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Summary Glucose is the usual fuel of brain tissue. As
hypoglycaemia develops, a level of glycaemia is
reached where glucose transport from the circulation
is no longer sufficient to meet metabolic demands,
and the brain signals for peripheral counter-regula-
tory responses and symptoms of hypoglycaemia en-
sue. The glycaemic threshold for these events can be
shifted to lower glucose concentrations following a
single episode of hypoglycaemia, and compensating
central nervous system adaptations have been postu-
lated in man. In nondiabetic subjects, rates of brain
glucose uptake are initially impaired at a systemic
glucose concentration of 3.6 mmol/l; whereas after
56h of intermittent hypoglycaemia (3.0 mmol/l)
brain uptake is preserved at normal rates even at
2.5 mmol/l. Increments in counter-regulatory hor-
mones and symptoms are also triggered at lower glu-
cose concentrations following recurrent hypoglycae-

mia. In 24 patients with insulin-dependent diabetes
stratified into three equal groups by HbA,  value,
those in the lowest third of HbA, . range had rates of
brain glucose uptake at 3.0 mmol/l that were equiva-
lent to rates measured at 5.3 mmol/l. Patients in the
other HbA, . groups had rates of brain glucose uptake
during hypoglycaemia that were reduced by 30 % rel-
ative to normoglycaemia — comparable to reductions
seen in non-diabetic subjects. Thus, alterations in glu-
cose uptake occur in the brain in order to maintain
normal brain metabolism following experimental
and clinical hypoglycaemia. Because of this enhanced
glucose uptake, the brain has no need to signal for
counter-regulatory responses and hypoglycaemia un-
awareness occurs. [Diabetologia (1997) 40: S69-S74]
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Intensified diabetes management is associated with a
threefold increased risk of severe hypoglycaemia
(seizures, comas or requiring the assistance of an-
other person to recover from hypoglycaemia) [1].
During the Diabetes Control and Complications Trial
[1], over 50% of such episodes occurring while pa-
tients were awake happened with none of the usual
warning symptoms of hypoglycaemia [1]. A propor-
tional hazards risk model that included a variety of
presumed risk factors associated with hypoglycaemia
could explain only 7% of these severe episodes [1].
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Studies conducted during the mid 19805 in insulin-de-
pendent diabetic (IDDM) patients who had achieved
near normoglycaemia established that a defect in epi-
nephrine secretion accompanies intensified diabetes
management [2]. Subsequent investigations con-
firmed this observation and proved that the epineph-
rine secretory defect was associated with a loss of
awareness of hypoglycaemia [3]. The mechanism ex-
plaining why epinephrine responses become blunted
following recurrent hypoglycaemia has not been thor-
oughly investigated and is the focus of this discussion.

The brain is an obligate glucose consumer and de-
rives its fuel from the circulation through an insulin-
independent process that begins with the transport
of glucose from the circulation across the capillary
endothelial surface via the GLUT 1 transport protein
[4, 5]. From the interstitium, it then completes its
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Fig.1. Glucose transport from the cerebral arteriole to the
neuron

uptake to either neuron or glial cells largely via the
GLUTS3 transporter (Fig.1). The regulation of the
glucose transporter number on the capillary endothe-
lial surface is believed to be regulated, in part, by the
ambient systemic glucose concentration [6]. Under
normal conditions, rates of brain glucose uptake are
not rate-limiting for metabolism, in that roughly
twice as much glucose is transported as is needed to
satisfy brain energy needs [4]. That which is not uti-
lized is available for transport back into the circula-
tion since the brain has limited capacity to store glu-
cose as glycogen [4]. At some critical systemic glucose
concentration, glucose transport will become rate-
limiting and hexokinase will not be saturated leading
to reduced glucose 6-phosphate and impaired neural
metabolism.

Novel experiments conducted by Biggers et al. [7]
and Frizzell et al. [8] utilizing a canine model ex-
plored the role of the central nervous system in regu-
lating the counter-regulatory hormone response. In
these studies, vertebral and carotid arteries were in-
fused with glucose at a rate designed to maintain
brain normoglycaemia while systemic hypoglycaemia
was generated. Compared to control animals which
were allowed to experience the usual brain hypogly-
caemia, the animals whose brains had normal glucose
concentrations had substantially attenuated epineph-
rine and glucagon responses. In addition, the vagally
mediated response for the release of pancreatic
polypeptide during hypoglycaemia was also blunted
suggesting that maintenance of head normoglycae-
mia satisfies a brain glucose sensing area’s need for
fuel and fails to initiate autonomic nervous system re-
sponses. As discussed by Jacobs et al. [9] the ventro-
medial hypothalamic nucleus appears to be the pri-
mary regulator of the counter-regulatory hormone
response, sensing and signalling for increments in epi-
nephrine. The bulk of symptoms of hypoglycaemia
are identified as the result of increased sympathoad-
renal tone, with the remainder occurring secondary
to neuroglycopenia [10]. Based on available animal
studies, Cryer [11] suggested that the ambient
level of glycaemia might be a major factor leading to

PJ. Boyle: Brain glucose uptake and hypoglycaemia

alterations in counter-regulation and be tied some-
how to awareness of hypoglycaemia in man.

The mechanism by which ambient glucose levels
lead to altered rates of brain glucose extraction were
explored by Matthaei et al. [12]. These studies evalu-
ated the possibility that chronic hyperglycaemia
would lead to a ‘down-regulation’ of glucose trans-
port capacity on capillary endothelial cells in the
brain. Diminished concanavalin-B binding, an indi-
rect marker of glucose transporter number, was docu-
mented in brain homogenates of chronically hyper-
glycaemic animals. These early findings were later
confirmed by decreased brain glucose extraction [13]
in the setting of poorly controlled diabetes in rodents.
We have previously demonstrated that patients in
poor metabolic control experience symptoms of hy-
poglycaemia at higher glucose concentrations than
nondiabetic individuals — consistent with the notion
that fewer transporters are produced in response to
hyperglycaemia, and such patients would be predis-
posed to develop symptoms at relatively normal glu-
cose concentrations [13]. Conversely, in the setting
of chronic hypoglycaemia, glucose extraction is up-
regulated in rodents [14] and glucose transporter
number increased in isolated capillary endothelial
cells deprived of glucose [6, 15, 16]. While the precise
molecular biology leading to this later adaptation re-
mains to be elucidated, it is associated with increased
mRNA content for the GLUT1 transporter protein
in brain capillary endothelial cells [17]. Enhanced
glucose uptake at the blood brain barrier leads to
maintenance of normal energy metabolism with
chronic hypoglycaemia. This normalization of brain
energy state is best demonstrated in animals im-
planted with insulinoma who have brain ATP and
glucose 6-phosphate levels within the normal range
despite dramatically low glucose concentrations [15].

Human investigations that complement these find-
ings are limited. Gutniak et al. [18], utilizing ''C-glu-
cose and positron emission tomography, found no dif-
ferences in rates of brain glucose metabolism at hypo-
glycaemia in IDDM patients in good metabolic con-
trol compared to nondiabetic subjects. The basal rates
of brain glucose metabolism during normoglycaemia
were approximately half those normally observed,
therefore placing the findings in question. Direct
measurement of brain glucose uptake is made in our
laboratory by multiplying cerebral blood flow by the
cross brain arteriovenous glucose concentration.
This technique requires retrograde cannulation of
the internal jugular bulb to permit sampling of cere-
brocortical venous drainage. Carotid arterial glucose
concentration is approximated by radial arterial sam-
pling. Fick methodology is applied to measure cere-
bral blood flow by having subjects inhale a low con-
centration of an inert tracer gas, in our case, nitrous
oxide [19, 20]. When the integrated area between the
arterial and venous nitrous oxide curves is divided
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into the venous equilibrium concentration of the gas,
cerebral blood flow is yielded. Using this methodol-
ogy, we wished to establish that the mechanism for
the development of hypoglycaemia unawareness was
through enhanced brain glucose uptake. Because we
presumed that enhanced uptake would be the result
of increased transport capacity, a period of 56 h of epi-
sodic hypoglycaemia was selected for the first of our
investigations in order to parallel the in vitro experi-
ments of Takahura et al. [16] who showed a 60 % in-
crease in protein in isolated brain capillary endothe-
lial cells deprived of glucose.

A baseline day of study was conducted in 12 non-
diabetic subjects who had retrograde internal jugular
and radial arterial cannulas placed prior to lowering
the glucose concentrations in a step-wise fashion
from 4.7 to 2.5 mmol/l in approximately 1 h long steps
[20]. Brain glucose uptake was maintained at normal
rates at 4.7 and 4.2 mmol/l; but fell significantly at
3.6 mmol/l. This initial impairment in brain uptake
co-ordinates with the known first decrease in brain
glucose 6-phosphate concentrations in rodents ob-
served by Lewis et al. [21]. Further decrements in sys-
temic glucose concentrations caused lowering in
brain glucose uptake (Fig.2). Epinephrine secretion
began at 4.2 mmol/l, thus actually occurring at higher
plasma glucose concentrations than that required to
change whole brain glucose uptake. Next in the se-
quence of events, autonomic symptoms began at
3.6 mmol/l followed by neuroglycopenic symptoms
at 3.1 mmol/l. The explanation for the difference in
the level of glycaemia required to initiate epineph-
rine secretion compared to that required to impair
brain glucose uptake may lie in the accuracy of our
measurement which has an ability to detect approxi-
mately a 10 % change between glycaemic steps with
this number of patients. Another possible explana-
tion is that regional differences exist for the impair-
ment in glucose uptake and the glucose sensing cen-
tres in the hypothalamus may experience reduced
glucose uptake at higher glucose concentrations than
that required for whole brain. Unfortunately, the
cross brain glucose uptake methodology we employ
cannot identify regional differences.

Following this preliminary day of study, subjects’
arterial glucose concentrations were maintained at
approximately 3.0 mmol/l for 56 h, returning toward
normal only during postprandial periods. On the final
day, the arterial glucose concentration was raised to
4.2 mmol/l and then reduced in a step-wise fashion
equivalent to the first day of study. After recurrent
hypoglycaemia, no significant reduction in brain glu-
cose uptake was observed even at 2.5 mmol/l and
rates were comparable to those observed at
4.7 mmol/l on the first day of the study. Likewise,
symptoms of hypoglycaemia and epinephrine con-
centrations rose at significantly lower glucose con-
centrations on the final day. In summary of this study,
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Fig.2. Rates of brain glucose uptake, epinephrine concentra-
tion, and total symptoms of hypoglycaemia in normal subjects
before and after recurrent hypoglycaemia. Initial day of inves-
tigation [, after 56 h recurrent hypoglycaemia [ll. P-values
are from repeated measure ANOVA tests between the 2 study
days, * first significant difference from baseline for each of the
2 days by two-tailed Student’s t-test. Reproduced with permis-
sion from Proc Nat Acad Science USA

under normal conditions, transport becomes rate lim-
iting for whole brain glucose uptake at approximately
3.6 mmol/l. Because our methodology does not mea-
sure regional changes, we cannot exclude that finite
initial impairment in critical glucose sensing regions
of the hypothalamus may have occurred. The major
finding that the central nervous system can adjust its
acquisition of fuel following periods of recurrent glu-
cose deficiency suggested that patients with diabetes
might similarly undergo metabolic adaptations in
brain glucose transport in response to clinical hypo-
glycaemia.

In the second investigation to be described in de-
tail, 24 patients with IDDM were studied and their
responses to hypoglycaemia compared to those of
non-diabetic subjects [22]. The experimental protocol
for these patients called for the plasma glucose con-
centration to be reduced from 5.3 mmol/l to
3.0 mmol/l with brain glucose uptake determined at
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Fig.3a—d. Change in rate of brain glucose uptake (a), symp-
toms of hypoglycaemia (b), epinephrine (c) and pancreatic
polypeptide (d) responses as glucose is decreased from 5.5 to
2.5 mmol/l in 24 IDDM patients and 13 normal subjects. P-val-
ues represent results of ANOVA testing among groups with di-
abetes (stratified into three equal groups by haemoglobin A,
value). * Significant difference from lowest third haemoglobin
A group

both levels. The data for the patients were then strat-
ified into three equal haemoglobin HbA, . groups
and are presented as changes in rate relative to nor-
moglycaemia along with epinephrine and pancreatic
polypeptide responses (Fig.3). The patients were sim-
ilar in age and duration of diabetes, and had no long-
term diabetic complications. They were treated with
a variety of insulin regimens including Ultralente
and Regular insulins. Only one patient in the lower
HbA, . group was using a subcutaneous insulin infu-
sion pump. During hypoglycaemia, the patients in
the middle and higher thirds of the HbA, . distribu-
tion had reductions in brain glucose uptake that
were comparable to those observed in the non-dia-
betic subjects (approximately a 30% overall fall
from normoglycemic rates). Conversely, those pa-
tients in the lowest HbA, . group had no significant
change in brain glucose uptake during hypoglycaemia
(p <0.03 among HbA, . groups). Symptoms, epineph-
rine and pancreatic polypeptide responses were simi-
larly blunted in the lowest HbA, . group.

One major controversy clearly remains to be re-
solved in association with recurrent hypoglycaemia
and changes in neural metabolism. One should ex-
pect that if whole brain glucose uptake is preserved
to lower systemic glucose concentrations, then cer-
tain aspects of cognitive function might also be pre-
served during hypoglycaemia. A limited battery of

A pg/ml

A pg/ml

PJ. Boyle: Brain glucose uptake and hypoglycaemia

B 0
800 0 T
1 0
600
400
71 P=0.01
200
.1 il
c
300 o
i | 0
200 T
1 P=o001
100 i
O I T T T
Lower 1/3 Middle 1/3 Higher 1/3 Non-
d HbA, . HbA; . HbA; . diabetic
6.4-7.8% 7.9-8.9% 9.0-12.7% subjects
4.4-6.8%

tests was used to assess cognitive function during
both of the investigations described above. Motor
function, as assessed by finger tapping, was impaired
at 3.1 mmol/l on the initial day of study, but was not
impaired even at 2.5 mmol/l after the 56 h period of
recurrent hypoglycaemia in the non-diabetic subjects.
We also employed the Stroop test, the performance
of which has been shown by positron emission tomog-
raphy studies to require activation and inhibition of
multiple cerebrocortical areas [23]. This index of cor-
tical function was impaired at 3.0 mmol/l on the base-
line day of study but not until 2.5 mmol/l after the pe-
riod of recurrent hypoglycaemia in the nondiabetic
study. The Stroop test is traditionally viewed as an at-
tentional task and, thus the improved results we have
seen may in part be related to improved attention.
Still, attention is required to perform any cognitive
task and may contribute to many investigators’ anec-
dotal perception that cognitive performance is pre-
served during hypoglycaemia in intensively treated
patients. A variety of tests of neural function includ-
ing EEG and auditory evoked potential have failed
to document changes in glycaemic threshold required
to alter brain electrical activity in patients with well-
controlled IDDM [24, 25]. On the other hand, direct
measurement of auditory evoked potentials at the su-
perior colliculus in the brain stem suggests that elec-
trical transport is improved following chronic hypo-
glycaemia [§].

The mechanisms which may contribute to this ad-
aptation in man deserve discussion. Based on animal
models of hypoglycaemia, GLUT1 transporter num-
ber is likely to increase, but increased transporter
density per unit of surface area is not the only possi-
ble way to enhance glucose uptake. The uptake of
glucose is also dependent on flow and total capillary
surface areas available to permit transport [26]. Cere-
bral blood flow increased by approximately 30 % in
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the non-diabetic subject studies which might be ex-
pected to facilitate transport substantially, but due to
the exponential nature of transport kinetics through
membranes [27], a doubling in linear flow through
brain capillaries only increases brain glucose uptake
by about 8 % [20]. On the other hand, if the available
capillary volume (and thus transport surface area)
were to increase slightly, then a modest increase in
flow would occur, but transport would increase dra-
matically [20]. Prior studies by Skov and Pyrds [28]
have suggested that in human infants, an increase in
cerebrovascular volume can occur during hypogly-
caemia.

The adaptation induced by hypoglycaemia is un-
doubtedly reversible. IDDM patients, intensively
managed to minimize hypoglycaemia, can revert
their glycaemic threshold for initiating symptoms
and counter-regulatory hormone release to higher
glucose concentrations [29-31]. Even patients with
overall poor glycaemic control (as judged by HbA, )
can develop hypoglycaemia unawareness and defec-
tive counter-regulation if they experience episodic
hypoglycaemia prior to study [32]. One natural exper-
iment has contributed to our understanding on this is-
sue of reversibility. Patients with insulinoma studied
to determine glycaemic thresholds for counter-regu-
latory hormone secretion, impairment in cognitive
function and ability to identify hypoglycaemic symp-
toms required higher glucose concentrations to initi-
ate each of these parameters after restoration of nor-
moglycaemia by tumour removal than while they
were chronically hypoglycaemic [32].

In conclusion, hypoglycaemia unawareness is the
result of enhanced brain glucose uptake in patients
with IDDM. The frequency and absolute duration of
hypoglycaemia required to induce these changes in
brain metabolism is not explained by either of our
studies. Due to the invasive nature of replacing inter-
nal jugular and radial arterial cannulas, we did not at-
tempt to map out the time course of this mechanism.
The eight patients in the lower HbA, . group experi-
enced measured glucose concentrations less than
3.5 mmol/l a mean of seven times during the week
prior to the investigation, significantly more than in
those patients in the other groups (p = 0.003). A sin-
gle episode of hypoglycaemia can begin to blunt sym-
pathoadrenal responses to hypoglycaemia [33], but
whether or not this is a result of altered whole brain
metabolism or other mechanisms is not known. Treat-
ment strategies that produce near normoglycaemia
with the minimum of hypoglycaemia should be the
patient’s and physician’s goal. The enhancement in
brain glucose uptake that is induced following recur-
rent hypoglycaemia may be viewed as a useful adap-
tation given that it permits patients to maintain nor-
mal brain metabolism, including some aspects of cog-
nitive ability during the subsequent hypoglycaemia.
From the stand point of patient safety, however, by
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the time that the systemic glucose concentration
reaches a critical threshold to initiate symptoms of
hypoglycaemia, the patient may not be able to react
quickly enough to avert severe neuroglycopenia and
loss of consciousness. Therefore, enhanced brain glu-
cose uptake in patients with well-controlled IDDM
may be considered maladaptive.
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