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Physiological functions of glucose-inhibited neurones
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Abstract

Glucose-inhibited neurones are an integral part of neurocircuits regulating cognitive arousal, body
weight and vital adaptive behaviours. Their firing is directly suppressed by extracellular glucose
through poorly understood signalling cascades culminating in opening of post-synaptic K* or
possibly CI~ channels. In mammalian brains, two groups of glucose-inhibited neurones are best
understood at present: neurones of the hypothalamic arcuate nucleus (ARC) that express peptide
transmitters NPY and agouti-related peptide (AgRP) and neurones of the lateral hypothalamus
(LH) that express peptide transmitters orexins/hypocretins. The activity of ARC NPY/AgRP
neurones promotes food intake and suppresses energy expenditure, and their destruction causes a
severe reduction in food intake and body weight. The physiological actions of ARC NPY/AgRP
cells are mediated by projections to numerous hypothalamic areas, as well as extrahypothalamic
sites such as the thalamus and ventral tegmental area. Orexin/hypocretin neurones of the LH are
critical for normal wakefulness, energy expenditure and reward-seeking, and their destruction
causes narcolepsy. Orexin actions are mediated by highly widespread central projections to
virtually all brain areas except the cerebellum, including monosynaptic innervation of the cerebral
cortex and autonomic pre-ganglionic neurones. There, orexins act on two specific G-protein-
coupled receptors generally linked to neuronal excitation. In addition to sensing physiological
changes in sugar levels, the firing of both NPY/AgRP and orexin neurones is inhibited by the
‘satiety’ hormone leptin and stimulated by the ‘hunger’ hormone ghrelin. Glucose-inhibited
neurones are thus well placed to coordinate diverse brain states and behaviours based on energy
levels.
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Discovery of hypothalamic glucose-inhibited neurones

Animal survival depends on constantly adjusting behaviour to body energy resources. In
mammals, the hypothalamus is central for this process. Hypothalamic neurones sense
diverse information relevant to body energy status and translate it into coordinated changes
in brain state, energy expenditure and behaviour. One of the earliest clues for how the
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hypothalamus measures body energy levels was provided by the discovery of ‘glucose-
sensing’ neurones about half a century ago. These cells exhibit specialized excitatory
(glucose-excited neurones) or inhibitory (glucose-inhibited neurones) firing responses to
changes in extracellular glucose concentration (Anand et a/. 1964, Oomura et al. 1969).
Glucose-inhibited neurones were first called ‘glucose-sensitive’, but because this term is
confusing, giving no indication about the nature of the sensitivity, we adopt the clearer name
‘glucose-inhibited’ in this article. Apart from several regions of the hypothalamus, glucose-
inhibited neurones are also found in the brainstem, but this article primarily focuses on
hypothalamic glucose-inhibited neurones.

The first indication of the existence of hypothalamic glucose-inhibited neurones was
provided by /n vivo experiments of Anand and co-workers in the 1960s, that tried to
correlate blood glucose levels with firing activity in putative “hunger’ and ‘satiety’ regions
of the hypothalamus. Using steel microelectrodes, these authors recorded the electrical
activity of lateral and ventromedial hypothalamic regions in anaesthetized dogs and
unanaesthetized, Flaxedil-immobolized, cats, and found that spike firing of lateral
hypothalamic neurones was significantly decreased by intravenous infusion of glucose
(Anand et al. 1964). A couple of years later, Oomura et al. (1969) were making /n vivo
recordings of spike activity of hypothalamic neurones in the rat, and found that injection of
glucose into the extracellular space around the site of recording reversibly suppressed spike
firing in approx. 20% of lateral hypothalamic neurones. In contrast, the firing of cortical and
thalamic neurones could not be modulated by direct application of glucose (Oomura et al.
1969). In the rat lateral hypothalamus (LH), very similar percentages of glucose-inhibited
neurones appear to be found in 2-day old or 100-day-old animals, suggesting that glucose-
inhibited neurones become functionally established very early on (Shibata ef a/. 1982),
which is consistent with their emerging critical roles in brain function.

Here we will briefly discuss the mechanisms of glucose-induced inhibition of hypothalamic
neurones, and then focus in more detail on neurochemical fingerprints and the physiological
significance of glucose-inhibited neurones of the LH and hypothalamic arcuate nucleus
(ARC). It should be emphasized that extracellular levels of glucose in the brain are generally
lower than those in the blood, and the normal range of brain glucose is thought to be 1-2.5
mwm (Routh 2002). A possible exception is the ARC, which may ‘see’ higher glucose levels,
closer to those in the blood, as it is located next to a blood-brain barrier ‘window’ in the
median eminence (Fioramonti et a/. 2004). On the other hand, a glucose concentration of 0
mwm is completely unphysiological (it would lead to coma), causes widespread neuronal
silencing not specific to glucosensing neurones (Mobbs et a/. 2001) and thus is not a good
stimulus for studying glucose-sensing cells. Nevertheless, some authors do use 0 mm glucose
as a stimulus to identify glucosensing neurones, perhaps as an Aomage to some classical
studies on brain glucosensing (Minami et a/. 1986). Throughout the review, we will
highlight the concentrations of glucose used in various experiments, as it may give an
indication of the physiological relevance of the findings.
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Mechanisms of glucose-induced inhibition

Attempts to determine how glucose-inhibited neurones operate commenced soon after the
discovery of these cells. Oomura et al. (1974) performed intracellular recordings of rat LH
neurones /1 vivo, and found that extracellular application of the Na*/K* ATPase blocker
ouabain reversed the inhibitory effects of extracellularly injected glucose on the firing of
these cells. Ouabain injection around the recorded neurone also prevented subsequent
application of glucose from causing inhibition of firing. Based on these results, and also on
their observation that glucose inhibition is abolished by the metabolic poison azide, Oomura
et al. (1974) suggested that glucose stimulates the Na*/K* ATPase pump, and the resulting
hyperpolarizing current, caused by electrogenic exchange action of the pump (3Na* per
2K*), inhibits the cell. However, the ouabain inhibition of glucose action was readily
reversible (Oomura et al. 1974), whereas ouabain inhibition of the pump is thought to be
irreversible. It is therefore possible that the ouabain effects were due to indirect phenomena,
for example a discharge of excitatory transmitter stores. The contribution of Na*/K* ATPase
to glucose-induced inhibition remains unresolved to this day.

Another idea that has been put forward to explain glucose-induced inhibition is glucose-
induced activation of post-synaptic CI~ channels, possibly belonging to the CFTR family.
This idea comes from /n vitro whole-cell patch-clamp recordings from glucose-inhibited
neurones of the mediobasal hypothalamus. Song et a/. (2001) reported that, in rat
ventromedial hypothalamic neurones in vitro, switching between 0.1 and 2.5 mm
extracellular glucose induced membrane hyperpolarization and activated a current displaying
a reversal potential of about =50 mV, close to that of chloride in their solutions (=57 mV).
Subsequently, Fioramonti et a/. (2007), working on glucose-inhibited neurones of the mouse
arcuate nucleus reported that switching between 0.5 and 5 mm glucose activated a membrane
current with a reversal potential of either —80 or —64 mV (value depending on intracellular
[CI7]), when the CI™ equilibrium potential was —74 or =57 mV respectively. The proximity
of the apparent reversal potentials of glucose-activated current to the predicted CI~
equilibrium potential led to the CI~ channel hypothesis of glucose inhibition (Song et al.
2001, Routh 2002, Fioramonti ef a/. 2007).

However, some technical issues remain to be satisfied to validate this theory. For example,
the whole-cell current—voltage relationships on which the above-mentioned reversal
potentials are based were measured using pipette solutions containing low [CI~] and were
taken from membrane responses to hyperpolarizing current pulses in the current-clamp
mode (Song et a/. 2001, Fioramonti et a/. 2007). Low [CI™] pipette solutions can potentially
introduce a substantial ‘junction potential’ error to measurements of reversal potentials
(Barry & Lynch 1991), whereas the current-clamp mode leaves the membrane potential
unprotected from distortions such as the H-current-mediated ‘sag’. While the CI~ theory of
glucose-induced inhibition in the mediobasal hypothalamus remains to be examined using
voltage-clamp recordings with high [CI7] pipette solutions, there is some possible
pharmacological support for the involvement of the CFTR CI~ channel. Fioramonti et a/.
(2007) mentioned that after treatment with gemfibrozil (a CFTR channel blocker in other
tissues; Chen et al. 2004), glucose-inhibited neurones could no longer respond to glucose.
However, this finding is presently difficult to interpret because gemfibrozil by itself
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appeared to activate a hyperpolarizing current in the same cells (Fioramonti et a/. 2007), and
can act on targets unrelated to CFTR (Walsh & Wang 1996, Sanguino et a/. 2003).

So far, the CI™ theory has been examined most directly in orexin/hypocretin-containing
neurones of the LH, whose physiological roles are discussed below. In these cells,
biophysical elimination of all inhibitory CI~ currents leaves glucose-induced inhibition
completely unaffected, while measurement of membrane current-voltage relationship using
high [CI7] pipette solutions shows that glucose activates a current selective for K* ions
(Burdakov et al. 2006). Large post-synaptic K* currents are triggered by extracellular
[glucose] switches from 0.2 to 5 mm and from 1 to 2.5 mm, suggesting that this mechanism
is physiologically relevant (Burdakov et a/. 2006). Thus in orexin neurones at least, the final
effectors in glucose-induced inhibition are K* currents. Not much is currently known about
how changes in extracellular glucose levels control these channels.

NPY/AgRP neurones: glucose-inhibited cells regulating feeding and body

weight

While the mechanism(s) of glucose-induced inhibition remains elusive, much concrete
information appeared recently about the neurochemical and physiological identities of
glucose-inhibited neurones of the ARC and LH areas of the hypothalamus. In the ARC,
glucose-inhibited neurones were found to co-express NPY and agouti-related peptide
(AgRP), peptide transmitters that stimulate feeding and weight gain. When Muroya et al.
(1999) measured cytosolic [Ca2*] levels in neurones isolated from rat ARC, they found that
94% of the neurones that were stimulated by lowering extracellular glucose from 10 to 1 mm
contained NPY immunoreactivity. Presumably these were NPY/AgRP neurones as in the
ARC ~100% of NPY neurones contain AgRP (Hahn ef a/. 1998). Subsequently, Fioramonti
et al. (2007) examined electrophysiological glucose sensitivity of ARC NPY/AgRP
neurones in brain slices of transgenic mice selectively expressing GFP in NPY neurones.
They found that switching extracellular glucose between 0.5 and 5 mwm reversibly
hyperpolarized and inhibited 40% of ARC NPY neurones through a direct, post-synaptic
action.

Agouti-related peptide is expressed uniquely in NPY/AgRP neurones of the ARC, allowing
the projections of ARC NPY/AgRP neurones to be determined by looking at the distribution
of AgRP-immunoreactive nerve terminals. This was done by Broberger et al. (1998b), who
found that NPY/AgRP cells project to many hypothalamic areas as well as extra-
hypothalamic sites such as the amygdala, thalamus and ventral tegmental area. The NPY/
AgRP cells are thus anatomically well set to coordinate the emotional, rewarding and
metabolic aspects of feeding. Indeed, destruction of NPY/AgRP neurones through activation
of transgenically targeted diphtheria toxin receptor in adult mice leads to pronounced
reduction in food intake and body weight, illustrating that these cells are essential for driving
feeding (Luquet et a/. 2005). Thus their inhibition by glucose may act to suppress appetite.
The extent to which NPY/AgRP neurones contribute to glucose-induced inhibition of
feeding is unclear. When Luquet et a/. (2007) destroyed NPY/AgRP neurones in neonatal
mice, they found that the feeding responses to glucoprivation were unaffected. However, the
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same group previously showed that, in contrast to what happens upon elimination of NPY/
AgRP cells in adult mice, neonatal destruction of NPY/AgRP neurones has minimal effects
on feeding in general, which illustrates that compensatory mechanisms readily develop upon
neonatal destruction of these cells (Luquet et a/. 2005). Thus it is still possible that glucose-
induced inhibition of NPY/AgRP neurones has profound effects on feeding when the brain
is allowed to develop normally, a theory that can presumably be tested in mice whose NPY/
AgRP cells are ablated in adulthood.

Orexin/hypocretin neurones: glucose-inhibited cells orchestrating cognitive

arousal

Orexins/hypocretins are peptide transmitters that in mammalian brains appear to be
expressed exclusively in a subpopulation of LH neurones (de Lecea et al. 1998, Sakurai et al.
1998). The first evidence that LH orexin neurones might be glucose-inhibited was indirect,
coming from /in vivo experiments showing that systemic hypoglycaemia activates orexin
neurones (Sakurai ef a/. 1998, Moriguchi et al. 1999, Cai et al. 2001). Muroya et al. (2001)
subsequently provided more direct support for their glucose-inhibited nature by showing that
lowering extracellular glucose levels from 8.3 to 2.8 mm around isolated rat orexin neurones
increases their cytosolic Ca2* levels. Definitive evidence that LH orexin neurones act as
electrical glucose sensors came a couple of years later, when Yamanaka et a/. (2003) found
that in 80-100% of isolated mouse orexin neurones, the firing was stimulated by lowering
[glucose] from 10 mm to 5 or 0 mm, and inhibited by increasing glucose from 10 mwm to 15 or
30 mm. We subsequently found that in mouse brain slices 90-100% of orexin neurones are
inhibited by increasing glucose from 0.2 to 5 mm (Burdakov ef a/. 2005). Smaller
concentrations of glucose are also effective, for example, increasing extracellular glucose
from 1 to 2.5 mm evokes pronounced and reversible inhibition of mouse orexin neurones
(Burdakov et al. 2006). In terms of their sensitivity to sugar, LH orexin neurones thus appear
well placed to translate small daily variations in brain glucose levels into changes in brain
activity.

The glucose sensitivity of orexin neurones is likely to have specific physiological
implications because the behavioural consequences of orexin release are well defined, and
even small (5 Hz) changes in orexin cell firing can lead to behavioural responses
(Adamantidis et al. 2007). Soon after their discovery by de Lecea et al. (1998) and Sakurai
et al. (1998), it was realized that orexins are essential for stable wakefulness and
consciousness in a variety of mammalian species including humans (Chemelli ef a/. 1999,
Lin et al. 1999, Peyron et al. 2000, Thannickal et al. 2000, Hara et al. 2001). Loss of orexins,
orexin neurones or orexin type 2 receptor results in narcolepsy, a neurological disorder
where wakefulness is frequently interrupted by irresistible attacks of sleep and
unconsciousness and night-time sleep is also fragmented (reviewed in Mignot et al. 2002).
Orexins are thought to stabilize wakefulness through excitatory projections to all classical
‘ascending arousal systems’ as well as directly to the cortex (reviewed in Sakurai 2007).
Recent evidence also indicates that orexins may have a similar excitatory action on brain
stress pathways, such as the neurones expressing the corticotropin-releasing factor
(Sakamoto et al. 2004). Centrally injected orexin evokes anxiety-like behaviour (Suzuki et
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al. 2005), induces a long-lasting brain reward deficit and can trigger drug-seeking relapse
(Boutrel et al. 2005). Emotional stress elevates orexin levels (Reyes et al. 2003), and an
orexin antagonist can prevent stressful stimuli from inducing cocaine-seeking behaviour
(Boutrel et al. 2005). The reward-modulating actions of orexins are likely to be mediated, at
least in part, by dopaminergic neurones of the ventral tegmental area (Borgland et a/. 2006)
that are innervated by orexin fibres and excited by orexin (Korotkova et a/. 2003). Last but
not least, orexin neurones also appear to stimulate food seeking and food intake (Sakurai et
al. 1998). Direct excitatory actions of orexins on appetite-promoting ARC NPY/AgRP
neurones (van den Top ef al. 2004) and indirect inhibitory effects of orexins on anorexigenic
ARC POMC neurones (Ma et al. 2007) are proposed to contribute to appetite-stimulating
effects of orexins, which are apparent when orexin is injected directly into the ARC (Muroya
et al. 2004). However, the net effect of orexins on energy balance appears to be negative —
loss of orexin neurones causes obesity rather than leanness, which is likely due to decreased
energy expenditure and locomotor activity (Hara et a/. 2001). Apart from orexin, LH orexin
neurones also appear to use glutamate and dynorphin as transmitters (Collin ef a/. 2003,
Rosin et al. 2003), which may be co-released with orexin to modulate targets in a complex
and target-specific manner (Li & van den Pol 2006).

In just 10 years, LH orexin neurones thus emerged as a wide-projecting neural system
essential for appropriate temporal coordination of cognitive arousal and reward-seeking
behaviour. Glucose-induced inhibition of orexin neurones is thus hypothesized to have
widespread behavioural implications, for example stimulation of sleep and lowering of stress
levels (discussed in Burdakov 2007), but these speculations remain to be addressed by direct
in vivo experiments.

Interactions of glucose-inhibited cells with each other and other signals

Recent evidence suggests that different groups of glucose-inhibited neurones of the
hypothalamus are anatomically connected. Both cell bodies and dendritic processes of LH
orexin neurones are in close apposition with NPY-containing nerve terminals that appear to
come from the ARC as they co-express AgRP (Broberger et a/. 1998a). In turn, ARC NPY/
AgRP cells are surrounded by nerve terminals containing orexin (Muroya et al. 2004).
Exogenously applied orexin stimulates ARC NPY/AgRP neurones in both Ca2* imaging and
patch-clamp electrophysiology assays (Muroya et al. 2004, van den Top et al. 2004). Positive
signals from orexin to NPY cells seem to have a simple behavioural rationale of ensuring
that states of high alertness and energy expenditure are associated with feelings of hunger
(Fig. 1). Much more difficult to rationalize is the observation that exogenously applied NPY
robustly inhibits orexin neurones (Fu et al. 2004), which would imply a decrease in orexin
cell activity when ARC NPY neurones are active (Fig. 1). The functional importance of this
negative feedback loop is likely to remain unclear until quantitative knowledge becomes
available about how much orexin and NPY are released in the ARC and LH, respectively,
under different behavioural circumstances.

Early models of hypothalamic function saw the mediobasal and lateral hypothalamic areas
as behaviourally opposing centres of perhaps equal importance, interacting through
reciprocal inhibitory connections (Oomura et al. 1964). Later, as the ARC became

Acta Physiol (Oxf). Author manuscript; available in PMC 2018 January 13.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Burdakov and Gonzalez Page 7

increasingly well characterized, it started to be called a “first-order’ centre that collects
peripheral metabolic information and communicates it to ‘second-order’ centres such as the
LH (Schwartz et al. 2000). However, subsequent experiments on the LH made it clear that,
with regard to metabolic sensing at least, the first-order/second-order model is inaccurate.
Similar to neurones of the ARC, the cells in the LH also directly sense circulating indicators
of body energy status, i.e. they are also “first order’ with regard to capturing metabolic
information. This is well exemplified by glucose-inhibited neurones of the ARC and the LH.
Apart from glucose, both types of neurones directly sense the ‘satiety’ hormone leptin and
the ‘hunger’ hormone ghrelin. ARC NPY/AgRP neurones are directly depolarized and
excited by ghrelin, and are hyperpolarized by leptin (Cowley et al. 2003, van den Top et al.
2004). LH orexin neurones exhibit similar direct sensing responses — when mechanically
isolated from surrounding circuits, they are electrically inhibited by leptin and excited by
ghrelin (Yamanaka et a/. 2003). Thus glucose-inhibited neurones of the ARC and LH appear
to process several key inputs in a parallel, rather than sequential, manner. The logic of this
arrangement (Fig. 1) will probably only become clear when functional interactions with
other neighbouring circuits, such as those controlling temporal organization of behaviour
(Saper et al. 2005), become fully mapped and characterized.

Other glucose-inhibited neurones

Although this review focuses on the hypothalamic ARC and LH areas, several other glucose-
inhibited neurones exist and are likely to be important players in behavioural and metabolic
coordination. In particular, they are found in brainstem areas that play a key role in body
energy homeostasis, for example by controlling exocrine pancreatic function (Ritter et al.
1981, Balfour et al. 2006). The neurochemical fingerprints and projections of these glucose-
inhibited cells are currently not understood. In the hypothalamus, many glucose-inhibited
neurones are found in the ventromedial nucleus (VMN), the classical “satiety centre’. Recent
experiments by Routh and coworkers suggest that the sensitivity of the VMN glucose-
inhibited neurones can be modulated by systemic hyperglycaemia (Canabal et a/. 2007) and
hypoglycaemia (Song & Routh 2006), potentially highlighting an important role of these
cells in disease states. However, the neurochemistry and projections of VMN glucose-
inhibited cells remain a challenge to elucidate due to the paucity of molecular markers
specific to this brain region.

Overview and perspectives

In the past few years, glucose-inhibited neurones ceased to be a mere electrophysiological
curiosity. It is now clear that these cells are fundamental players in a number of
behaviourally vital brain circuits, and their loss can lead to profound detriment of mental and
physical well-being, as seen in narcolepsy and anorexia. As well as glucose, they sense
many other key chemical features of the internal environment (Yamanaka et a/. 2003, van
den Top et al. 2004, Williams et al. 2007), and communicate this information to the rest of
the brain through widespread projection fields. However, we still do not know the specific
behavioural impact of glucose sensing in these cells. Ongoing research into the molecular
mechanisms of glucose-induced inhibition would provide tools necessary to answer this
question.
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Figure 1.
Schematic model of hypothalamic glucose-inhibited neurones in the context of brain

function. Arrows indicate activation, t-bars indicate inhibition.
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