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Abstract

Maintenance of normal blood glucose is important for survival. In particular, brain function
is dependent on circulating glucose. In health, a series of powerful counterregulatory
defences operate to prevent/ limit hypoglycaemia. These defences are altered to varying
degrees in diabetes and in particular, a subset of people with diabetes can develop
profound deficits in these defences placing them at increased risk of suffering episodes of
severe hypoglycaemia. Brain is an important controller of glucose homeostasis and
developments in molecular techniques have allowed the neurocircuitry of a number of
important centrally-controlled homeostatic processes such as energy balance, thirst and
thermoregulation to be defined. This review describes how some of these advances have
allowed a better understanding of the neuronal/ brain ensembles which help protect
against hypoglycaemia.
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Introduction

After a century of treating diabetes with insulin, hypoglycaemia remains the main drawback
of insulin therapy. Principally, hypoglycaemia is problematic because of the detrimental
effects on brain which normally depends on a constant supply of glucose from the
circulation. To maintain blood glucose, a series of physiological counterregulatory responses
(CRR) comprising both neurohumoral and symptomatic responses are triggered by a falling
blood glucose. The former includes a cessation of endogenous insulin secretion (in non-
diabetes), followed by release of glucagon, catecholamines and other hormones which
oppose insulin’s actions to lower glucose. Hypoglycaemic symptoms are generally (although
not always) unpleasant, carrying a negative valence which alerts the sufferer that something
is amiss. In particular, hypoglycaemia leads to an intense glucoprivic hunger which
specifically prompts gluco-corrective feeding.

The predominant site(s) triggering CRR are probably within brain, integrating information
from specialised nutrient sensors within the brain and possibly also afferent input from
peripheral sensors and perhaps circulating hormonal signals. CRR to rapid onset
hypoglycaemia is likely mediated by the brain, whereas CRR to slower developing
hypoglycaemia may be dependent on peripheral detection.! CRR thresholds are dynamic
and can shift depending on prior prevailing glycaemic experience. A major problem in
diabetes is that exposure to hypoglycaemia itself results in delayed and diminished
counterregulatory responses to subsequent hypoglycaemic episodes.?

As well as the clear relevance to clinical diabetes, the study of hypoglycaemia and the brain
is a physiological exemplar of nutritional homeostasis and the neurobiology of stress.
Modern brain imaging techniques and increasingly powerful molecular tools in rodent
studies are allowing the neurocircuitry of hypoglycaemia to be mapped out. In the article
below we summarise recent advances in the understanding of the brain control of CRR
including also feeding responses to low glucose. Experimental approaches used in rodents
have included both insulin-induced hypoglycaemia and glucoprivation induced by non-
metabolisable glucose analogues. These are not identical and we have tried to indicate in
narrative below where gluprivation has been used as a model of hypoglycaemia.

Mechanisms of brain glucose sensing

To generate CRR, specialised brain areas integrate information both from local brain sensing
of glucose and from peripheral glucose sensors. Some brain glucose-sensors may actually be
broader nutrient sensors capable of responding to other substrates, with lactate being the
predominant intermediate fuel available for neuronal metabolism.3 In keeping with the
literature, we have referred generically to these cells as “glucose-sensing”. Broadly
speaking, the electrical activity of specialised glucose-sensing cells either rises or falls during
hypoglycaemia, termed glucose inhibited (Gl) and glucose excited (GE) respectively.* It is
important to note that brain glucose levels are lower than blood values with different sub-
populations of GE and Gl cells changing activity across the physiological glucose range
(recently reviewed in depth by Garcia et al®). Sub populations may also detect changes



rather than absolute values, suggested by the identification of a population of Gl neurones
that adapt with prolonged hypoglycaemia.® Although much focus has been on neuronal
glucose-sensing, non-neuronal cells may also be important for detection of hypoglycaemia.
For example, astrocytes may act either as direct nutrient sensors and/or by interactions
through metabolic coupling with neighbouring neuronal cells.”,® Other non-neuronal brain
cells such as tanycytes® and microglia 1°!! have also been implicated in hypoglycaemia-
sensing and glucose homeostasis.

To detect changes in glucose, brain glucose-sensing may utilise some of the nutrient-sensing
mechanisms which have been characterised elsewhere in the body. As an example,
glucokinase (GCK) is a low affinity hexokinase utilised in pancreatic and hepatic glucose-
sensing that regulates glycolytic flux through downstream ATP-gated potassium (KATP)
channels. GCK has a discrete but widespread distribution in brain and has been
demonstrated in both GE and GI neurones, including a sub-population of GI growth
hormone releasing hormone (GHRH) neurones.*? A number of studies have shown that
(brain) GCK activity can affect responses to hypoglycaemia. CRR is increased in humans and
mice with reduced GCK activity.'® Employing a novel magnetic stimulation approach,
Stanley, et al. demonstrated that activation of ventromedial hypothalamus (VMH) GCK
neurones increased blood glucose and food intake, and that inhibition of these neurones
blunted food intake.!* In keeping with the latter, glucoprivic feeding in rats was triggered/
amplified by brain administration of the (non-specific) GCK inhibitor glucosamine.®
Conversely, Hussain, et al used a viral vector approach to increase GCK activity in the
basomedial hypothalamus of rats, finding increased food intake with a specific preference
for glucose-rich foods.*®

Another protein involved in pancreatic beta-cell glucose-sensing, glucose transporter 2
(GLUT2) is also found in brain, located in a number of discrete brain areas implicated in
gluco-regulation. Electrophysiological studies show most GLUT2 neurones to be Gl. In
keeping with this, optogenetic activation of GLUT2 neurones in the nucleus of the solitary
tract (NTS) increased glucagon secretion and autonomic activity through projections to the
dorsal motor nucleus of the vagus nerve (DMX).” GI GLUT2 neurones have also been
reported in the paraventricular thalamus (PVT). Optogenetic activation of PVT®V™2 neurones
increased brain blood flow analogous to the changes seen in hypoglycaemia. Conversely,
inactivation of GLUT2 systemically or locally in the nervous system prevented this increase
in response to hypoglycaemia.!® Activation of the specific population of PVT®VT? neurones
that project to the nucleus accumbens (NAc) stimulated sugar-seeking behaviours in mice.?
Of interest, the same group recently identified a further group of hyperglycaemia-activated
PVTSKwhich also project to the NAc exerting broadly opposite effects on feeding behaviour.

One model for brain glucose-sensing is that adaptations such as GCK and GLUT-2 are largely
utilised by GE neurones with other mechanisms such as the fuel sensor AMP-activated
protein kinase (AMPK) and neuronal NO synthase (nNOS) utilised by Gl neurones, possibly
linked to closure of cation/ chloride channels.> A recent report described amplification of
CRR by peripheral administration of a brain-permeable AMPK activator to rats.?? Further
research is required to develop understanding of the AMPK pathway of glucose-sensing,
including which brain nuclei and neurocircuitry are predominately involved.



Neurocircuitry of Hypoglycaemia Counterregulation

Brain areas exerting control over CRR may be involved directly in sensing low glucose and/or
integrate information from other sensors. Additionally, efferent brain pathways effecting
CRR may include both autonomic outflow, humoral signalling e.g. stimulation of the
hypothalamus-pituitary adrenal axis and specific effector circuitry- for example leading to
glucoprivic hunger. Human brain imaging or mapping genetic markers of activation in
rodent brain show many brain areas responding to hypoglycaemia and/or
glucoprivation.?!,12 Although some of these may be directly glucose-sensing, other
glucoregulatory areas may be not directly sensing but involved in control while others may
be indirectly affected by changes in glucose. The predominant glucose-sensing areas and
glucoregulatory areas described to date have been in hypothalamus and brain stem. For
brevity, we have largely focused below on recent data on hypothalamus and connected
neurocircuitry in this review.

Ultimately, hormonal CRR is delivered by a variety of efferent pathways from brain.
Hypothalamic-pituitary-adrenocortical axis activation occurs via corticotrophin releasing
hormone signalling from PVN to pituitary. Other CRR, including adrenomedullary responses,
occur via autonomic outflow from PVN, PAG and brain stem nodes, such as the dorsal motor
nucleus of vagus nerve.??

Ventromedial Hypothalamus (VMH)

Seminal work in rats at the end of the 20th century identified the importance of the VMH,
an area containing the ventromedial nucleus (VMN) in responding to hypoglycaemia.?
Building on this, Chan et al identified that a fall in VMH GABA (gamma-aminobutyric acid)
during hypoglycaemia was permissive for CRR. Microdialysis delivery of norepinephrine or
the adrenergic beta-2 agonist salbutamol for 3 sequential days into the VMH of rats resulted
in a reduction in CRR (and higher extracellular lactate) during a subsequent hypoglycaemic
challenge. The reduction in CRR was reversed by pharmacological blockade of lactate
transport.2* Taken together, these data suggest that VMH lactate may be acting as a fuel for
nutrient-sensors to prevent detection of low glucose with lactate preventing the fall in
GABAergic tone required for CRR.

These studies largely employed regional pharmacology in rat brain with microdialysis/
microinjections etc to look at “pan-VMH” experimental alterations. The last decade has seen
marked improvements in molecular tools largely in murine models that have allowed
further identification of the neurochemical identity of brain cells involved in nutrient
homeostasis and energy balance. An important caveat is that there is marked heterogeneity
of neuronal and non-neuronal cell types within glucose-sensing brain regions which has
been highlighted by recent large scale, unbiased RNA sequencing studies.?>,26,%” As
described above for opposing actions of PVT®tYT2and PVTSK circuitry, the VMN may also
contain opposing glucoregulatory circuitry in close juxtaposition. Many but not all VMN
neurones express the transcription factor steroidogenic factor 1 (5f1). Optogenetic studies
allowed identification of a specific subset of nitric oxide synthase VMN> neurones
projecting to the anterior bed nucleus of the stria terminalis (aBNST) and periaqueductal
gray (PAG) involved in glucagon and behavioural (freezing in mice) responses respectively to



hypoglycaemia.?8,%° In contrast, a recent study delineated aBNST-projecting VIMNMC3R
neurones exerting opposite physiological effects to promote glucose disposal.>®

Upstream of the VMN, a group of hypoglycaemia-responsive neurones in the superior part
of the lateral parabrachial nucleus (LPBN) project to VMN>! neurones, acting via action of
cholecystokinin (CCK) on CCKB receptors (CCKBR). Activation of this pathway increased
blood glucose and consistent with this, silencing of VMNKBR neurones inhibited CRR. 32,32
Again there may be close overlap with parallel opposing circuitry with monosynaptic
mapping showing that aBNST-projecting glucoregulatory VMNMSR neurones receive inputs
from LPBN. The LPBN glucoregulatory projections to VMNSf! neurones are largely to the
dorsomedial/ central VMN.3° The ventrolateral VMN contains abundant non-SF1 neurones
containing estrogen receptor-a (ERa). A recent paper employed optogenetics, photometry
and targeted CRISPR-Cas9 methodology to identify sub-populations of glucoregulatory Gl
and GE ventrolateral VMNER® neurones projecting to arcuate (ARC) and midline raphe nuclei
respectively.33

Arcuate (ARC)

The ARC includes key cells important in energy and glucose homeostasis, raising the
question of whether ARC circuitry is implicated in neurohumoral CRR and/or hunger
responses to hypoglycaemia. The best characterised ARC cells are 2 groups expressing
specific neuropeptides: neuropeptide Y (NPY)/Agouti-related protein (AgRP) neurones and
pro-opiomelanocortin (POMC) neurones. Importantly though, there are other non-POMC/
non-AGRP neurones in the ARC. Stanley’s group have described a specific sub-population of
hypoglycaemia-responsive GABAergic GHRH neurones with evidence for adaption to
recurrent low glucose exposure.?*

POMC neurones are generally assumed to be responsive to “energy surplus” with some
reporting a subset of POMC neurones to be GE®® although notably others have reported a
absence of POMC glucose-sensitivity.3® Consistent with a glucoregulatory role, the aBNST-
projecting glucoregulatory VMNM®R neurones described above receive input from POMC
neurones.3? There is heterogeneity within the POMC population though3” and a recent
paper showed hypoglycaemia-activation of POMC neurones suggesting that at least some
may be Gl. In keeping with this finding, CRR was impaired in both an ARC POMC knockout
model and with knockdown of melanocortin 4 receptor in the paraventricular nucleus- a key
downstream target for POMC neurones.3®

NPY/ AGRP neurones are generally orexigenic and/or may act to signal negative valence,*®
although again with increasing realisation that distinct sub-populations exist, some of which
may exert glucoregulatory actions.*’,*! and at least some have been reported to be Gl i.e.
direct sensors of hypoglycaemia.3® The importance of NPY/AGRP neurones for either
feeding or CRR responses to hypoglycaemia remains uncertain. Ablation of NPY/AgRP
neurones in neonatal mice had no apparent effect on feeding responses to either insulin-
induced hypoglycaemia or glucoprivation, although early life changes likely allow
compensatory mechanisms to develop.*? To address this, Aklan et al. used chemogenetics to
inhibit acutely AgRP neurones, finding glucoprivic feeding was attenuated, but not
completely suppressed. It is unclear whether this partial reduction was because other non-



AgRP glucoprivic pathways exist or whether chemogenetic inhibition of AgGRP neurones was
incomplete.*3

Brain Stem Input to ARC/ Hypothalamus

In addition to potential direct sensing of changes in glucose, ARC*#**/ N?Y neyrones may
receive information about nutrient status from periphery (particularly from the portal-
mesenteric vein)! and/or other brain nutrient-sensing areas.** There are data suggesting a
role for brain stem hypoglycaemia-sensing in modulating ARC*8R*/ NPY activity. Local delivery
of norepinephrine into the hypothalamus stimulated feeding and immune-toxic destruction
of medial hypothalamic norepinephrine or epinephrine terminals, or hindbrain
catecholaminergic neurones, reduced glucoprivic feeding in rats.> Building on this, Aklan, et
al also used mice expressing Cre-recombinase under the control of the tyrosine hydroxylase
(TH) promoter (TH-Cre) to examine catecholaminergic projections from the Nucleus Tractus
Solitarius (NTS) to ARC. Optogenetic activation of ARC projecting NTS™ neurones stimulated
glucoprivic feeding whereas chemogenetic silencing reduced glucoprivic feeding. Feeding
appeared to be mediated by direct noradrenergic alpha-1 stimulation of ARCA8RP/NPY by
NTS™ neurones.

Two other recent publications have employed contemporary neuroscientific approaches to
implicate catecholaminergic projections from another hindbrain catecholaminergic area, the
ventrolateral medulla (VLM) in glucoprivic feeding. Using transgenic TH-Cre rats,
chemogenetic stimulation of C1 (but not A1) areas of VLM stimulated feeding.*® This was
associated with activation of neurones in the paraventricular hypothalamus (PVN) and
increased corticosterone levels. More recently, using TH-cre mice, projections were
identified from VLM™ to the PVN, aBNST and the paraventricular nucleus of the thalamus
(PVT), with stimulation of latter projections stimulating feeding. The PVT is anatomically
connected to the nucleus accumbens (NAc), an area implicated in reward including feeding
behaviour. The authors found that photostimulation of VLM™ axonal inputs to the PVT
increased the activity of NAc neurones. Activity of NAc-projecting PVT neurones increased
during food-seeking behaviour in hungry mice and decreased with feeding. Finally,
glucoprivic feeding was suppressed by either optogenetic silencing of PVT-projecting VLM™
neurones or chemogenetic silencing of NAc-projecting PVT neurones.*’

Taken together, these data suggest that the activation of hunger during hypoglycaemia may
involve integrated responses of both hindbrain and diencephalic areas of hypothalamus and
thalamus. Involvement of reward circuitry areas such as NAc is intriguing and suggests that
analogous to non-glucoprivic feeding, there may be considerable overlap between
homeostatic and hedonic circuitry for glucoprivic feeding.

Dorsomedial hypothalamus (DMH)

DMH has long been recognised as containing glucose-sensitive neurones. Using a
combination of optogenetics and electrophysiology, Otgun-Uul et al found that DMH
GABAergic neurons are depolarized by low glucose (GI). Optogenetic activation of PVN
projecting DMH®"BA neurones promoted food intake.*® Using a data driven approach
(quantitative trait loci mapping in a panel of 36 different mouse strains), Picard et al
identified that the DMH transcription factor Fgf15 was associated with glucagon responses



to glucopenia.*® Recent work characterised these as glutamatergic GE and Gl neurones, with
chemogenetic activation reducing glucagon secretion to insulin-induced hypoglycaemia but
increasing hepatic glucose production.®® Although still uncertain why apparently paradoxical
effects were seen, this study demonstrates the power of using unbiased screening
methodology followed by in depth characterisation of pathways of interest to mapping the
complex neurocircuitry of hypoglycaemia.

Conclusions

The development of sophisticated tools largely utilising molecular techniques in mice
(optogenetics and chemogenetics) and advances in microscopy have allowed the molecular
identity and neurocircuitry of the central control of glucose homeostasis (including
hypoglycaemia) to start to be mapped out. Increasingly, this has allowed “unbiased”
approaches to be applied. Transgenic approaches are possible in rats also, as exemplified by
the TH-Cre rat work summarised above. Mice and rats do not always faithfully reflect
human physiology, let alone the pathological changes seen in diabetes. The important
future challenge will be applying this knowledge gained about brain homeostatic
mechanisms to relevant disease models of diabetes in rodents and translating into clinical
advances for human medicine.
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Figure 1 a. Circuitry described in Manuscript for Brain Control of Feeding/ Behavioural
responses to Hypoglycaemia.

Figure 1 b. Circuitry described in Manuscript for Brain Control of CRR responses to
Hypoglycaemia

Numbers in blue italics indicate paper referenced. + OR —indicates stimulation or
diminution of responses to low glucose or glucoprivation respectively.

Brain areas: ABNST: anterior bed nucleus of stria terminalis. NAC: nucleus accumbens. PVT:
paraventricular thalamus. PVN: paraventricular nucleus of hypothalamus. DMN:
dorsomedial nucleus. VMN: ventromedial nucleus. ARC: arcuate. PAG: periaqueductal grey.
LPBN: lateral parabrachial nucleus. NTX: nucleus tractus solitarius. DMX: dorsal motor
nucleus of vagus. VLMN: ventrolateral medulla.

Molecular mechanisms: CCK: cholecystokinin. GCK: glucokinase. NO: nitric oxide. SF1
steroidogenic factor 1. GLUT2: glucose transporter 2. GABA: gamma aminobutyric acid. TH:
tyrosine hydroxylase. AGRP/ NPY: agouti related peptide/ neuropeptide Y. FGF15: fibroblast
growth factor 15. MC4R melanocortin 4 receptor. POMC: proopiomelanocortin.
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