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SYMPOSIUM REPORT

Dissociation between sensing and metabolism of glucose
in sugar sensing neurones

J. Antonio Gonzalez!, Frank Reimann? and Denis Burdakov!

' Department of Pharmacology, University of Cambridge, Cambridge CB2 1PD, UK
?Cambridge Institute for Medical Research, University of Cambridge, Cambridge CB2 2XY, UK

Some of the neurones controlling sleep, appetite and hormone release act as specialized
detectors of ambient glucose. Their sugar sensing is conventionally thought to involve
glucokinase-dependent metabolism of glucose to ATP, which then alters membrane excitability
by modulating ATP-dependent channels or transporters, such as ATP-inhibited K* channels
(Karp). However, recent studies also provide examples of both glucose-excited (GE) and
glucose-inhibited (GI) neurones that sense glucose independently of such metabolic pathways.
Two-thirds of hypothalamic GE neurones in primary cultures are also excited by the
non-metabolizable glucose analogue «-methylglucopyranoside (¢-MDG), which acts as a
substrate for electrogenic (depolarizing) sodium—glucose cotransporter (SGLT). The excitatory
responses to both glucose and a-MDG are abolished by arresting SGLT activity by
sodium removal or the SGLT inhibitor phloridzin. Direct depolarization and excitation by
glucose-triggered SGLT activity may ensure that GE neurones continue to sense glucose
in ‘high-energy’ states, when Kurp channels are closed. A major class of hypothalamic GI
neurones, the orexin/hypocretin cells, also appear to use a non-metabolic sensing strategy. In
these cells, glucose-induced hyperpolarization and inhibition are unaffected by glucokinase
inhibitors such as alloxan, p-glucosamine, and N-acetyl-p-glucosamine, and mimicked by the
non-metabolizable glucose analogue 2-deoxyglucose, but not by stimulating intracellular ATP
production with lactate. The dissociation between sensing and metabolism of sugar may allow
the brain to predict and prevent adverse changes in extracellular glucose levels with minimal
impact on the flow of intracellular fuel.
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Brain glucose sensors: what, where and why? (e.g. Silver & Erecinska, 1994; Routh, 2002; de Vries
et al. 2003), and even for areas near ‘windows’ in the
blood-brain barrier, such as the hypothalamic arcuate
nucleus, it remains controversial whether neuronal cell
bodies ‘see” plasma-like glucose concentration since this
depends on factors such as the direction of interstitial
fluid flow and local tanycyte barriers (e.g. see discussion
in Peruzzo et al. 2000).

Brain glucose sensors are specialized neurones that
respond to fluctuations in local extracellular glucose
concentration with changes in their firing rate in a manner
that is different from the non-specific ‘out-of-fuel’ effects
oflow glucose (Anand et al. 1964; Oomura et al. 1969; Yang
et al. 1999; Mobbs et al. 2001; Routh, 2002). These glucose

Unlike most tissues, the brain becomes profoundly
damaged if deprived of glucose for just a few minutes.
To anticipate and prevent this, it varies behaviour and
metabolism according to glucose levels. To measure
glucose levels, the brain contains its own glucose sensors.
This is presumably because brain glucose levels generally
differ from those in the blood, and may be region-specific,
thereby making it unreliable to use information from the
peripheral glucose sensing cells as an estimate of glucose
supply. Specifically, in many brain regions, glucose levels
have been measured to be 10-30% of those in the blood

This report was presented at a Physiological Society Themed Meeting
on Orchestration of metabolism in health and disease, which took place
at the University of Oxford, UK, 9-11 September 2008.
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sensing neurones have so far been found only in a few
brain regions, in particular the hypothalamus and brain-
stem (Anand et al. 1964; Oomura et al. 1969; Ritter et al.
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1981; Balfour et al. 2006). This review concentrates on
hypothalamic glucose sensing neurones, which are
found in the lateral, arcuate and ventromedial
hypothalamic regions, and whose firing rate either
increases (glucose-excited, GE, neurones) or decreases
(glucose-inhibited, GI, neurones) in response to
extracellular glucose (Anand et al. 1964; Oomura et al.
1969; Routh, 2002; Wang et al. 2004).

Recent research has provided important information
about the neurochemical identities and physiological
significance of hypothalamic glucose sensing neuro-
nes, in particular in sleep- and appetite- regulating
circuits. For example, hypothalamic GI neurones have
been reported to correspond to a neurochemically
diverse group of cells including wakefulness-promoting
hypocretin/orexin neurones in the lateral hypothalamus
(Sakurai, 2007), and a subpopulation (40-80%) of
appetite-stimulating NPY neurones in the hypothalamic
arcuate nucleus (Fioramonti et al. 2007; Mountjoy
et al. 2007). In turn, GE neurones may correspond
to cells containing melanin-concentrating hormone in
the lateral hypothalamus (Burdakov ef al. 20054), and
POMC-containing neurones in the arcuate nucleus
(Ibrahim et al. 2003; Parton et al. 2007) (although some
groups also report that the majority of POMC neuro-
nes do not sense glucose, e.g. see Fioramonti et al.
2007).

Although orexin, NPY and POMC neurones are key
regulators of feeding behaviour, the relative physiological
importance of hypothalamic glucose sensing for feeding
behaviour versus the regulation of counter-regulatory
hormone release (e.g. McCrimmon et al. 2005) and control
of hepatic glucose production (e.g. Lam et al 2007)
is currently unclear, and will not be discussed further
here. Instead, this short review will comment on the
mechanisms used by glucose sensing neurones to translate
glucose levels into changes in their firing rate, specifically
focusing on a small number of recent studies suggesting
that intracellular glucose metabolism, while acting as a
general permissive process for cellular reactions since
it provides them with energy, does not always directly
participate in the specialized glucose sensing responses of
hypothalamic neurones.

Comments on ‘metabolic’ models of neuronal
glucosensing

Inspired by the pancreatic B-cell, a GE cell sometimes
called an ‘honorary neuron’ for its ability to fire action
potentials, metabolic models of glucose sensing have for
many years held centre-stage in publications on both GE
and GI neurones. Here we will consider the two separately.

In GE neurones, the metabolic sensing model
postulates that glucose enters the cell, is phosphorylated
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by glucokinase, and is then metabolized to give ATP.
The subsequent increase in the cytosolic ATP:ADP
ratio then closes membrane Kurp channels, thereby
causing depolarization and increased electrical activity
(reviewed in the context of glucose sensing neurons in
Routh, 2002; Burdakov et al. 2005b). Some experimental
observations are indeed consistent with this model. For
example, pharmacological blockade of glucokinase has
been reported to decrease the activity of GE neurones
(Kang et al. 2004). In turn, reducing glucose levels around
mediobasal hypothalamic neurones in vitro activated
channels with biophysics and pharmacology consistent
with Karp channels (Ashford et al. 1990; Wang et al.
2004).

Studies of GE neurones in mice with deficient Kurp
channels have also been carried out. In mice with global
knockout of the Kir6.2 subunit of the K,p channel, the
firing rate of the hypothalamic ventromedial neurones
no longer increased in response to a switch from 2.5 to
25 mM extracellular glucose (Miki et al. 2001). Similarly,
glucose no longer modulated POMC cell firing or -MSH
release in mice that expressed mutant, ATP-insensitive,
Karp channels in arcuate POMC neurones (Parton et al.
2007).

While these elegant genetic studies clearly illustrate the
importance of Karp channels for normal function of key
neuronal populations, their meaning in the context of
physiological glucose sensing is complicated by the fact
that the intrinsic electrical properties of GE neurones
were substantially altered by these genetic manipulations.
Specifically, in the Kir6.2-null mice, disruption of Kurp
channels per se elevated the firing rate of ventromedial
neurones 3-fold relative to wild-type neurones, an increase
roughly 2-fold greater than the maximal response to
glucose in these cells (see Fig.2B in Miki et al). It is
therefore possible that, through a saturation effect, the
already high basal firing rate in the Kir6.2-null mice
masked the more subtle firing rises due to glucose.

In turn, in the POMC/Kir6.2-mutant mice, POMC
neurones had more negative resting membrane potentials
and lower firing rates than wild-type POMC neurones,
presumably due to increased basal activity of the mutant
Karp channels (see Fig. 1S in Parton et al.). If the currents
that cause glucose excitation are small, the increase in
inhibitory conductance in Kyrp-mutant neurones would
prevent these currents from influencing the membrane
potential irrespective of whether they flow through Kurp
channels or not. This follows from Ohm’slaw: V = IR =1/g
(where V is the membrane potential, and I, R and g
are current, resistance and conductance, respectively),
which states that the greater the background membrane
conductance (g), the smaller the impact of current (I) on
the membrane potential (V).

The universality of the 8-cell model in GE neurones is
also questioned by a number of other observations. For
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example, Ainscow et al. (2002) failed to detect any rises in
cytosolic ATP levels in hypothalamic neurones exposed
to physiological elevations in glucose concentration.
Moreover, Kurp channels are expressed in many places
in the brain, whereas GE neurones are only found in a few
restricted locations (Karschin et al. 1997; Dunn-Meynell
et al. 1998). Furthermore, both SUR1, a subunit of the
pancreatic 8-cell Kyrp channel, and glucokinase have been
detected in some but not all glucose sensing neurones
(Kang et al. 2004). The less than complete overlap of
glucose sensitivity and glucokinase expression in neuro-
nes suggests that this enzyme may not be the ‘glucose
sensor’, but may instead provide general metabolic support
to some glucose sensing (as well as other) neurones.
For example, glucokinase may act as a general ‘booster’
of energy supply to mediobasal hypothalamic neurones
irrespective of whether they are glucose sensing, which
may help fuel the spontaneous firing typical of these cells
(Minami et al. 1986; Burdakov & Ashcroft, 2002).

For GI neurones, much less information exists, but
‘metabolic’ sensing theories have also been proposed,
such as ATP-mediated activation of the hyperpolarizing
Nat/K* ATPase (Oomura et al. 1974), ATP-dependent
opening of CFTR CI™ channels (Fioramonti et al. 2007),
and a critical role for glucokinase (Dunn-Meynell et al.
2002). However, not all GI neurones express glucokinase
(Kang et al. 2004), and stimulation of ATP production with
lactate does not mimic the inhibitory glucose responses in
ventromedial hypothalamic GI neurones (Song & Routh,
2005).

In addition to the classical glucokinase-Krp pathway,
another metabolic sensing element has been recently
proposed to be critical for hypothalamic glucose sensing,
the AMP-activated protein kinase (AMPK), an enzyme
regulated by AMP/ATP levels (Minokoshi et al. 2004;
Hardie, 2007). For example, Mountjoy et al. (2007)
reported that pharmacological AMPK activation reversed
the inhibitory effects of high glucose in GI neurones, but
did not reverse the excitatory effects of high glucose in
GE neurones. In turn, inhibiting AMPK with compound
C suppressed the activity of GI neurones and their ability
to be stimulated by low [glucose], but had no consistent
effects on GE cell activity (Mountjoy et al. 2007). These
results suggest that AMPK activity has an excitatory effect
on GI neurones, and may participate in their glucose
sensing responses (see models in Mountjoy et al. 2007
and Canabal et al. 2007). In turn, Claret et al. (2007)
reported that knockout of the «2 isoform of AMPK
abolished glucose-induced excitation of arcuate POMC
and NPY/AgRP neurones (although described by others as
GI, asubset of NPY/AgRP cells were GE in this study), thus
also implicating AMPK in glucose sensing in GE neurones.
However, how changes in AMPK activity are coupled to
membrane excitability in glucose sensing cells remains to
be determined experimentally.

© 2009 The Authors. Journal compilation © 2009 The Physiological Society
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As in the case of glucokinase, it is also currently unclear
whether AMPKSs act as specific ‘glucose sensors’ in glucose
sensing neurones or as indirect permissive elements for
general cellular adaptations to changes in energy levels,
since these enzymes are not specific to glucosensing
neurones, but maintain energy balance in all eukaryotic
cells (Hardie, 2007). Interestingly, Claret et al. (2007)
reported that AMPKa2 deletion disrupted glucose
responses but did not affect responses to insulin and leptin,
suggesting that hypothalamic integration of metabolicand
hormonal signals does not converge at the level of AMPK.

In summary, although elements of the classical S-cell
model, as well as other metabolic sensing pathways such
as AMPK, remain popular in explaining hypothalamic
glucosensing, some of the above-mentioned caveats
recently led several laboratories to examine possible
alternative models.

Evidence for ‘non-metabolic’ glucosensing
in glucose-excited neurones

A concrete ‘metabolism-independent’ alternative to the
classical Kurp sensing strategy in GE neurones is
offered by sodium—glucose cotransporters (SGLTs). These
transmembrane proteins operate as sodium-dependent
secondary active transporters of glucose and certain other
sugars, coupling the uptake of a sugar molecule to the
influx of one or two Na™ ions (Wright, 2001). Because
glucoseis electroneutral, SGLT activity thus generates a net
inward current of sufficient size to cause direct membrane
depolarization and increased electrical activity without
the need for glucose metabolism (Gribble et al. 2003).
The possibility that SGLTs may be involved in neuronal
glucose sensing was initially suggested by the observation
that the SGLT antagonist phloridzin enhanced food intake
in rats when given intracerebroventricularly (Tsujii &
Bray, 1990), and inhibited glucose-induced excitation of
GE neurones in the ventromedial hypothalamus (Yang
et al. 1999). More recently, it has been suggested that
human SGLT3 may function like a glucose-activated
Na*t channel, and is expressed in peripheral cholinergic
neurones (Diez-Sampedro et al. 2003).

To assess the contribution of SGLTs to the operation
of GE neurones separately from the classical metabolic
sensing pathways, O’Malley et al. (2006) examined
the effects of non-metabolizable glucose analogues on
primary cultures of rat hypothalamic neurones, using
Ca’* imaging to monitor the activity of single cells.
They found that 67% of glucose-excited neurones were
also excited by a-methylglucopyranoside (¢-MDG), a
non-metabolizable substrate of SGLTs. The effects of
both glucose and a-MDG were abolished by phloridzin
or by the removal of extracellular Nat (Fig. 1),
suggesting that they were mediated predominantly by
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Figure 1. Evidence for SGLT-mediated glucosensing in cultured
GE neurones

A, cartoon of the experimental set up; W represents the membrane
potential. B, stimulation of activity (calcium signal) of a GE neuron by
glucose (G, numbers are concentrations in mwm) is blocked by SGLT
inhibitor phloridzin (Phl, 100 nwm). C, stimulation of a GE neuron by a
non-metabolizable sugar, «-MDG, and block of responses to both
glucose and a-MDG by removal of extracellular sodium (0 Na™). B and
C are from O'Malley et al. (2006). C@gyrlght © 2006 American
Diabetes Association. From Diabetes'¥, Vol. 55, 2006; 3381-3386.
Reprinted with permission from The American Diabetes Association.

SGLTs. These experiments indicate that generation of
ATP is not an essential prerequisite for sugar sensing
in many hypothalamic GE neurones, which instead
can be non-metabolically excited by glucose via SGLTs.
It remains to be elucidated which SGLT isoform(s)
mediate these effects: SGLT'1-selective substrates activated
a smaller proportion of GE neurones (37-45%) than

Figure 2. Pharmacological properties of glucosensing in Gl
orexin neurones

A, top, cartoon of protocol. Bottom, patch-clamp recordings from
orexin neurones; glucokinase inhibitors (at 10 mm) do not prevent
glucose responses (5 mm glucose, baseline glucose = 1 mm). B, top,
cartoon of protocol. Bottom, recording from an orexin neuron
showing that lactate (5 mm) does not mimic the effects of glucose.
From Gonzalez et al. (2008). Copyright © 2008 American Diabetes
Association. From Diabetes®- http://dx.doi.org/10.2337/db08-0548.
Reprinted with permission from The American Diabetes Association.
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SGLT1/3-non-selective sugars (67%), suggesting that
SGLT1 is important but other SGLTs may also contribute
(O’Malley et al. 2006). RT-PCR analysis showed expression
of mRNA for SGLT1 and 3 isoforms in both cultured
hypothalamic neurones and adult hypothalamus
(O’Malley et al. 2006).

Interestingly, the amplitude of Ca’" responses to
a-MDG was greater than that of glucose responses, even
though the two sugars are not distinguished by SGLTs, and
a-MDG was less effective in activating GE neurones in the
presence of lactate (O’Malley et al. 2006). The explanation
for this is currently unclear but it is possible that energy
metabolites inhibit SGLTs via a negative feedback loop,
thereby linking non-metabolic glucose sensing with the
energy status of the cell. This theory is yet to be tested
experimentally.

The role of SGLTs in hypothalamic glucose sensing
remains to be explicitly examined by direct measurements
of glucose-triggered changes in the membrane potential
of neurochemically defined GE neurones. But it is
noteworthy that some existing patch-clamp data on
GE neurones may already be interpreted in support
of the SGLT model. For example, functional GE
neurones are still present in the hypothalamic arcuate
nucleus of Kurp channel knockout (Kir6.2 null) mice,
and their glucose-induced excitation involves activation
of an inward current with a reversal potential of around
—20mV (Fioramonti et al. 2004). It can be shown using
electrochemical equilibrium equations that such reversal
potential could be consistent with either non-selective
cation channels or electrogenic cation transporters such
as SGLTs.
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Evidence for ‘non-metabolic’ glucosensing
in glucose-inhibited neurones

The involvement of conventional glucose metabolism
in GI neuron glucosensing was recently questioned
by experiments on orexin/hypocretin neurones, widely
projecting hypothalamic cells essential for normal
wakefuness and reward-seeking behaviour (de Lecea
et al. 2006; Sakurai, 2007). Using whole-cell patch-clamp
recordings from GFP-labelled orexin cells in acute
mouse brain slices, Gonzalez et al. (2008) found
that high concentrations of three different glucokinase
inhibitors did not prevent glucosensing responses
(Fig. 2A). Like in GI neurones from the ventromedial
hypothalamus (Song & Routh, 2005), stimulating ATP
production with lactate did not mimic glucose-induced
hyperpolarization in these orexin cells, but was instead
excitatory (Fig.2B), as expected from the ubiquitous
facilitation of neuronal activity by high energy levels
(Mobbs et al. 2001). Furthermore, 2-deoxyglucose, a
non-metabolizable glucose analogue, had similar effects
to glucose on the membrane potential of orexin cells.
The inhibitory response of orexin neurones to
physiological rises in glucose involves opening of leak-like
K* channels in the plasma membrane (Burdakov et al.
2006), but it is not yet understood how glucose opens these
channels. The above experiments suggest that this process
does not require intracellular metabolism of glucose in
these neurones. Based on current evidence, it seems likely
that glucose entry is not required at all, since intracellular
infusion of glucose via the pipette tip does not initiate
the inhibitory response while the same cell still responds

glia 4—glucose
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pyruvate
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Figure 3. Metabolic (purple) and non-metabolic (green) ways through which glucose can alter neuronal

electrical activity

We propose that Karp channels play a general neuroprotective role in both GE and Gl neurones (i.e. these channels
open and hyperpolarize the cell during energy depletion to stop the cell from using more energy on firing). In
addition, in GE neurones, Karp channels may have another way of regulation that allows them to act as more
specific glucose sensors. New pathways, such as SGLT and leak K channels, may control the activity of GE and

Gl neurones, respectively, in a ‘non-metabolic’ manner.
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to extracellularly applied glucose (Gonzalez et al. 2008).
The pharmacology of sugar sensing in orexin cells also
hints at dissociation between sensing and uptake, since the
sugar transporters GLUT1 and SGLT1 transport fructose
and galactose, respectively, yet these sugars do not inhibit
orexin cells (Gonzalez et al. 2008). While further work
remains to be done on the molecular characterization of GI
cell glucosensing, based on current evidence we therefore
hypothesize that it belongs in the non-metabolic category
(Fig. 3).

Theoretical advantages of ‘metabolic’
vs. ‘'non-metabolic’ glucose detection

How might the brain benefit from non-metabolic sugar
sensing? It seems advantageous to ‘uncouple’ glucose
sensing from the energy status of the cell in a variety of
scenarios. For example, as well as glucose, a major and
perhaps even predominant source of metabolic energy
for central neurones is lactate, which they take up via
monocarboxylate transporters (MCT, see Fig. 3) (Ainscow
et al. 2002; Pellerin & Magistretti, 2004). This lactate is
provided by astrocytes, which are capable of using their
glycogen stores to generate lactate when glucose levels in
the brain are low (Brown & Ransom, 2007). Thus neuronal
ATP levels can presumably be maintained, for short peri-
ods of time at least, irrespective of ambient glucose levels.
In this situation, sensing intracellular metabolic indicators
would clearly not be a reliable indicatory of changes
in glucose levels, since neuronal metabolism would be
protected from glucose fluctuations by astrocyte-derived
lactate. Non-metabolic sensing may also be advantageous
in an opposite scenario, that of rapid ATP depletion
inside the glucose sensing neurone, caused, for example,
by brief periods of intense firing such as those seen in
in vivo recordings (Mileykovskiy et al. 2005). It may not be
advantageous for this type of [ATP] changes to influence
the firing of glucose sensing neurone, since such small
local depletions of fuel can be more efficiently replenished
by uptake of local lactate, rather than by sending an order,
via glucosensor cell firing, to engage global, energetically
expensive, processes such as food seeking or glucose release
from the liver.

Non-metabolic sensing would thus enable behaviour
and hormone release to be controlled by true glucose levels
rather than by local metabolic environment. Presumably,
non-metabolic sensing would also be more versatile than
metabolic, since it can still operate in high glucose levels
such as in obesity and diabetes, where metabolism may
be saturated. For example, SGLTs in GE neurones would
still operate at high substrate levels because they can
take up glucose against its concentration gradient, while
non-metabolic GI sensors can operate under a variety
of glucose baselines through a process of adaptation
(Williams et al. 2008). This may allow the brain to sense
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trends in glucose levels irrespective of baseline levels of
glucose.

Metabolic sensing may also have specific advantages.
Measuring intracellular fuel (e.g. ATP) rather than
extracellular substrate (glucose) could be useful when
metabolism does not function normally despite normal
glucoselevels, e.g. if there is a reduced expression of glucose
transporters, and so more glucose needs to be ‘ordered’
to compensate. A sensor based on general metabolic
intermediaries would also be able to integrate information
from different fuel supplies into its measurements — for
example showing reduced responses to glucose during
abundance of other fuel substrates, e.g. fatty acids.
However, this may perhaps be more useful for peripheral
tissues, since the brain preferentially uses glucose as its
energy fuel.

In conclusion, both metabolic and non-metabolic
glucose sensors may have distinct advantages for brain
function. Combining the two may enable the brain to
monitor all aspects of its energy supply. We would like
to hypothesize that metabolic sensors act as ‘emergency
alarms’ detecting large abnormalities in energy levels
which break down the metabolic buffer provided by the
astrocytic generation of lactate. In turn, non-metabolic
sensors could be better placed to carry out ‘predictive’
monitoring of glucose in the more physiological range,
treating glucose as a signal while using astrocytic lactate as

fuel.
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