen levels in brain has been that stored glyco-
gen amounts would clearly be insufficient to form a
substantial reservoir of energy to sustain emergent energy
needs by brain. A level of 3 pmol/g is estimated to last
no more than about 10 min in the face of fuel depriva-
tion. Thus, glycogen stores are described (Siesjo, 1978;
1988; Clarke and Sokoloff, 1999) as not being relevant
to the response to acute hypoglycemia nor adaptations to
recurrent hypoglycemia. This view appears to be consis-
tent with the well-described intolerance of human or
most other mammalian brains to acute glucose lowering
with ensuing subtle or sometimes marked neurological
dysfunction.

3.2. Controversy about brain glycogen amount

Recently, however, evidence from several lines of inves-
tigation has suggested that glycogen storage in the brain may
be substantially greater than previously estimated. One
reason for difference in estimates of glycogen levels in the
brain may relate to the methods of biochemical assay to
minimize rapid postmortem degradation. Another important
difference in estimates may be related to the functional role
of glycogen and the lability of brain glycogen levels in the
brain in relation to neuronal activity (Dienel and Cruz, 2003).

Cruz and Dienel (2002) have reported levels of brain
glycogen using the amyloglucosidase procedure in dilute
HCl digests of frozen powders or ethanol-insoluble fractions
to be much higher than previously reported values including
from their own work. In particular, ethanol extract values
were substantially higher than previously, even when great
care had been taken to minimize in vitro ischemia through
use of funnel freezing. They interpret their work as suggest-
ing most prior studies have incomplete prevention of post
mortem glycogen degradation.

Another important observation related to in vivo glyco-
gen lability is that levels of resting glycogen were ~ 12
pumol/g in rats not subject to behavorial and sensory stim-
ulation. Thus, brief sensory stimulation appears to accelerate
glycogen breakdown. These authors have confirmed that the
glycogen levels that they measured were biologically active
and responsive to both sensory stimulation and pharmaco-
logical manipulations. Most of the brain glycogen was
found to be biologically available and breaks down to
glucose, glucose-phosphate and lactate. This work suggests
that the importance of brain glycogen stores in astrocytes
needs re-evaluation. In addition, it seems clear from this
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work and that of others that neurotransmitter release asso-
ciated with sensory stimulation may increase glycogen
breakdown (Dienel et al., 2002).

Another technique has confirmed that brain glycogen
levels may be higher than prior estimates. The use of high
energy focused microwave (which rapidly prevents post
mortem glycogen degradation) to assess brain metabolism
and glycogen confirms the results of Cruz and Dienel. The
highest glycogen levels reported tend to be using 10 W
microwave fixation (Kong et al., 2002). Lower energy levels
appear to underestimate brain glycogen content presumably
because lower microwave energy does not completely
prevent glycogenolysis.

In separate investigations using '*C-MR spectroscopy,
Choi et al. (1999), Choi and Gruetter (2003), Gruetter
(2002), Gruetter (2003), Oz et al., 2003 have also found
their estimates of brain glycogen to be greater than tradi-
tional estimates. This laboratory has reported that values
may be as high as 10 umol/g. With much higher levels
estimated by magnetic resonance spectroscopy and other
methods, the importance of glycogen as a store for brain
glucose consumption may be different than previously
construed.

3.3. Potential importance of brain glycogen to hypoglyce-
mia tolerance

In a recent review, Gruetter (2003) argues that in the
presence of hypoglycemia, the recently estimated substantial
glycogen stores present in astrocytic cells may provide a
buffer allowing brain function to proceed relatively unim-
paired by providing available glucose. Choi et al. (2003)
and Seaquist and Gruetter (2002) have also found that brain
glycogen content is sensitive to the effect of insulin hypo-
glycemia. After hypoglycemia, a period of supercompensa-
tion with elevated glycogen levels of >10 pmol/g occurs
within 6—8 h after hypoglycemia (Choi et al., 2003).

Supercompensation of glycogen levels has also been
described after sleep deprivation (Kong et al., 2002). In
the work by Choi et al. (2001), the plasma glucose at which
brain glucose estimates approach 0 and increases in cerebral
blood flow occur to compensate for lack of fuel, is about 2.1
mmol/l. Why this value is lower than clinical neurophysi-
ology studies suggest cerebral dysfunction occurs (e.g.,
latency of waveforms for sensory relay to the brainstem
are prolonged) is not clear. It may be that their estimates,
which are largely based on reading in an area of occipital
cortex, are different significantly for other areas of the brain,
potentially including specific hypoglycemia sensor regions
such as the ventromedial hypothalamus (Borg et al., 1999,
2003).

3.4. Brain metabolism and insulin

These data on glycogen responsiveness to insulin hypo-
glycemia might appear to contradict the long held view that

the brain is largely insulin insensitive (Bachelard, 1981). It
seems clear from work in both animals and humans that the
brain is not sensitive to insulin acutely in the same manner
that muscle is. Thus, transport of glucose into the brain and
oxidative energy metabolism is not acutely (i.e., within
minutes) responsive to insulin action in the brain as it is
in muscle or fat.

Indeed, Seaquist et al. (2001) using '(H) magnetic
resonance spectroscopy methods have confirmed older data
(Bachelard, 1981) and found that insulin has no acute effect
upon glucose transport or glucose metabolism in humans.
The estimate for brain glucose concentrations in their
studies is somewhat higher than others have estimated using
different means ( ~ 5.5 umol/g) but they convincingly show
using glucose clamp technology combined with magnetic
resonance spectroscopy that an increase in plasma insulin
from 16 to 668 pmol/l has no impact on brain glucose
levels. Similarly, they have also found that short-term
hyperglycemia does not appear to affect kinetics of glucose
transport over a short period of time using a glucose clamp.
Interestingly, work from Bingham et al. (2002) has recently
suggested that basal insulin levels may influence brain
glucose uptake in a regionally specific manner with the
greatest effect upon cortical regions and least effect upon
cerebellum.

Nonetheless, despite the absence of an acute effect of
insulin on glucose transport and metabolism, several differ-
ent aspects of brain metabolism from neurotransmitter
reuptake (Figlewicz et al., 1996) to glycogen metabolism
(Choi et al., 2003) clearly do respond to insulin action.
Moreover, there is a substantial body of evidence to suggest
that appetite control in also influenced by insulin action
within the brain and that insulin action as a satiety factor in
the brain is mediated at least partly by neuropeptide Y
(Sipols et al., 1995; Sindelar et al., 2002; Niswender and
Schwartz, 2003). Insulin effects on the hypothalamus in
particular may use the PI3-kinase pathway and overlap with
the role of leptin in control of body adiposity (Niswender et
al., 2003). Moreover, even the insulin responsive glucose
transporter, glucose transporter-4, is well described in a
number of studies (Ngarmukos et al., 2001; Leloup et al.,
1996; Cheng et al., 2000) as being present in discrete areas
of the brain and in small amounts within the microvascular
endothelial cells of the brain (McCall et al., 1997).

4. Role of oxidative glucose metabolism
4.1. The traditional view

The metabolism of glucose in the brain is thought to be
primarily oxidative (Clarke and Sokoloff, 1999). The
cerebral metabolic rates for oxygen are almost exactly
six times higher than the cerebral metabolic rate for
glucose. This means that complete oxidation of glucose
normally occurs and the respiratory quotient (RQ) of the
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brain is about 1. Thus, the overall energy metabolism in
the brain would be given (Shulman and Hyder, 2001) as
the following equation:

CeH1,06 + 60, —— 6CO, + 6H,0
4.2. The astrocyte-neuron lactate shuttle

The full oxidation of glucose to carbon dioxide and water
however may not always occur (Shulman and Hyder, 2001;
Shulman et al., 2001). There remains a lot of interest in and
controversy about the importance of an alternative pathway
of metabolism in the brain (Pellerin et al., 2002). This has
been referred to as the Astrocyte-Neuron Lactate Shuttle
hypothesis or ANLSH. It has also been called the glycogen
shunt as it invokes an important role for astrocytic stores of
glycogen. The notion of this shuttle originally comes out of
observations from imaging studies in which Fox and
Raichle (1986) and Fox et al. (1988) found that with visual
or somatosensory stimulation the change in cerebral blood
flow and cerebral metabolic rate for glucose rose by about
50% while that for oxygen rose only about 5%. The
conclusion reached was that stimulation of brain activity
was supported metabolically by glycolysis. Since there is
sufficient oxygen in the brain tissue, this is so-called aerobic
glycolysis. A further important observation is that cerebral
glucose oxidative metabolism is linked to glutamate trans-
mitter release and the glutamate/glutamine cycle within
brain (Pellerin et al., 2002). An important role for glycogen
as a source for glycolysis within the astrocyte is postulated
as a part of this hypothesis.

Chih and Roberts (2003) have recently reviewed the
ANLSH critically. In a companion commentary, it has been
defended by two of its major proponents, Pellerin and
Magistretti (2003). In short, the hypothesis proposes that
with brain activation (as for example may occur as a result
of somatosensory stimulation), the release of glutamate, an
important excitatory neurotransmitter, occurs. With gluta-
mate release into the synaptic cleft, the astrocytes remove
the synaptic glutamate by an energy- and sodium-dependent
process using high affinity glutamate transporters (mono-
carboxylic acid transporters or MCT). Activation of the
enzymes glutamine synthetase and Na'-K"ATPase occurs in
astrocytes; as a result, there is an increase in both intra-
astrocytic glutamate and sodium.

With the activation of Na'-K"ATPase, there is a reduc-
tion of astrocytic ATP. The astrocyte regenerates the ATP
through glycolysis. The generation of lactate from astro-
cytes is hypothesized to be exported using the astrocytic
monocarboxylic acid transporters (MCT1) and lactate then
enters neurons through a different MCT (MCT?2) into the
neuron (Debernardi et al., 2003; Rafiki et al., 2003).
According to the ANLSH, the neuron then oxidatively
metabolizes lactate (as well as glucose) to support the
increase brain activation and neuronal firing that started
the process off. The restoration of cellular sodium distribu-

tion is thought to be an especially important aspect of this
energy metabolism.

It is important to realize that the ANLSH may be largely
dependent upon the release of specific neurotransmitters.
While evidence exists for this pathway as important in
response to the excitatory neurotransmitter glutamate (Chat-
ton et al., 2000), even its proponents find no evidence for its
importance with the common inhibitory neurotransmitter,
gamma amino butyric acid, also known as GABA (Chatton
et al., 2003).

4.3. Controversy about the ANSLH

In a recent critique (Chih and Roberts, 2003) of the
ANLSH, three major differences between ANLSH and the
conventional theory of oxidative glucose metabolism are
noted. First, these theories differ in the site (astrocyte vs.
neuron) and mode (glycolysis vs. oxidative metabolism) of
glucose utilization. Second, the site of lactate production
(astrocyte) and its use (neurons) differ in the ANLSH
compared to the traditional view of neuronal oxidative
glucose metabolism. Third, the timing and role of lactate
use are also different. In the conventional view, neurons (to
a very large degree) and astroglia are primarily generating
energy through oxidative glucose metabolism. The conven-
tional view assumes glycolytic production of lactate is
relatively proportionate with oxidative metabolism and at
most transiently exceeds oxidative glucose metabolism.
Another big difference between the conventional theory
and the ANLSH model is that glycolytic lactate utilization
is thought in the conventional theory to be significant
primarily when lactate production is relatively low. One
can understand some of the objections about the ANLSH
raised by Chih and Roberts (2003), as this theory seems
inherently inefficient to cause this shuttling of glucose to
lactate and then lactate from astrocytes to neurons. None-
theless, there is considerable support for its presence and for
lactate utilization by neurons both in vivo and in vitro.
Whether diabetes mellitus and/or hypoglycemia affect this
fuel shuttle is not yet known but may deserve further
investigation especially in light of the increased importance
of glycogen in the brain.

5. Effects of short-term changes in plasma glucose on
brain

5.1. Hypoglycemia

Hypoglycemia of brief duration and moderate severity
(far short of that needed to cause coma or an isoelectric
electroencephalogram) may produce several negative effects
on emotion, cognition and motor function (Gonder-Freder-
ick et al., 1997). Early descriptions of hypoglycemia symp-
toms include sensory and motor aphasia, loss of fine motor
control in the hands, dysarthria, confusion, disorientation
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and even delirium (Fletcher and Campbell, 1922). Early
controlled studies of mild to moderate hypoglycemia in
those with Type 1 diabetes mellitus showed slowed reaction
times to cognitive testing but little change in testing accu-
racy (Holmes et al., 1983). Hyperglycemia also may impair
reaction time although less than hypoglycemia (Cox et al.,
2002). Pramming et al. (1986) studied the effects of hypo-
glycemia on several psychomotor tasks and reported that
complex tasks were more affected than simple tasks like
finger tapping. Prompting of individuals with hypoglycemia
may be required during testing (Deary, 1993). Testing done
without such prompting may falsely reduce the accuracy of
test results.

In experimental hypoglycemia, visual-evoked potentials
and auditory-evoked potentials may be significantly
delayed. P300 latency from visual or auditory stimuli
become prolonged during moderate hypoglycemia (2.6
mM; 47 mg/dl) (e.g., see Blackman et al., 1990). Impor-
tantly, these evoked potentials do not return to normal for
45-75 min after restoration of normal blood glucose
concentration. This delay suggests a metabolic “stunning”
of brain function persists after hypoglycemia; the metabolic
basis for this stunning is not known. In this study, another
type of evoked potential (P140; a measure of sensory
processing) was normal during hypoglycemia. The authors
concluded that neither sensory nor motor processing per se
was abnormal as a result of hypoglycemia. They instead
concluded that there was an abnormality in decision
making.

If this interpretation about hypoglycemia impairing de-
cision making is correct, it implies an increased risk for
patients who have syndromes of either hypoglycemia un-
awareness or defective hypoglycemic counterregulation.
These syndromes appear to represent an acquired form of
hypoglycemia associated autonomic failure related to some
aspect of recurrent moderate hypoglycemia primarily found
in Type 1 diabetes mellitus but also seen in longstanding
insulin treatment of Type 2 diabetes mellitus (Cryer, 2002).
If complex cognitive function and decision making are
impaired by moderate hypoglycemia these defects may alter
the ability to self treat and recover. The persistence of
cognitive performance problems is greater with hypoglyce-
mia experienced by those with hypoglycemia unawareness
(Gold et al., 1995).

5.2. Hyperglycemia

Hyperglycemia of relatively short duration may affect
cognitive function. Davis et al. (1996) examined the effects
of transient hyperglycemia (20—30 mM; 360—540 mg/dl) in
children with Type 1 diabetes and found a reduction in
performance intelligence quotient with a mean of nearly a
10% decline in percentile score. Findings contrary to Davis
et al. however came from Draelos et al. (1995) in a study of
short duration type 1 diabetes mellitus in adults with a wide
range of glycemic control and graded hypoglycemia to

hyperglycemia. These investigators reported that only with
hypoglycemia did cognitive function worsen. Moreover,
they found that glucose values of 21 mM did not impair
cognitive performance.

Pennebaker et al. (1981) reported that acute hyperglyce-
mia in 30 hospitalized diabetic patients was reliably associ-
ated with mood disturbances and/or physical symptoms
more than half the time. This observation might have
bearing on cognitive performance. Based on self-monitoring
and cognitive assessment involving a handheld computer,
Kovatchev et al. (2001) have found that graded hypergly-
cemia is associated with deterioration in verbal fluency and
speed of performing mental subtractions in treated insulin
dependent diabetic subjects. An unknown in these studies of
hyperglycemia and hypoglycemia with brain function is the
extent to which abnormal glucose and energy metabolism
are an important correlate or perhaps a determinant of the
abnormal brain function.

5.3. Effects of hyperglycemia and hypoglycemia on brain
microvasculature

The brain microvasculature is less affected by diabetes
than retinal vessels (McCall, 1992a,b). Moreover, there is no
clear syndrome of vascular leakage of lipoprotein or hem-
orrhage in the brain with poor diabetes control as there is
seen in diabetic retinopathy. Despite this, microvessels in
the brain are similar to those of the retina. Their cellular
composition is similar and includes endothelial cells,
smooth muscle cells and pericytes. One notable difference
between retinal and brain microvasculature is a reduced
number of pericytes, a type of cell especially vulnerable to
adverse metabolic impact of hyperglycemia (Sussman et al.,
1988). Pericytes also may exert important influences upon
microvascular flow.

Pathological abnormalities do exist within the brain
microvasculature. Loss of pericytes can occur in brain
capillaries (Mukai et al., 1980). Other pathological changes
in the microvasculature of the brain, including thickening of
basement membranes, occur in longstanding diabetes
(Reske-Nielsen et al., 1965; Johnson et al., 1982).

5.4. Microvascular metabolism in diabetes and
hypoglycemia

Metabolic abnormalities in vitro of the cerebral micro-
vessels occur in animal models with uncontrolled diabetes
and in recurrent hypoglycemia (McCall, 1992a,b). Hingor-
ani and Brecher et al. (1987) first observed a reciprocal
relationship between glucose and fatty acid oxidation by
isolated rabbit brain microvessels, suggestive of the glu-
cose-fatty acid cycle (Randle et al., 1963). Moreover, in
uncontrolled diabetes, a depression of glucose oxidation in
the absence of an effect upon microvascular fatty acid
oxidation was found. In other studies, glucose oxidation
was reduced by more than 50% and glycolytic flux was also
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reduced in brain microvessels from rats with uncontrolled
diabetes (McCall et al., 1984, 1988). Fuel metabolism was
normalized in the brain microvessels by insulin treatment
for 48 h or by starvation (presumably both by returning
glucose levels to normal). Uncontrolled diabetes appears
therefore to reduce glucose metabolism in both the brain
microvessels and in the brain parenchyma (Ruderman et al.,
1974; Jakobsen et al., 1990).

Diabetes is commonly overtreated through inappropriate
(i.e., non-physiological) or excessive doses of exogenous
insulin. In chronic hypoglycemia (produced in rats by
subcutaneous grafting of insulin producing tumors), the
glucose metabolism of isolated brain microvessels was
accelerated (McCall et al., 1988). A reciprocal relationship
between oxidation of glucose and that of beta-hydroxybu-
tyrate (the primary ketone body; a short chain fatty acid
fuel) was observed in microvessels from brain of chronically
hypoglycemic rats. By contrast, in microvessels from dia-
betic rats, beta-hydroxybutyrate oxidation was increased as
glucose oxidation declined. Shorter-term hypoglycemia pro-
duced by insulin pumps or insulin injection produced no
consistent change in metabolism of isolated brain micro-
vessels. No changes in the ATP levels or ATP/ADP ratios
were found in brain microvessels from diabetic or insuli-
noma engrafted rats. The consequences of these changes in
microvessel energy metabolism and substrate utilization are
unknown. They could in theory enhance oxidative stress by
the microvessels.

Mooradian and colleauges (Mooradian, 1988, 1997;
Mooradian and Smith, 1992; Mooradian and Scarpace,
1992; Mooradian et al., 1994a,b) have observed a number
of other abnormalities in brain microvessels in uncontrolled
diabetes. Lipid peroxidation byproducts such as conjugated
dienes were found to be increased after 5 weeks of strepto-
zotocin induced diabetes mellitus (Mooradian and Smith,
1992). Such oxidative stress changes could be related to a
switch from glucose oxidative metabolism to greater me-
tabolism of fatty acids and ketone bodies in the brain
microvasculature. Beta receptor number is not changed
but post receptor activity as indicated by isoproterenol
induced adenylate cyclase activity is affected in cerebral
microvessels from rats with uncontrolled diabetes mellitus
(Mooradian and Scarpace, 1992). Reagan et al. (2002) has
found evidence of lipid peroxidation (4-hydroxy-2-nonenal)
byproducts that may link to and potentially modify the
intrinsic activity of the neural glucose transporter, glucose
transporter-3.

5.5. Effects of profound hypoglycemia upon neurochemistry

Acutely depriving the brain of adequate glucose affects
the concentrations of many compounds indirectly linked to
glucose metabolism in the brain (McCall, 1992a,b, 1993,
1997, 1998, 2002; McCall and Figlewicz, 1997). Included
among these are arachidonate, acetylcholine, aspartate and
glutamate, and of course, if sufficiently profound, lack of

cerebral energy generation (McCall, 1993). Partial depletion
of high-energy phosphate compounds (ATP and creatine
phosphate) occurs. Cerebral oxygen consumption declines
due to substrate lack. Cerebral metabolic rates for glucose
are reduced to a greater extent than oxygen consumption.
Levels of citric acid cycle intermediates are depressed.
Lipolysis is accelerated with a resultant increase in polyun-
saturated free fatty acids, particularly arachidonic acid
(Agardh et al., 1980, 1981; Agardh and Siesjo, 1981).

Profound hypoglycemia also decreases cerebral protein
synthesis and reduces incorporation of amino acids into
protein in a regionally specific manner. Areas most affected
in the brain are those most damaged by hypoglycemia. In rat
models of profound hypoglycemia, which produce an iso-
electric electroencephalogram, several additional neuro-
chemical effects occur (Siesjo, 1988).

With profound hypoglycemia, loss of ionic homeostasis
occurs: brain extracellular potassium rises (Wieloch et al.,
1984) while extracellular calcium falls (Harris et al., 1984).
Intracellular calcium increases are thought to activate a
number of degradative enzymes including proteases,
nucleases and lipases whose action may lead to mitochon-
drial damage and swelling (Auer et al., 1985a,b; Kalimo et
al., 1985). Extracellular pH rises initially and eventually
intracellular pH rises with alkalosis itself helping to mini-
mize the extent of damage (preventing widespread necrosis)
perhaps by altering glucose metabolism (Pelligrino and
Siesjo, 1981; Pelligrino et al., 1981). Loss of high-energy
adenine nucleotides and depletion of the nucleotide pools
occurs (Agardh and Siesjo, 1981; Agardh et al., 1980,
1981).

Levels of amino acids and amino acid neurotransmitters,
many of which are indirectly derived through metabolic
intermediates from either glycolysis or the citric acid cycle,
are affected by profound hypoglycemia (Lewis et al., 1974;
Norberg and Siesjd, 1976). Decreased concentrations of
glutamate, glutamine, gamma-aminobutyric acid (GABA)
and alanine occur although it is believed that intrasynaptic
concentrations of glutamate may rise. Levels of aspartate
and ammonia may rise.

These excitotoxic amino acids (glutamate and aspartate)
bind selectively to dendrites and perikarya of neurons and
by doing so produce selective neuronal necrosis. Moreover,
the energy-dependent reuptake, which astrocytic cells use to
help detoxify these excitoxic amino acids, is reduced by
reduced energy availability. Profound hypoglycemia causes
excitotoxicity mediated through NMDA receptors. This is
indicated by the ability of NMDA receptor blocking drugs
to ameliorate brain damage from hypoglycemia (Wieloch,
1985). Such insights into NMDA receptor involvement have
not led to a practical remedy to prevent or repair severe
hypoglycemic damage in susceptible individuals however.

Perhaps more promising is a newly recognized pathway
implicated in the development of the neuropathology of
profound hypoglycemia, which has been recently described
(Suh et al., 2003). DNA damage activates the enzyme poly
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(ADP-ribose) polymerase-1, which although normally in-
volved in DNA repair, may perpetuate hypoglycemic pa-
thology when the enzyme is activated by DNA damage.
Poly (ADP-ribose) polymerase-1 inhibitors protect against
greater than 80% of pathological changes from profound
hypoglycemia even when administered after the insult.

6. Summary and conclusions

Glucose metabolism in the brain remains the primary
means to generate the large amount of energy required to
fuel synaptic action and ionic homeostasis. The brain is
intolerant of glucose deprivation for even short intervals.
Stored glycogen within astrocytic cells of the brain is
probably a more substantial reserve of glucose energy than
previously thought. It seems likely that insulin hypoglyce-
mia alters glycogen reserves in the brain with a period of
supercompensation. The role of astrocytes in brain fuel
metabolism is increasingly thought to play a role in support-
ing the rapid demand of somatosensory stimulation energy
needs. The proposed astrocyte neuronal lactate shuttle hy-
pothesis while somewhat controversial appears likely to play
a role in brain energy economy with glutamatergic neuro-
transmission. One aspect of its importance is that it appears
to provide a basis for intercellular communication between
astrocytes and neurons based on rates of metabolic demand.

Uncontrolled diabetes mellitus in the extremes affects
overall oxidative metabolism of the brain and substitution of
fatty fuels such as ketone bodies may occur in ketotic
diabetes. Moreover, extreme hyperglycemia may alter cere-
bral blood flow. The extent to which these observations are
important in less severe metabolic disturbances in human
diabetes is not clear yet. Subtle or regional changes might
occur as there is some evidence of brain dysfunction both
with hyperglycemia and with hypoglycemia of moderate
degree. The role of the astrocyte and of glycogen stores in
tolerance to acute and chronic hypoglycemia needs further
study. Multiple metabolic and other abnormalities occur in
brain blood vessels with uncertain consequences for vascu-
lar function.

Severe hypoglycemia affects the function and biochem-
istry of the brain dramatically. Much more needs to be
understood about how the brain adapts to more chronic and
repeated moderate hypoglycemia. The hope is that a greater
understanding of how brain metabolic abnormalities tied to
hyperglycemia and hypoglycemia occur may lead to tar-
geted remedies to prevent adverse consequences to the brain
in people with diabetes mellitus.

References

Agardh, C.D., Siesjo, B.K., 1981. Hypoglycemic brain injury: phospholi-
pids, free fatty acids, and cyclic nucleotides in the cerebellum of the rat
after 30 and 60 minutes of severe insulin-induced hypoglycemia. J.
Cereb. Blood Flow Metab. 1, 267-275.

Agardh, C.D., Westerberg, E., Siesjo, B.K., 1980. Severe hypoglycemia
leads to accumulation of arachidonic acid in brain tissue. Acta Physiol.
Scand. 109, 115-116.

Agardh, C.D., Kalimo, H., Olsson, Y., Siesjo, B.K., 1981. Hypoglycemic
brain injury: metabolic and structural findings in rat cerebellar cortex
during profound insulin-induced hypoglycemia and in the recovery
period following glucose administration. J. Cereb. Blood Flow Metab.
1, 71-84.

Auer, R.N., Kalimo, H., Olsson, Y., Siesjo, B.K., 1985a. The temporal
evolution of hypoglycemic brain damage: II. Light- and electron-micro-
scopic findings in the hippocampal gyrus and subiculum of the rat. Acta
Neuropathol. (Berl.) 67, 25-36.

Auer, R.N., Kalimo, H., Olsson, Y., Siesjo, B.K., 1985b. The temporal
evolution of hypoglycemic brain damage: I. Light- and electron-micro-
scopic findings in the rat cerebral cortex. Acta Neuropathol. (Berl.) 67,
13-24.

Bachelard, H., 1981. Cerebral metabolism and hypoglycaemia. In: Marks,
V., Rose, F.C. (Eds.), Hypoglycaemia. Blackwell, Oxford, pp. 51—68.

Bingham, E.M., Hopkins, D., Smith, D., Pernet, A., Hallett, W., Reed, L.,
Marsden, P.K., Amiel, S.A., 2002. The role of insulin in human brain
glucose metabolism: an 18fluoro-deoxyglucose positron emission to-
mography study. Diabetes 51 (12), 3384-3390.

Bischof, M.G., Krssak, M., Krebs, M., Bernroider, E., Stingl, H., Wald-
hausl, W., Roden, M., 2001. Effects of short-term improvement of
insulin treatment and glycemia on hepatic glycogen metabolism in type
1 diabetes. Diabetes 50 (2), 392—398.

Blackman, J.D., Towle, V.L., Lewis, G.F., Spire, J.P., Polonsky, K.S., 1990.
Hypoglycemic thresholds for cognitive dysfunction in humans. Diabe-
tes 39, 828—-835.

Borg, M.A., Borg, W.P., Tamborlane, W.V., Brines, M.L., Shulman, G.L.,
Sherwin, R.S., 1999. Chronic hypoglycemia and diabetes impair coun-
terregulation induced by localized 2-deoxy-glucose perfusion of the
ventromedial hypothalamus in rats. Diabetes 48 (3), 584—587.

Borg, M.A., Tamborlane, W.V., Shulman, G.I., Sherwin, R.S., 2003. Local
lactate perfusion of the ventromedial hypothalamus suppresses hypo-
glycemic counterregulation. Diabetes 52 (3), 663 —666.

Chatton, J.Y., Marquet, P., Magistretti, P.J., 2000. A quantitative analysis of
L-glutamate-regulated Na+ dynamics in mouse cortical astrocytes:
implications for cellular bioenergetics. Eur. J. Neurosci. 12 (11),
3843-3853.

Chatton, J.Y., Pellerin, L., Magistretti, P.J., 2003. GABA uptake into astro-
cytes is not associated with significant metabolic cost: implications for
brain imaging of inhibitory transmission. Proc. Natl. Acad. Sci. U. S. A.
100 (21), 12456—12461.

Cheng, C.M., Reinhardt, R.R., Lee, W.H., Joncas, G., Patel, S.C., Bondy,
C.A., 2000. Insulin-like growth factor 1 regulates developing brain
glucose metabolism. Proc. Natl. Acad. Sci. U. S. A. 97 (18),
10236—-10241.

Chih, C.P., Roberts Jr., E.L., 2003. Energy substrates for neurons during
neural activity: a critical review of the astrocyte-neuron lactate shuttle
hypothesis. J. Cereb. Blood Flow Metab. 23 (11), 1263 —-1281.

Choi, LY., Gruetter, R., 2003. In vivo '>C NMR assessment of brain
glycogen concentration and turnover in the awake rat. Neurochem.
Int. 43.4-43.5, 317-322.

Choi, 1.Y., Tkac, 1., Ugurbil, K., Gruetter, R., 1999. Noninvasive measure-
ments of [1-(13)C]glycogen concentrations and metabolism in rat brain
in vivo. J. Neurochem. 73.3, 1300—1308.

Choi, 1.Y., Lee, S.P., Kim, S.G., Gruetter, R., 2001. In vivo measurements
of brain glucose transport using the reversible Michaelis—Menten mod-
el and simultaneous measurements of cerebral blood flow changes dur-
ing hypoglycemia. J. Cereb. Blood Flow Metab. 21 (6), 653—663.

Choi, LY., Seaquist, E.R., Gruetter, R., 2003. Effect of hypoglycemia on
brain glycogen metabolism in vivo. J. Neurosci. Res. 72 (1), 25-32.

Clarke, D.D., Sokoloff, L., 1999. Circulation and energy metabolism of the
brain. In: Siegel, G.J., Agranoff, B.W., Albers, R.W., Molinoff, S.K.,
Fisher, P.B., Uhler, M.D. (Eds.), Basic neurochemistry. Lippincott-Ra-
ven, Philadelphia, pp. 637—669.



156 A.L. McCall / European Journal of Pharmacology 490 (2004) 147-158

Cox, D., Gonder-Frederick, L., McCall, A., Kovatchev, B., Clarke, W.,
2002. The effects of glucose fluctuation on cognitive function and
QOL: the functional costs of hypoglycaemia and hyperglycaemia
among adults with type 1 or type 2 diabetes. Int. J. Clin. Pract., (Suppl.
129), 20-26.

Cremer, J.E., Heath, D.F., 1974. The estimation of rates of utilization of
glucose and ketone bodies in the brain of the suckling rat using com-
partmental analysis of isotopic data. Biochem. J. 142, 527-544.

Croughwell, N., Lyth, M., Quill, T.J., Newman, M., Greeley, W.J., Smith,
L.R., Reves, J.G., 1990. Diabetic patients have abnormal cerebral
autoregulation during cardiopulmonary bypass. Circulation 82 (IV),
407-412.

Cruz, N.F.,, Dienel, G.A., 2002. High glycogen levels in brains of rats
with minimal environmental stimuli: implications for metabolic con-
tributions of working astrocytes. J. Cereb. Blood Flow Metab. 22 (12),
1476-1489.

Cryer, P.E., 2002. Hypoglycaemia: the limiting factor in the glycaemic
management of type I and type II diabetes. Diabetologia 45 (7),
937-948.

Davis, E.A., Soong, S.A., Byrne, G.C., Jones, T.W., 1996. Acute hyper-
glycaemia impairs cognitive function in children with IDDM. J. Pediatr.
Endocrinol. Metab. 9 (4), 455-461.

Deary, 1.J., 1993. Effects of hypoglycaemia on cognitive function. In: Frier,
B., Fisher, M. (Eds.), Hypoglycaemia and Diabetes: Clinical and Phys-
iological Aspects. Edward Arnold, London, pp. 80—92.

Debernardi, R., Pierre, K., Lengacher, S., Magistretti, P.J., Pellerin, L.,
2003. Cell-specific expression pattern of monocarboxylate transporters
in astrocytes and neurons observed in different mouse brain cortical cell
cultures. J. Neurosci. Res. 73 (2), 141-155.

Dienel, G.A., Cruz, N.F., 2003. Neighborly interactions of metabolically-
activated astrocytes in vivo. Neurochem. Int. 43 (4-5), 339-354.
Dienel, G.A., Wang, R.Y., Cruz, N.F., 2002. Generalized sensory stimula-
tion of conscious rats increases labeling of oxidative pathways of glu-
cose metabolism when the brain glucose-oxygen uptake ratio rises. J.

Cereb. Blood Flow Metab. 22 (12), 1490—1502.

Draelos, M.T., Jacobson, A.M., Weinger, K., Widom, B., Ryan, C.M.,
Finkelstein, D.M., Simonson, D.C., 1995. Cognitive function in patients
with insulin-dependent diabetes mellitus during hyperglycemia and hy-
poglycemia. Am. J. Med. 98 (2), 135—144.

Duckrow, R.B., Beard, D.C., Brennan, R.W., 1987. Regional cerebral
blood flow decreases during chronic and acute hyperglycemia. Stroke
18, 52-58.

Ebert, D., Haller, R.G., Walton, M.E., 2003. Energy contribution of octa-
noate to intact rat brain metabolism measured by 13C nuclear magnetic
resonance spectroscopy. J. Neurosci. 23, 5928 -5935.

Fanelli, C.G., Dence, C.S., Markham, J., Videen, T.O., Paramore, D.S.,
Cryer, P.E., Powers, W.J., 1998. Blood-to-brain glucose transport and
cerebral glucose metabolism are not reduced in poorly controlled type 1
diabetes. Diabetes 47, 1444—1450.

Figlewicz, D.P., Brot, M.D., McCall, A.L., Szot, P., 1996. Diabetes causes
differential changes in CNS noradrenergic and dopaminergic neurons in
the rat: a molecular study. Brain Res. 736 (1-2), 54—60.

Fletcher, A.A., Campbell, W.R., 1922. The blood sugar following insulin
administration and the symptom complex-hypoglycaemia. J. Metab.
Res. (2), 637-649.

Fox, P.T., Raichle, M.E., 1986. Focal physiological uncoupling of cerebral
blood flow and oxidative metabolism during somatosensory stimulation
in human subjects. Proc. Natl. Acad. Sci. U. S. A. 83 (4), 1140—1144.

Fox, P.T., Raichle, M.E., Mintun, M.A., Dence, C., 1988. Nonoxidative
glucose consumption during focal physiologic neural activity. Science
241 (4864), 462 -464.

Gjedde, A., Crone, C., 1981. Blood—brain glucose transfer: repression in
chronic hyperglycemia. Science 214, 456—457.

Gold, A.E., MacLeod, K.M., Deary, L.J., Frier, B.M., 1995. Hypoglycemia-
induced cognitive dysfunction in diabetes mellitus: effect of hypogly-
cemia unawareness. Physiol. Behav. 58 (3), 501-511.

Gonder-Frederick, L.A., Clarke, W.L., Cox, D.J., 1997. The emotional,

social, and behavioral implications of insulin-induced hypoglycemia.
Semin. Clin. Neuropsychiatry 2 (1), 57-65.

Grill, V., Gutniak, M., Bjorkman, O., Lindqvist, M., Stone-Elander, S.,
Seitz, R.J., Blomqvist, G., Reichard, P., Widen, L., 1990. Cerebral
blood flow and substrate utilization in insulin-treated diabetic subjects.
Am. J. Physiol. 258, E813—E820.

Gruetter, R., 2002. In vivo '>*C NMR studies of compartmentalized cerebral
carbohydrate metabolism. Neurochem. Int. 41.2—41.3, 143—154.

Gruetter, R., 2003. Glycogen: the forgotten cerebral energy store. J. Neuro-
sci. Res. 74 (2), 179-183.

Harris, R.J., Wieloch, T., Symon, L., Siesjo, B.K., 1984. Cerebral extra-
cellular calcium activity in severe hypoglycemia: relation to extracel-
lular potassium and energy state. J. Cereb. Blood Flow Metab. 4,
187-193.

Hawkins, R.A., Biebuyck, J.F., 1979. Ketone bodies are selectively used by
individual brain regions. Science 205, 325-327.

Hingorani, V., Brecher, P., 1987. Glucose and fatty acid metabolism in
normal and diabetic rabbit cerebral microvessels. Am. J. Physiol. 252,
E648—E653.

Holmes, C.S., Hayford, J.T., Gonzalez, J.L., Weydert, J.A., 1983. A survey
of cognitive functioning at difference glucose levels in diabetic persons.
Diab. Care 6, 180—185.

Iglesias, M.A., Ye, J.M., Frangioudakis, G., Saha, A.K., Tomas, E., Ruder-
man, N.B., Cooney, G.J., Kraegen, E.W., 2002. AICAR Administration
causes an apparent enhancement of muscle and liver insulin action in
insulin-resistant high-fat-fed rats. Diabetes 51 (10), 2886—2894.

Jakobsen, J., Nedergaard, M., Aarslew-Jensen, M., Diemer, N.H., 1990.
Regional brain glucose metabolism and blood flow in streptozocin-
induced diabetic rats. Diabetes 39, 437—-440.

Johnson, P.C., Brendel, K., Meezan, E., 1982. Thickened cerebral cortical
capillary basement membranes in diabetics. Arch. Pathol. Lab. Med.
106, 214-217.

Jones, T.W., McCarthy, G., Tamborlane, W.V., Caprio, S., Roessler, E.,
Kraemer, D., Starick Zych, K., Allison, T., Boulware, S.D., Sherwin,
R.S., 1990. Mild hypoglycemia and impairment of brain stem and
cortical evoked potentials in healthy subjects. Diabetes 39, 1550—1555.

Joost, H.G., Thorens, B., 2001. The extended GLUT-family of sugar/polyol
transport facilitators: nomenclature, sequence characteristics, and poten-
tial function of its novel members (review). Mol. Membr. Biol. 18 (4),
247-256.

Kalimo, H., Auer, R.N., Siesjo, B.K., 1985. The temporal evolution of
hypoglycemic brain damage: III. Light and electron microscopic find-
ings in the rat caudoputamen. Acta Neuropathol. (Berl.) 67, 37—50.

Kastrup, J., Rrsgaard, S., Parving, H.H., Lassen, N.A., 1986. Impaired
autoregulation of cerebral blood flow in long-term type I (insulin-de-
pendent) diabetic patients with nephropathy and retinopathy. Clin.
Physiol. 6, 549—559.

Kastrup, J., Petersen, P., Dejgard, A., 1990. Intravenous lidocaine and
cerebral blood flow: impaired microvascular reactivity in diabetic
patients. J. Clin. Pharmacol. 30, 318—-323.

Kaufman, F.R., Epport, K., Engilman, R., Halvorson, M., 1999. Neuro-
cognitive functioning in children diagnosed with diabetes before age 10
years. J. Diabetes Its Complicat. 13 (1), 31-38.

Kety, S.S., Polis, B.D., Nadler, C.S., Schmidt, C.F., 1948a. Blood flow and
oxygen consumption of the human brain in diabetic acidosis and coma.
J. Clin. Invest. 27, 500—-510.

Kety, S.S., Woodford, R.B., Harmel, M.H., Freyhan, F.A., Appel, K.E.,
Schmidt, C.F., 1948b. Cerebral blood flow and metabolism in schizo-
phrenia. The effects of barbiturate semi-narcosis, insulin coma, and
electroshock. Am. J. Psychiatry 104, 765-770.

Kinnala, A., Suhonen-Polvi, H., Aarimaa, T., Kero, P., Korvenranta, H.,
Ruotsalainen, U., Bergman, J., Haaparanta, M., Solin, O., Nuutila, P.,
Wegelius, U., 1996. Cerebral metabolic rate for glucose during the first
six months of life: an FDG positron emission tomography study. Arch.
Dis. Child., Fetal Neonatal Ed. 74 (3), F153—F157.

Kong, J., Shepel, P.N., Holden, C.P., Mackiewicz, M., Pack, A.I., Geiger,
J.D., 2002. Brain glycogen decreases with increased periods of wake-



A.L. McCall / European Journal of Pharmacology 490 (2004) 147-158 157

fulness: implications for homeostatic drive to sleep. J. Neurosci. 22
(13), 5581-5587.

Kovatchev, B., Cox, D., Summeers, K., 2001. Do people with TIDM
recognize hyperglycemia? Diabetes 50 (Suppl. 2) (Abstract #1643).
Lass, P., Knudsen, G.M., Pedersen, E.V., Barry, D.I., 1989. Impaired beta-
adrenergic mediated cerebral blood flow response in streptozotocin

diabetic rats. Pharmacol. Toxicol. 65, 318—-320.

Leloup, C., Arluison, M., Lepetit, N., Cartier, N., Marfaing-Jallat, P., Ferre,
P., Penicaud, L., 1994. Glucose transporter 2 (GLUT2): expression in
specific brain nuclei. Brain Res. 638, 221-226.

Leloup, C., Arluison, M., Kassis, N., Lepetit, N., Cartier, N., Ferre, P.,
Penicaud, L., 1996. Discrete brain areas express the insulin-responsive
glucose transporter GLUT4. Mol. Brain Res. 38 (1), 45-53.

Leloup, C., Orosco, M., Serradas, P., Nicolaidis, S., Penicaud, L., 1998.
Specific inhibition of GLUT2 in arcuate nucleus by antisense oligonu-
cleotides suppresses nervous control of insulin secretion. Brain Res.
Mol. Brain Res. 57 (2), 275—-280.

Lewis, L.D., Ljunggren, B., Norberg, K., Siesjo, B.K., 1974. Changes in
carbohydrate substrates, amino acids and ammonia in the brain during
insulin-induced hypoglycemia. J. Neurochem. 23, 659—-671.

McCall, A.L., 1992a. In: Ruderman, N., Williamson, J., Brownlee, M.
(Eds.), Cerebral Microvascular Transport and Metabolism: Implications
for Diabetes. Oxford Univ. Press, New York, pp. 59—-103.

McCall, A.L., 1992b. The impact of diabetes on the CNS. Diabetes 41.5,
557-570.

McCall, A.L., 1993. In: Frier, B.M., Fisher, M. (Eds.), Effects of Glucose
Deprivation on Glucose Metabolism in the Central Nervous System.
Edward Arnold, Oxford, pp. 56—71.

McCall, A.L., 1997. IDDM, counterregulation, and the brain. Diabetes
Care 20.8, 1228—1230.

McCall, A.L., 1998. New findings and treatment strategies for hypoglyce-
mia and hypoglycemia unawareness. Curr. Opin. Endocrinol. Diabetes
5, 136-143.

McCall, A.L., 2002. Diabetes mellitus and the central nervous system. Int.
Rev. Neurobiol. 51, 415-453.

McCall, A.L., Figlewicz, D.P., 1997. How does diabetes mellitus produce
brain dysfunction? Diabetes Spectr. 10 (1), 25-32.

McCall, A.L., Millington, W.R., Wurtman, R.J., 1982. Metabolic fuel and
amino acid transport into the brain in experimental diabetes mellitus.
Proc. Natl. Acad. Sci. U. S. A. 79, 5406—5410.

McCall, A.L., Gould, J.B., Ruderman, N.B., 1984. Diabetes-induced alter-
ations of glucose metabolism in rat cerebral microvessels. Am. J. Phys-
iol. 247, E462—E467 (End. Metab. 10).

McCall, A.L., Fixman, L.B., Fleming, N., Tornheim, K., Chick, W., Ruder-
man, N.B., 1984. Chronic hypoglycemia increases brain glucose trans-
port. Am. J. Physiol. 251, E442—E447.

McCall, A.L., Sussman, 1., Tornheim, K., Cordero, R., Ruderman, N.B.,
1988. Effects of hypoglycemia and diabetes on fuel metabolism by
rat brain microvessels. Am. J. Physiol. 254, E272-E278 (End.
Metab. 17).

McCall, A.L., Van Bueren, A.M., Huang, L., Stenbit, A., Celnik, E., Char-
ron, M.J., 1997. Forebrain endothelium expresses GLUT4, the insulin-
responsive glucose transporter. Brain Res. 744 (2), 318—326.

Mitchell, G.A., Kassovska-Bratinova, S., Boukaftane, Y., Robert, M.F.,
Wang, S.P., Ashmarina, L., Lambert, M., Lapierre, P., Potier, E.,
1995. Medical aspects of ketone body metabolism. Clin. Invest. Med.
— Med. Clin. Experimentale 18 (3), 193-216.

Mitrakou, A., Ryan, C., Veneman, T., Mokan, M., Jenssen, T., Kiss, I.,
Durrant, J., Cryer, P., Gerich, J., 1991. Hierarchy of glycemic thresholds
for counter regulatory hormone secretion, symptoms, and celebral dys-
function. Am. J. Physiol. 260, E67—74.

Mooradian, A.D., 1988. Diabetes and the central nervous system. Endo.
Rev. 9 (3), 346-356.

Mooradian, A.D., 1997. Central nervous system complications of diabetes
mellitus—a perspective from the blood—brain barrier. Brain Res. Rev.
23 (3), 210-218.

Mooradian, A.D., Scarpace, P.J., 1992. Beta-adrenergic receptor activity of

cerebral microvessels in experimental diabetes mellitus. Brain Res. 583
(1-2), 155-160.

Mooradian, A.D., Smith, T.L., 1992. The effect of experimentally induced
diabetes mellitus on the lipid order and composition of rat cerebral
microvessels. Neurosci. Lett. 145 (2), 145—148.

Mooradian, A.D., Grabau, G., Bastani, B., 1994a. Adenosine triphospha-
tases of rat cerebral microvessels. Effect of age and diabetes mellitus.
Life Sci. 55.16, 1261—-1265.

Mooradian, A.D., Pinnas, J.L., Lung, C.C., Yahya, M.D., Meredith, K.,
1994b. Diabetes-related changes in the protein composition of rat cere-
bral microvessels. Neurochem. Res. 19 (2), 123—-128.

Mukai, N., Hori, S., Pomeroy, M., 1980. Cerebral lesions in rats with
streptozotocin-induced diabetes. Acta Neuropathol. (Berl.) 51, 79—84.

Neil, H.A., Gale, E.A., Hamilton, S.J., Lopez Espinoza, I., Kaura, R.,
McCarthy, S.T., 1987. Cerebral blood flow increases during insulin-
induced hypoglycaemia in type 1 (insulin-dependent) diabetic patients
and control subjects. Diabetologia 30, 305—-309.

Ngarmukos, C., Baur, E.L., Kumagai, A.K., 2001. Co-localization of
GLUTI and GLUT4 in the blood—brain barrier of the rat ventromedial
hypothalamus. Brain Res. 900 (1), 1-8.

Niswender, K.D., Schwartz, M.W., 2003. Insulin and leptin revisited: ad-
iposity signals with overlapping physiological and intracellular signal-
ing capabilities. Front. Neuroendocrinol. 24 (1), 1-10.

Niswender, K.D., Morrison, C.D., Clegg, D.J., Olson, R., Baskin, D.G. ,
Myers Jr., M.G., Seeley, R.J., Schwartz, M.W. 2003. Insulin activation
of phosphatidylinositol 3-kinase in the hypothalamic arcuate nucleus: a
key mediator of insulin-induced anorexia. Diabetes 52 (2), 227-231.

Norberg, K., Siesjo, B.K., 1976. Oxidative metabolism of the cerebral
cortex of the rat in severe insulin-induced hypoglycemia. J. Neurochem.
26, 345-352.

Owen, O.E., Morgan, A.P., Kemp, H.G., Sullivan, J.M., Herrera, M.G. ,
Cahill Jr., G.F. 1967. Brain metabolism during fasting. J. Clin. Invest.
46, 1589—-1595.

Oz, G., Henry, P.G., Seaquist, E.R., Gruetter, R., 2003. Direct, noninvasive
measurement of brain glycogen metabolism in humans. Neurochem.
Int. 43 (4-5), 323-329.

Pellerin, L., Magistretti, P.J., 2003. Food for thought: challenging the
dogmas. J. Cereb. Blood Flow Metab. 23 (11), 1282—1286.

Pellerin, L., Bonvento, G., Chatton, J.Y., Pierre, K., Magistretti, P.J., 2002.
Role of neuron—glia interaction in the regulation of brain glucose uti-
lization. Diabetes Nutr. Metab. 15 (5), 268—-273.

Pelligrino, D., Siesjo, B.K., 1981. Regulation of extra- and intracellular pH
in the brain in severe hypoglycemia. J. Cereb. Blood Flow Metab. 1,
85-96.

Pelligrino, D., Almquist, L.O., Siesjo, B.K., 1981. Effects of insulin-in-
duced hypoglycemia on intracellular pH and impedance in the cerebral
cortex of the rat. Brain Res. 221, 129-147.

Pelligrino, D.A., Segil, L.J., Albrecht, R.F., 1990. Brain glucose utilization
and transport and cortical function in chronic vs. acute hypoglycemia.
Am. J. Physiol. 259, E729—E735.

Pennebaker, J.W., Cox, D.J., Gonder-Frederick, L., Wunsch, M.G., Evans,
W.S., Pohl, S., 1981. Physical symptoms related to blood glucose in
insulin-dependent diabetics. Psychosom. Med. 43 (6), 489—500.

Pramming, S., Thorsteinsson, B., Theilgaard, A., Pinner, E.M, Binder, C.,
1986. Cognitive function during hypoglycaemia in type I diabetes mel-
litus. Br. Med. J. (Clin Res. Ed.) 292 (6521), 647—650.

Rafiki, A., Boulland, A., Halestrap, J.L., Ottersen, A.P., Bergersen, O.P.,
2003. Highly differential expression of the monocarboxylate transport-
ers MCT2 and MCT4 in the developing rat brain. Neuroscience 122 (3),
677—688.

Randle, P.J., Garland, P.B., Hales, C.N., Newsholme, E.A., 1963. The
glucose-fatty acid cycle. Its role in insulin sensitivity and the metabolic
disturbances of diabetes mellitus. Lancet I, 785—789.

Reagan, L.P., Magarinos, A.M., Yee, D.K., Swzeda, L.I., van Bueren, A.,
McCall, A.L., McEwen, B.S., 2000. Oxidative stress and HNE conju-
gation of GLUT3 are increased in the hippocampus of diabetic rats
subjected to stress. Brain Res. 862 (1—-2), 292—300.



158 A.L. McCall / European Journal of Pharmacology 490 (2004) 147-158

Reagan, L.P.,, Rosell, D.R., Alves, S.E., Hoskin, E.K., McCall, A.L., Char-
ron, M.J., McEwen, B.S., 2002. GLUTS glucose transporter is localized
to excitatory and inhibitory neurons in the rat hippocampus. Brain Res.
932 (1-2), 129-134.

Reske-Nielsen, E., Lundback, K., Rafaelsen, O.J., 1965. Pathological
changes in the central and peripheral nervous system of young long-
term diabetics. Diabetologia 1, 233—-237.

Rovet, J.F., Ehrlich, R.M., 1999. The effect of hypoglycemic seizures on
cognitive function in children with diabetes: a 7-year prospective study.
J. Pediatr. 134 (4), 503-506.

Ruderman, N.B., Ross, P.S., Berger, M., Goodman, M.N., 1974. Regula-
tion of glucose and ketone-body metabolism in brain of anaesthetized
rats. Biochem. J 138, 1-10.

Seaquist, E.R., Gruetter, R., 2002. Brain glycogen: an insulin-sensitive
carbohydrate store. Diabetes Nutr. Metab. 15.5, 285-289.

Seaquist, E.R., Damberg, G.S., Tkac, 1., Gruetter, R., 2001. The effect of
insulin on in vivo cerebral glucose concentrations and rates of glucose
transport/metabolism in humans. Diabetes 50 (10), 2203-2209.

Shepherd, P.R., Gibbs, E.M., Wesslau, C., Gould, G.W., Kahn, B.B., 1992.
Human small intestine facilitative fructose/glucose transporter (GLUTS)
is also present in insulin-responsive tissues and brain. Investigation of
biochemical characteristics and translocation. Diabetes 41, 1360—1365.

Shulman, R.G., Rothman, D.L., 2001. 13C NMR of intermediary metabo-
lism: implications for systemic physiology. Annu. Rev. Physiol. 63,
15-48.

Shulman, R.G., Hyder, F., Rothman, D.L., 2001. Cerebral energetics and
the glycogen shunt: neurochemical basis of functional imaging. Proc.
Natl. Acad. Sci. 98 (11), 6417R—6422R.

Siesjo, B.K., 1978. Metabolism of substrates in the brain. Brain Energy
Metabolism, pp. 151-209 Wiley, Chichester.

Siesjo, B.K., 1988. Hypoglycemia, brain metabolism, and brain damage.
Diabetes/Metab. Rev. 4, 113—144.

Simpson, L.A., Appel, N.M., Hokari, M., Oki, J., Holman, G.D., Maher, F.,
Koehler-Stec, E.M., Vannucci, S.J., Smith, Q.R., 1999. Blood—brain
barrier glucose transporter: effects of hypo- and hyperglycemia revis-
ited. J. Neurochem. 72 (1), 238—247.

Sindelar, D.K., Mystkowski, P., Marsh, D.J., Palmiter, R.D., Schwartz,
M.W., 2002. Attenuation of diabetic hyperphagia in neuropeptide Y-
deficient mice. Diabetes 51 (3), 778—783.

Sipols, A.J., Baskin, D.G., Schwartz, M.W., 1995. Effect of intracerebro-
ventricular insulin infusion on diabetic hyperphagia and hypothalamic
neuropeptide gene expression. Diabetes 44 (2), 147—-151.

Suh, S.W., Aoyama, K., Chen, Y., Garnier, P., Matsumori, Y., Gum, E.,
Liu, J., Swanson, R.A., 2003. Hypoglycemic neuronal death and cog-
nitive impairment are prevented by poly(ADP-ribose) polymerase
inhibitors administered after hypoglycemia. J. Neurosci. 23 (33),
10681—-10690.

Sussman, 1., Carson, M.P., Schultz, V., Wu, X.P., McCall, A.L., Ruderman,
N.B., Tornheim, K., 1988. Chronic exposure to high glucose decreases
myo-inositol in cultured cerebral microvascular pericytes but not in
endothelium. Diabetologia 31, 771-775.

Tkac, I., Troscak, M., Javorsky, M., Petrik, R., Tomcova, M., 2001. In-
creased intracranial arterial resistance in patients with type 2 diabetes
mellitus. Wien. Klin. Wochenschr. 113 (22), 870—873.

Uehara, Y., Nipper, V., McCall, A.L., 1997. Chronic insulin hypoglycemia
induces GLUT-3 protein in rat brain neurons. Am. J. Physiol: Endocri-
nol. Metab. 272.4, E716—E719.

Vannucci, S.J., Koehler-Stec, E.M., Li, K., Reynolds, T.H., Clark, R.,
Simpson, L.A., 1998. GLUT4 glucose transporter expression in rodent
brain: effect of diabetes. Brain Res. 797 (1), 1-11.

Wakisaka, M., Nagamachi, S., Inoue, K., Morotomi, Y., Nunoi, K., Fujish-
ima, M., 1990. Reduced regional cerebral blood flow in aged noninsu-
lin-dependent diabetic patients with no history of cerebrovascular
disease: evaluation by N-isopropyl-123I-p-iodoamphetamine with sin-
gle-photon emission computed tomography. J. Diabetes Its Complicat.
4, 170-174.

Wieloch, T., 1985. Hypoglycemia-induced neuronal damage prevented by
an N-Methyl-D-Aspartate antagonist. Science 230, 681—683.

Wieloch, T., Harris, R.J., Symon, L., Siesjo, B.K., 1984. Influence of
severe hypoglycemia on brain extracellular calcium and potassium
activities, energy, and phospholipid metabolism. J. Neurochem. 43,
160—168.



	Cerebral glucose metabolism in diabetes mellitus
	Introduction
	Overview of brain metabolism
	Brain metabolic activity and energy use
	Glucose as the primary fuel for brain metabolism
	Brain oxidative metabolism and blood flow in altered glycemia
	Importance of glucose transport
	Blood-brain barrier and brain cellular transport regulation
	Brain intolerance to hypoglycemia

	Brain glycogen
	Glycogen stores in brain
	Controversy about brain glycogen amount
	Potential importance of brain glycogen to hypoglycemia tolerance
	Brain metabolism and insulin

	Role of oxidative glucose metabolism
	The traditional view
	The astrocyte-neuron lactate shuttle
	Controversy about the ANSLH

	Effects of short-term changes in plasma glucose on brain
	Hypoglycemia
	Hyperglycemia
	Effects of hyperglycemia and hypoglycemia on brain microvasculature
	Microvascular metabolism in diabetes and hypoglycemia
	Effects of profound hypoglycemia upon neurochemistry

	Summary and conclusions
	References


