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Abstract

The mechanisms underpinning impaired defensive counterregulatory responses to hypoglycemia
that develop in some people with diabetes who suffer recurrent episodes of hypoglycemia are
unknown. Previous work examining whether this is a consequence of increased glucose delivery
to the hypothalamus, postulated to be the major hypoglycemia-sensing region, has been
inconclusive. Here, we hypothesized instead that increased hypothalamic glucose phosphorylation,
the first committed intracellular step in glucose metabolism, might develop following exposure to
hypoglycemia. We anticipated that this adaptation might tend to preserve glucose flux during
hypoglycemia, thus reducing detection of a falling glucose. We first validated a model of recurrent
hypoglycemia in chronically catheterized (right jugular vein) rats receiving daily injections of
insulin. We confirmed that this model of recurrent insulin-induced hypoglycemia results in
impaired counterregulation, with responses of the key counterregulatory hormone, epinephrine,
being suppressed significantly and progressively from the first day to the fourth day of insulin-
induced hypoglycemia. In another cohort, we investigated the changes in brain glucose
phosphorylation activity over 4 days of recurrent insulin-induced hypoglycemia. In keeping with
our hypothesis, we found that recurrent hypoglycemia markedly and significantly increased
hypothalamic glucose phosphorylation activity in a day-dependent fashion, with day 4 values 2.8
+ 0.6-fold higher than day 1 (P < .05), whereas there was no change in glucose phosphorylation
activity in brain stem and frontal cortex. These findings suggest that the hypothalamus may adapt
to recurrent hypoglycemia by increasing glucose phosphorylation; and we speculate that this
metabolic adaptation may contribute, at least partly, to hypoglycemia-induced counterregulatory
failure.

1. Introduction

Intensified insulin therapy for diabetes is often limited in clinical practice by increased risk
of hypoglycemia [1-3]. In health, blood glucose levels are tightly controlled within relatively
narrow boundaries, with a falling blood glucose level being rapidly detected and a series of
defensive counterregulatory responses triggered to prevent or limit hypoglycemia and
restore euglycemia. Counterregulatory responses include the release of hormones such as
glucagon and epinephrine and the generation of protective warning symptoms.
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Counterregulatory responses may become impaired after repeated exposure to hypoglycemia
as experienced by diabetic patients undergoing intensive insulin therapy, placing them at
significant risk of subsequent episodes of severe hypoglycemia—essentially a type of “stress
desensitization” [1]. The mechanisms underlying the down-regulation of defensive
counterregulatory responses following recurrent hypoglycemic exposure remain unclear.

To elicit counterregulatory responses, falling glucose levels need to be detected, probably in
large part by sensors in specialized areas of the hypothalamus [4-8]. Although mechanisms
used by specialized glucose sensors to detect changes in glucose availability are unclear,
there is increasing evidence that these sensors may sense downstream products of glucose
metabolism, for example, monitoring levels of adenosine triphosphate, analogous to the
canonical pancreatic S-cell glucose-sensing mechanism [9-11].

Glucose metabolism in hypothalamus may therefore contribute to neuronal glucose sensing
and potentially the control of hypoglycemia counterregulation. In keeping with this, several
investigators have suggested that alterations in brain glucose uptake and/or metabolism may
contribute to the impairment of hypoglycemia counterregulation following recurrent
hypoglycemia [12-14]. In particular, recent human brain imaging studies have shown that
recurrent hypoglycemia may selectively alter neuronal glucose utilization in hypothalamic
[15] or thalamic [16] regions of the brain, although the biochemical adaptations
underpinning these changes cannot easily be further defined in human studies.

Following glucose transport into neurons, the first committed step in glucose metabolism is
phosphorylation, which is catalyzed by hexokinases (HK; EC 2.7.1.1), a group of related
enzymes [17]. Given the potentially rate-limiting role of glucose phosphorylation in
neuronal glucose sensing, we hypothesized that up-regulation of glucose phosphorylation
activity may occur following recurrent hypoglycemia in parallel with impairment of glucose
counterregulation. In this work, we aimed to examine whether brain glucose
phosphorylation activity was up-regulated following recurrent hypoglycemia, reasoning that
any adaptation related to glucose sensing (as opposed to a more general defensive adaptation
to a decrease in glucose as the major brain fuel) would be restricted to hypothalamic and/or
glucose-sensing areas rather than being a more global change in brain glucose
phosphorylation. To address this issue directly, we used a rat model of impaired glucose
counterregulation induced by exposing the animals to recurrent insulin-induced
hypoglycemia and investigated glucose phosphorylation activity in brain protein
preparations in vitro at a physiologic brain glucose concentration during hypoglycemia.
Here, we demonstrate that recurrent hypoglycemia, with 4 sequential daily episodes of
exposure to blood or plasma glucose concentration of less than 4 mmol/L [10,11],
significantly increased glucose phosphorylation activity in hypothalamus preparations.

2. Materials and methods

2.1. Animals

We studied healthy adult male Sprague-Dawley rats (Charles River, UK) of approximately
300 g throughout. Rats were housed individually after surgery on a 12-hour on off light-dark
cycle. The procedures were approved in advance by both a local University and UK Home
Office ethics review. All chemicals were from Sigma-Aldrich (Gillingham, UK) except
where otherwise stated.

2.2. Surgical preparation

Under inhaled anesthetic, rats underwent survival surgery for placement of vascular
catheters into the right jugular vein [18]. Peri- and postoperative injectable analgesia and
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antibiotic cover were provided routinely, and only animals that had regained preoperative
body weight with no signs of infection were studied.

2.3. Study design

We studied 2 separate cohorts of rats. In study 1, we first established that, in our hands,
recurrent insulin-induced hypoglycemia resulted in impaired hormonal counterregulation,
before examining brain glucose phosphorylation activity in study 2.

In study 1, we examined the sequential loss of hormonal counterregulation with recurrent
hypoglycemia. Chronically catheterized rats were exposed to between 1 and 4 days of
sequential insulin injections, with the daily insulin dose being reduced progressively from a
starting dose of 10 U/kg down to 6 to 8 U/kg. We have found that this sequential daily
reduction in insulin dose is necessary so as to avoid profound hypoglycemia as
counterregulatory impairment develops. Food was removed for up to 180 minutes after
insulin injections. On each day, plasma glucose concentration was measured via sampling
from the jugular vein catheter at 0, 15, 30, 45, 60, and 90 minutes following insulin injection
(data not shown) to confirm depth of hypoglycemic exposure. When glucose levels fell to 2
mmol/L or less, food was returned to the cage. To confirm that this paradigm resulted in
impairment of hormonal counterregulation, we measured plasma levels of the key
counterregulatory hormones, epinephrine and glucagon, on days 1 to 4 via the jugular vein
catheter 60 minutes after insulin injection (Fig. 1).

Having validated that this model of recurrent hypoglycemia results in impaired
hypoglycemic counterregulation, we then examined how brain glucose phosphorylation
activity changed with recurrent hypoglycemia in study 2. A further cohort of chronically
catheterized rats was exposed to between 1 and 4 days (designated HZ to 4) of sequential
subcutaneous insulin injections, again with the daily insulin dose being reduced (10, 8, 6,
and 5 U/kg on days 1 to 4, respectively). On each study day, a cohort of animals was
designated for terminal study, whereas the remainder continued on to the next study day for
subsequent hypoglycemic exposure, after which another cohort was euthanized, with the
pattern repeating for up to 4 days. Plasma glucose concentrations were measured by
repeated blood sampling via jugular vein catheters in animals designated for terminal studies
on each study day, whereas whole blood glucose was assayed from tail vein puncture in
animals designated for subsequent hypoglycemic studies on ensuing days. Importantly, food
and glucose injections were not given to “rescue” the animals designated for terminal
hypoglycemia studies. These rats were euthanized while still hypoglycemic, and brains were
collected for brain glucose phosphorylation activity assays.

2.4. Glucose assays

We used 2 different methods for determining circulating glucose levels. In study 1, we
assayed plasma glucose on 10-uL plasma samples drawn from jugular catheters using a
bench top glucose analyzer (Analox GM9 [glucose oxidase method]; Analox Instruments,
London, UK). For convenience, the testing to ensure that uncontrolled hypoglycemia did not
develop following insulin injections on most days in study 2 was performed on whole blood
glucose obtained by tail vein puncture using a standard clinical handheld reflectance meter
(Therasense Freestyle; Abbot Laboratories, Maidenhead, UK). However, we used the
Analox bench top analyzer to measure plasma glucose drawn from catheter samples on
whichever of the days H1 to H4 was the terminal day for that animal in study 2 to determine
more accurately the depth of hypoglycemic challenge. We have indicated clearly in text and
figures where whole blood tail vein or catheter-sampled plasma glucose was assayed.
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2.5. Brain glucose phosphorylation activity assay

Sections of hypothalamus, brain stem, and frontal cortex were dissected from the brain.
Following this, tissue sections were homogenized in ice-cold buffer (50 mmol/L HEPES,
150 mmol/L KCI, 5 mmol/L MgCl,, and 1 mmol/L EDTA [pH 7.4], supplemented with 1
mmol/L dithiothreitol, 1 mmol/L phenylmethylsulfonyl fluoride, and 10 zzmol/L leupeptin
HCI) and centrifuged at 13 000 rpm for 20 minutes at 4°C. Supernatants were collected, and
glucose phosphorylation activity was assayed spectrophotometrically (340 nm, 37°C) with a
96-well plate reader (Wallace 1420 Victor 3; Perkin EImer, Cambridge, UK) by coupling
glucose phosphorylation to a reporter assay, which oxidizes glucose-6-phosphate to 6-
phosphogluco-é-lactone with simultaneous reduction of NAD+ to NADH [19,20]. Total
glucose phosphorylation activity in brain protein preparations was measured in vitro at 0.5
mmol/L, a physiologic brain glucose concentration during hypoglycemia, because brain
glucose concentrations vary around 15% to 30% of plasma values [21]. The reaction mixture
in 100-xL final volume contained 20 mmol/L HEPES (pH 7.1), 25 mmol/L KCI, 2 mmol/L
MgCl,, 1 mmol/L dithiothreitol, 1 mmol/L NAD+, 1 mmol/L adenosine triphosphate, 10
units glucose-6-phosphate dehydrogenase from Leuconostoc mesenteroides, 1 mmol/L 3-C-
methyl-A-acetyl glucosamine (Axxora, Bingham, UK), 25-uL tissue protein extract, and 0.5
mmol/L glucose (a physiologic brain glucose concentration during hypoglycemia). 3-C-
methyl-A-acetyl glucosamine was incorporated in the assay to inhibit A-acetyl glucosamine
kinase [22].

2.6. Epinephrine assay

Plasma epinephrine concentrations were assayed by enzyme-linked immunosorbent assay
(ELISA) as previously described [23] with slight modifications. In brief, epinephrine assay
was performed using a 2-day-procedure ELISA kit (IBL, Hamburg, Germany). Plasma
samples underwent a solid phase extraction procedure on day 1, followed by enzymatic
derivatization on day 2. The derivatized samples were then used in the ELISA assay. The
small volume of blood obtained from rats necessitated reducing singleton plasma volume to
100 pL (instead of 500 wL that the kit manufacturer recommends). The extracts were
analyzed in duplicate in the ELISA procedure. When the coefficient of variation of the
results exceeded 15%, both results were reported and an average was counted.

2.7. Statistical analysis

3. Results
3.1. Study 1:

Data were expressed as mean £ SEM. Statistical analyses were performed using the 2-tailed
Students #test or 1-way analysis of variance. £< .05 was considered to be statistically
significant.

validation of model of impaired counterregulation to hypoglycemia

In study 1, we investigated the pattern of impairment of epinephrine responses during
recurrent hypoglycemia in another cohort of rats (Fig. 1A). Plasma epinephrine levels
decreased significantly (P < .05) and day dependently with exposure to sequential
hypoglycemia (Fig. 1A). Plasma glucagon levels also tended (2= not significant [NS]) to
reduce following exposure to recurrent hypoglycemia (Fig. 1B). In summary, these data
confirmed that epinephrine responses were suppressed over the course of 4 days of
hypoglycemia. We then proceeded to examine changes in brain glucose phosphorylation in
study 2.
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3.2. Study 2: brain glucose phosphorylation activity with recurrent hypoglycemia

As expected, mean blood glucose levels on insulin injection days when checked using
handheld reflectance meter were between 6 and 7 mmol/L, falling to nadir values less than
2.5 mmol/L following insulin injection (data not shown). On terminal study days, where we
measured circulating glucose more accurately using plasma samples drawn from vascular
catheters, baseline and nadir plasma glucose values were systematically higher than when
measured on tail blood samples (Fig. 2). However, baseline values were similar on all 4
days. Of note, despite receiving a smaller dose of insulin, nadir plasma glucose levels were
significantly lower (£ < .05) in rats exposed to 4 days (H4) as opposed to 1 or 2 days (H1 or
H2) of hypoglycemia. Although we did not measure hormonal counterregulation in study 2,
these findings suggested that, as in study 1, rats exposed to 4 days (H4) of recurrent
hypoglycemia had impaired glucose counterregulation relative to those exposed to 1 or 2
days of hypoglycemia (H1 or H2).

3.3. Effect of recurrent hypoglycemia on brain glucose phosphorylation activity during
subsequent hypoglycemia

We examined in vitro glucose phosphorylation at a glucose level of 0.5 mmol/L, a level
selected as being representative of that seen during hypoglycemia [21], and investigated
glucose phosphorylation activity (total HK activity) in vitro at this glucose concentration in
brain protein preparations from all groups in study 3. In parallel with impairment of
hypoglycemia counterregulation, hypothalamic glucose phosphorylation activity measured
at 0.5 mmol/L rose significantly and day dependently in animals with sequential exposure to
hypoglycemia. In particular, hypothalamic glucose phosphorylation activity in H4 rats was
2.8 £ 0.6-fold (P < .05) higher than H1 rats (Fig. 3A). These findings suggest that recurrent
insulin-induced hypoglycemia results in increased rate of glucose phosphorylation in
hypothalamus during subsequent hypoglycemic episodes.

Next, we sought to examine if this alteration in brain glucose metabolism was restricted to
the hypothalamus, consistent with a specific change in blood glucose—sensing regions, or
was merely a global adaptive change in brain glucose metabolism. We measured total
glucose phosphorylation activity in the presence 0.5 mmol/L glucose in vitro in protein
preparations from other brain areas. There was no major change in glucose phosphorylation
activity in either the brain stem or frontal cortex in animals with sequential exposure to
hypoglycemia (Fig. 3B, C). These findings suggest that glucose phosphorylation activity in
different brain regions is affected differently by recurrent hypoglycemia. In particular,
increased hypothalamic glucose phosphorylation activity may be a specific adaptation to
recurrent hypoglycemia by this nutrient-sensing brain region, where it has been shown
previously that glucose-sensing neurons are located [7,8].

4. Discussion

The mechanisms underlying impaired glucose counter-regulation following repetitive
hypoglycemia, as experienced by patients with diabetes undergoing aggressive insulin
therapy, remain unclear. Several investigators have suggested that alterations in brain
glucose metabolism may contribute to the impairment of glucose counterregulation
following recurrent hypoglycemia [12-16]. Nonetheless, the precise nature of biochemical
alterations in brain glucose metabolism that occurs following recurrent hypoglycemia is
unclear.

Here we used a rat model of recurrent hypoglycemia-induced counterregulatory deficit and

investigated glucose phosphorylation activity in brain protein preparations from these
animals. We first validated our model demonstrating impaired epinephrine responses to
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hypoglycemia. Our findings are consistent with previous reports showing that recurrent
hypoglycemia blunts epinephrine responses to hypoglycemia [24,25].

In study 2, we then measured brain glucose phosphorylation activity to compare progressive
changes in hypothalamic glucose phosphorylation with the development of impaired
counterregulation. Importantly, we demonstrate for the first time that recurrent
hypoglycemia increases the capability for hypothalamus to phosphorylate glucose. One
limitation of our work is that we have not directly measured hypothalamic glucose
metabolism in vivo. Whether an increase in the potential for hypothalamus to phosphorylate
glucose would, in itself, result in a relative preservation of glycolytic flux will depend in
turn on whether glucose transport or phosphorylation is rate limiting under hypoglycemic
conditions. Under normoglycemic conditions, brain glucose transport is almost certainly not
rate limiting for glucose metabolism, although the situation is less clear at hypoglycemia
[12-16,26]. It is possible that increased hypothalamic glucose phosphorylation following
recurrent hypoglycemia might complement changes in glucose transport from blood into
hypothalamus as an adaptation aimed at preserving local cerebral glucose metabolism.
Assuming that glucose levels may be monitored by changes in downstream metabolites in
hypothalamic sensing cells [10,11], this continued glycolytic flux might be predicted to
mask the sensing of a fall in blood glucose [12], which might delay or even impair
hypoglycemia counterregulation. Our findings lend credence to recent studies suggesting
that the rate of glucose phosphorylation in the hypothalamus may play a critical role in the
control of counterregulatory responses during hypoglycemia [27-29].

Although we found no change in glucose phosphorylation activity in the brain stem
following recurrent hypoglycemia, there are undoubtedly hypoglycemia sensors in the brain
stem that may well play a role in triggering responses to hypoglycemia [30]. Our
observations may suggest that distinct glucose-sensing areas of brain respond differently to
hypoglycemia. Alternatively, our brain collection in which we collected whole brain stem
might have masked local changes in the relatively smaller mass of glucose-sensing cells in
the brain stem.

Here, we have not distinguished between the different HK enzymes contributing to glucose
phosphorylation activity. In particular, reports have suggested that glucokinase, the low-
affinity HK implicated in pancreatic g-cell glucose sensing, might play a role in brain
hypoglycemia sensing [30]. By design, we elected here to examine glucose phosphorylation
at a physiologic brain glucose concentration of 0.5 mmol/L, a level likely to be seen in the
brain during hypoglycemia, rather than use higher glucose levels to assay “maximal”
glucose phosphorylation potential, reasoning that our approach would inform better likely
about glucose flux during hypoglycemia. Although we did not try here to differentiate the
likely contribution from glucokinase to total HK activity, we anticipate that this is likely to
be relatively minor at this glucose level given the high Km of glucokinase. It is important to
acknowledge that we have not excluded a change in glucokinase activity in a small number
of sensing cells that would be undetected in our total hypothalamic assay contributing to
impaired counterregulation. Such a change would not, however, explain our marked findings
in this work.

In summary, our data show that the potential capability of hypothalamus to phosphorylate
glucose activity increases in hypothalamus following repeated exposure to insulin-induced
hypoglycemia. This novel finding suggests that an alteration in hypothalamic glucose
metabolism at the level of glucose phosphorylation activity may contribute to the
development of impaired counterregulation following exposure to recurrent hypoglycemia.
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Fig. 1.

Plasma levels of the key counterregulatory hormones, epinephrine (A) and glucagon (B), in
study 1 on days 1 to 4 with samples measured via the jugular vein catheter 60 minutes after
insulin injection. *P< .05; 1-way analysis of variance.
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Fig. 2.

Plasma glucose concentrations in study 2 on terminal study days. Plasma glucose
concentration was monitored by repeated blood sampling through implanted jugular vein
catheters.
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Fig. 3.

Glucose phosphorylation activity in brain protein preparations from rats exposed to 1 to 4
days of hypoglycemia (study 2) represented as H1 to H4, respectively, assayed at 0.5 mmol/
L glucose. Final numbers of rats in groups H1 to H4 were 5, 3, 2, and 5, respectively. A,
Glucose phosphorylation activity in hypothalamus preparations. B, Glucose phosphorylation
activity in brain stem preparations. C, Glucose phosphorylation activity in frontal cortex
preparations. *P< .05 and **P< .01; 2-tailed #test.
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