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Abstract

Glucose-sensitive neurons have long been implicated in glucose homeostasis, but how glucose-
sensing information is used by the brain in this process remains uncertain. Here, we propose a
model in which 1) information relevant to the circulating glucose level is essential to the proper
function of this regulatory system, 2)this input is provided by neurons located outside the blood-
brain barrier (BBB) (since neurons situated behind the BBB are exposed to glucose in brain
interstitial fluid, rather than that in the circulation), and 3)while the efferent limb of this system is
comprised of neurons situated behind the BBB, many of these neurons are also glucose-sensitive.
Precedent for such an organizational scheme is found in the thermoregulatory system, which we
draw upon in this framework for understanding the role played by brain glucose sensing in glucose
homeostasis.

eTOC Blurb

Bentsen and colleagues present a discussion of the mechanism by which the brain responds to and
controls glycemia. While neurons in the brain are glucose-sensitive, glucose concentrations behind
the blood-brain barrier (BBB) are only a fraction of plasma glucose concentrations. Hence, input
to the brain regarding circulating glucose is likely detected by structures lying outside the BBB.
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Introduction

The hypothesis that the brain, working in cooperation with pancreatic islets and liver, plays a
key role in day-to-day control of glucose homeostasis makes teleological sense in light of
the brain’s reliance on circulating glucose as its primary fuel source. Consistent with this
concept is compelling evidence of the brain’s ability to influence determinants of glucose
homeostasis (e.g., the secretion of insulin and glucagon and other glucoregulatory hormones,
tissue insulin sensitivity and insulin-independent glucose disposal) in ways that can
powerfully impact the circulating glucose level (Deem et al., 2017). To carry out this role,
the brain (like pancreatic beta cells) must have the capacity to sense ambient glucose levels
and transduce this information into adaptive, homeostatic responses. Consistent with this
possibility is the discovery of “glucose-sensitive” neurons in the 1960s (Anand et al., 1964;
Oomura et al., 1964), which have since been well-characterized (reviewed in (Fioramonti et
al., 2017)).

Glucose-sensitive neurons can be subdivided into “glucose-excited” and “glucose-inhibited”
neuronal subsets, and they are concentrated in hypothalamic areas implicated in whole-body
glucose homeostasis (for reviews, see (Fioramonti et al., 2017; Pozo and Claret, 2018; Zhou
et al., 2018)). Moreover, many of these neurons use the same glucose-sensing molecular
machinery found in pancreatic beta cells. What is less clear, however, is the extent to which
the brain senses changes in circulating glucose by sampling from peripheral glucose sensors,
as opposed to sensing the glucose to which neurons are exposed in brain interstitial fluid
(ISF). The goal of this Perspectives article is to synthesize information relevant to this and
related questions into a model for understanding the roles played by glucose-responsive
neurons - and brain glucose sensing more broadly - in glucose homeostasis.

What specific function does brain glucose sensing serve?

As a first step to answering this question, one must consider where a glucose-responsive
neuron sits with respect to the blood-brain barrier (BBB). This is because the concentration
of glucose in brain ISF (behind the BBB) is believed to be only a fraction (perhaps as low as
20 to 30%) of the circulating level (outside the BBB) (Dunn-Meynell et al., 2009;
Fioramonti et a | 2017). Furthermore, a change in the level of circulating glucose is reflected
in the brain ISF compartment in a manner that is both dampened and delayed (Hwang et al.,
2017; Langlet et al., 2013). As one example, a recent study in humans showed that although
brain glucose levels (measured by magnetic resonance spectroscopy) increased as expected
following a fixed (or “clamped”) increase in the plasma glucose level, the rise was much
slower than in plasma, such that 60-90 minutes passed before a new steady-state was
reached (Hwang et al., 2017). While acknowledging the need for additional data on this
topic, available evidence strongly suggests that glucose levels in brain ISF do not faithfully
reflect the temporal dynamics of changes in the circulating level. Yet the vast majority of
glucose-sensitive neurons in the brain, including those in both the hindbrain and in
hypothalamic areas such as the ventromedial nucleus (VMN) that are implicated in glucose
homeostasis (Kang et al., 2006; Zhou et al., 2018), are exposed only to brain ISF and not to
plasma.
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From these considerations, we infer that if the brain does in fact play a key role in whole-
body glucose homeostasis, the neurons involved in the afferent glucose-sensing limb of this
regulatory system must either be situated outside of the BBB or have axons that project
across the BBB. But if this is true, how then does the capacity to detect and respond to
changing glucose levels in surrounding ISF - levels that are related to, but not a direct
reflection of the circulating glucose level - enable glucose-sensitive neurons situated behind
the BBB to participate in glucose homeostasis? How can changes in the activity of glucose-
sensitive neurons in the VMN, for example, contribute to glucose homeostasis if they are
unable to sense perturbations in circulating glucose owing to their anatomical location? In an
attempt to answer these questions, we turn to the organization of the thermoregulatory
system.

lll. Lessons learned from the thermoregulatory system.

As a general rule, homeostatic control systems for key biological variables require inputs
that both accurately represent the current and also predict the future states of those variables
(Ramsay and Woods, 2016). One consequence of this type of arrangement is that the
variable in question does not actually have to change for corrective responses to be engaged
that keep it stable. For this to occur, the variable to be regulated (or biological proxy
variables) must be sensed in a rapid and faithful manner, so that adaptive responses can be
mounted in response to even the slightest change in the level of that parameter (in some
cases, before the defended parameter has even begun to change). The model proposed herein
views the glucose level in brain ISF as the variable to be regulated, with control over the
circulating glucose level being crucial to this regulation.

A good example of this type homeostatic control is provided by the thermoregulatory
system, in that information regarding changing cutaneous temperature is continuously
transmitted from thermosensory afferents innervating the skin (reviewed in (Morrison,
2016)). This information is in turn communicated from spinal cord and brainstem via an
ascending pathway to neurons in the hypothalamic preoptic area (POA). Neurons in the POA
process this cutaneous thermosensory input and, via projections to the hypothalamic
dorsomedial nucleus, transduce it into adaptive responses (e.g., activation of brown adipose
tissue, shivering, cutaneous vasoconstriction) that preserve constancy of the internal (7.¢e.,
brain) temperature (Tan and Knight, 2018).

Owing to the high fidelity of this system, normal mice placed into a cold environment are
able to profoundly increase heat production and reduce heat dissipation, despite virtually no
detectable change in average core temperature (Kaiyala et al., 2015). This impressive feat
would not be possible if temperature sensing were performed primarily by neurons in the
brain, since the brain temperature would have to change before a homeostatic response could
be engaged. Such a system would ensure that brain temperature changes continuously - the
opposite of the desired outcome, and opposite to what is observed (Bratincsak and Palkovits,
2005).

The analogy between homeostatic control of body temperature and blood glucose levels is
made even more compelling by the fact that subsets of POA neurons that comprise the
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integrative/effector limb of the thermoregulatory system are themselves capable of sensing
and responding to changes of ambient temperature (Tan and Knight, 2018). Extending the
analogy further, both “cold-sensitive” and “warm-sensitive” neurons exist in the POA
(Morrison, 2016; Tan and Knight, 2018), analogous to glucose-excited and glucose-inhibited
neurons in the VMN and other hypothalamic areas.

For clarity, we note that “thermosensitive” and “thermoresponsive” POA neurons can be
distinguished from one another, in that the former applies to neurons whose membrane
potential and firing rate is directly sensitive to a change in ambient temperature, whereas the
latter applies to neurons in a circuit that is responsive to a change of external temperature
(whether or not the neurons are intrinsically thermosensitive). Thus, housing mice in a warm
environment activates neurons in the POA, but only a subset of these are truly “warm-
sensitive”, because others that are not intrinsically thermosensitive can also be activated as
part of circuit that responds to the change in external temperature. By extension, although
the terms “glucose-sensitive” and “glucose-responsive” are sometimes used interchangeably
in the literature, we define the former as neurons whose membrane potential and firing rate
is directly sensitive to a change in ambient glucose, whereas that latter applies more broadly
to neurons in a glucose-responsive circuit.

There is little question that activation (or inhibition) of intrinsically thermosensitive POA
neurons can have a powerful impact on the thermoregulatory system. For example, if the
POA is cooled directly (via implantation of device known as a “thermode™), potent
thermogenic responses are elicited that mimic those observed when the animal is placed in a
cold environment (Mohammed et al., 2018). Yet under physiological conditions, these POA
neurons do not participate as temperature sensors; instead, they function as thermoregulatory
actuators whose activity is governed by afferent information conveyed by thermosensory
neurons situated outside of the brain (Morrison, 2016; Tan and Knight, 2018). This
arrangement allows adaptive responses to be engaged before brain temperature changes, a
prerequisite if the goal is to preserve constancy of brain temperature.

Why then should these POA neurons possess molecular machinery that enables them to
sense and respond to changes of ambient (brain) temperature? While the answer is unknown,
a likely possibility is that the intrinsic thermosensing capacity of POA neurons serves as a
back-up or “fail-safe” system that can be engaged in the event that brain temperature
changes - which happens only if the physiological system has either failed or is
overwhelmed by environmental extremes. An alternative hypothesis is that information
related to brain temperature offers a baseline against which afferent information from
outside the brain can be compared, thereby enabling “anticipatory” responses to be engaged
before the brain temperature has changed. These two possibilities are not mutually
exclusive, and each may apply.

The overarching point is that even though subpopulations of POA neurons exist that are
themselves thermosensitive, they do not generate the primary afferent temperature sensing
information used under physiological conditions (Morrison, 2016; Tan and Knight, 2018).
Instead, their thermosensitive properties identify them as components of the integrative/
effector limb that transduces relevant sensory input into efferent responses crucial to
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effective thermoregulation, with the overarching goal of ensuring that brain temperature
does not change (Bratincsak and Palkovits, 2005).

IV. A parallel to glucose sensing by the brain?

Just as brain temperature is biologically defended by a highly effective thermoregulatory
system, brain glucose levels appear to remain relatively constant over time, even in the face
of fluctuating plasma levels (Dunn-Meynell et al., 2009; Fioramonti et al., 2017; Langlet et
al., 2013). Based on the above considerations, it is difficult to envision how sensing of
glucose of within brain ISF alone could constitute an afferent signal that accounts for this
degree of homeostatic control. Stated differently, reliance on afferent input based primarily
on local glucose levels in brain ISF ensures that brain glucose levels must change before
effector responses are engaged. Beyond this bedrock principle of physiology, the delayed
and blunted change of brain ISF glucose levels following a corresponding change in the
plasma level would further limit the effectiveness of a system designed to maintain stability
in the supply of glucose to the brain. Therefore, just as effective brain control of core body
temperature relies on cutaneous (as opposed to brain) temperature sensing, we submit that
effective brain control of whole-body glucose homeostasis is contingent upon the capacity to
sense the circulating glucose level, rather than relying primarily on glucose sensing in brain
ISF.

Of course, it is possible that under physiological conditions, the endocrine pancreas controls
glucose homeostasis without help from the brain, and that brain glucose sensing impacts
whole-body glucose homeostasis only under pathological conditions sufficient to impact
glucose levels in brain ISF (7.e., hypoglycemia). Indeed, this possibility constitutes a major
obstacle to broad acceptance of the notion that the control of glucose homeostasis is
achieved via cooperative interaction between brain and islet, as we and others have proposed
(Schwartz et al., 2013).

But glucose-stimulated insulin secretion is clearly regulated by autonomic input under
physiological conditions (Deem et al., 2017), and glucose-sensitive neurons are in fact found
in sites outside the brain that are exposed to the circulation. As one example, neurons
innervating the hepatic portal vein have well-described glucose-sensing properties
(Donovan, 2002). As such, these neurons are uniquely positioned to function in meal-related
glucose sensing, since calories absorbed from the GI tract are absorbed directly into the
hepatic portal vein before entering systemic circulation.

Indeed, the resulting gradient between portal and systemic glucose levels has been identified
as an afferent “portal” signal that triggers the marked increase of liver glucose uptake that
occurs during a meal (Moore et al., 2012). Moreover, physiological control of hepatic
glucose uptake during a meal appears to be governed by a brain mechanism activated in
response to the portal signal created by the meal-induced influx of glucose into the hepatic
portal vein from the Gl tract. The underlying mechanism appears to involve reduced
sympathetic outflow to the liver, which in turn activates liver glucokinase, an enzyme that
catalyzes glucose phosphorylation and is rate-limiting for hepatic glucose uptake (Coate et
al., 2013; Dicostanzo et al., 2006)
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As the Gl tract is also endowed with glucose-sensing neurons that can transmit afferent
information relevant to nutrient ingestion (Williams et al., 2016), this input together with
that that from the hepatic portal vein has been described as portal-mesenteric vein (PMV)
glucose sensing. Activation of this PMV glucose sensing circuit (e.g., in response to
hypoglycemia in the portal-splanchnic circulation) activates neurons in the NTS via spinal
afferent nerves (predominantly sympathetic), rather than the vagus nerve (Chan and
Sherwin, 2014; Jokiaho et al., 2014; Watts and Donovan, 2010). From the hindbrain,
ascending catecholaminergic projections relay this afferent information to the hypothalamus,
where it is specifically implicated in the response to hypoglycemia that is slow in onset
(Chan and Sherwin, 2014; Jokiaho et al., 2014; Watts and Donovan, 2010). Neurons in the
NTS also project extensively to the parabrachial nucleus, which contains neurons that
project in turn to the VMN and are involved the response to glucopenia (Flak et al., 2014;
Garfield et al., 2014).

However, since PMV glucose sensing is not particularly useful as a measure of the systemic
glucose level in the non-fasted state, a search for other glucose-sensitive neurons that are
exposed to the systemic circulation is warranted. Consistent with this notion, neurons with
glucose-sensing properties have been identified in brain areas located within or in close
proximity to circumventricular organs (CVOs), which sit outside the BBB and hence are
exposed directly to the circulating glucose level. Among these brain areas are the
ventromedial portion of the arcuate nucleus and adjacent median eminence (ARC-ME), as
well as the nucleus of the solitary tract (NTS) and area postrema in the hindbrain (Boychuk
et al., 2015; Murphy et al., 2009; Wang et al., 2004). The extent to which such neurons
constitute a relevant source of afferent input to the brain’s glucoregulatory system warrants
careful study.

Returning to the question posed earlier, if the afferent limb of the brain system controlling
glucose homeostasis involves neurons that sense circulating glucose levels directly, what
role in glucose homeostasis might be played by glucose-sensitive neurons situated behind
the BBB? One possibility is that the primary role of such neurons is unrelated to glucose-
sensing per se, at least under physiological conditions, and that this glucose-sensing capacity
is a marker of hypothalamic effector neurons situated downstream of neurons that constitute
the afferent limb of the system. Another possibility mentioned earlier is that glucose sensing
by neurons situated behind the BBB constitutes a “baseline” signal to which incoming input
generated in response to changing plasma glucose levels is compared as part of an
integrative process that controls the efferent limb of the system. These models are again
analogous to the key role played by POA neurons that, despite being thermosensitive
themselves, rely upon afferent input from the skin to mount effector responses that enable
effective thermoregulation.

Accordingly, the afferent and efferent limbs of the brain’s glucoregulatory system should be
distinguishable from one another, with the afferent limb being comprised of neurons situated
outside of, or with access across, the BBB and the efferent limb situated in areas behind the
BBB, such as the VMN (by analogy to the organization of neurocircuits involved in
thermoregulation). After all, changes in the activity of glucose-sensitive neurons in the VMN
and elsewhere can potently influence both the plasma glucose level and the secretion of
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insulin and glucagon (via changes in autonomic output to liver and pancreas) (Fioramonti et
al., 2017; Kang et al., 2006; Meek et al., 2016; Pozo and Claret, 2018; Zhou et al., 2018).
Moreover, the activity of glucoregulatory neurons in the VMN comprising the efferent limb
of the system is known to be influenced by ascending input from projections from the
parabrachial nucleus (Flak et al., 2014; Garfield et al., 2014) (a brain area richly supplied
with projections from the NTS).

With this background, it is not difficult to envision afferent input regarding glucose levels in
the GI tract and hepatic portal vein being transmitted via spinal afferents to the hindbrain
(Chan and Sherwin, 2014; Donovan, 2002; Jokiaho et al., 2014; Watts and Donovan, 2010),
and from there to the VMN (Flak et al., 2014; Garfield et al., 2014). At the same time,
information relevant to systemic (rather than PMV) glucose levels may be transmitted to the
VMN by way of glucose-sensing neurons located outside the BBB, potentially including the
ventromedial arcuate nucleus, median eminence, NTS, area postrema, or some combination
thereof. On theoretical grounds, neurons in these areas are ideally positioned to provide
acute, direct signals regarding glucose levels in the circulation that the brain uses to mount
efferent responses.

This organizational scheme, illustrated in Figure 1, warrants consideration in part because if
proven correct, it will have a major impact on the interpretation of previous experimental
outcomes. As one example, a key role for VMN glucose-sensitive neurons in the
counterregulatory response (CRR) to hypoglycemia has been inferred from classic studies
demonstrating that Z)the CRR to hypoglycemia is sharply blunted by infusion of glucose
directly into the VMN (Borg et al., 1997), and 2) induction of glucopenia locally in the
VMN is sufficient to elicit CRRs even in the absence of systemic hypoglycemia (Borg et al.,
1995). These findings appear to show that VMN glucose-sensing is both necessary and
sufficient to explain the adaptive response to hypoglycemia.

However, a different interpretation can be drawn from these studies if glucose-sensitive
VMN neurons are viewed as components of the efferent (or integrative), rather than the
afferent, limb of the glucoregulatory system. Specifically, local glucose infusion into the
VMN is predicted by either modelto block circuit activation during systemic hypoglycemia,
because neurons comprising the efferent limb are themselves glucose-sensitive. The effect
would be analogous to using optogenetic silencing of VMN neurons that drive the CRR to
prevent effective counterregulation, as has been reported (Meek et al., 2016). Thus, even if
the source of afferent input is derived from neurons situated elsewhere, activation of the
efferent limb can be blocked by the experimentally-induced increase of glucose
concentrations locally in the VMN.

By the same token, induction of glucopenia locally in the VMN is predicted to activate the
circuit (and hence generate CRRs) independently of physiologically-relevant afferent input,
because VMN neurons comprising the effector limb are themselves inherently
glucosesensitive and can be potently activated by local glucopenia - even if this is not how
glucopenia is detected under physiological conditions. Indeed, selective activation of VMN
neurons is sufficient to robustly engage CRRs and thereby cause hyperglycemia in otherwise
normal animals (Meek et al., 2016) (Faber et al., 2018), so it is not surprising that the same
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response is elicited by local glucopenia. But such an outcome does not establish a role for
VMN glucose-responsive neurons as primary sensors of hypoglycemia - only that the
activation of these neurons potently drives the CRR.

In other words, we interpret these studies to show that direct manipulation of the effector
limb (by manipulating local glucose levels in local brain ISF) can activate (or block) effector
responses opposite to what would otherwise occur if the system were functioning properly
and, as before, a parallel to the organization of the thermoregulatory system can be drawn.
For example, to investigate whether thermal sensing by POA neurons is required for the
adaptive response to a change of ambient temperature, one may wish to determine if
thermos-induced cooling of the POA blocks the adaptive response to heat exposure. A
positive outcome from this study, however, would not necessarily imply that hypothalamic
warming is required for an intact response to a warm environment. Instead, it merely
confirms that the effector limb of the thermoregulatory neurocircuit is itself comprised of
thermosensitive neurons, and that experimentally manipulating the activity of these neurons
can engage the system in ways that are sufficiently powerful to overwhelm its normal
function (Mohammed et al., 2018).

Insight into the validity of this model can potentially be gained by determining if
homeostatic responses to a change of circulating glucose levels are mounted prior to a
change of glucose levels in brain ISF. Of particular interest is the adrenomedullary system’s
response time (as evidenced by epinephrine release): during insulin-induced hypoglycemia,
this response occurs within seconds of the fall of blood glucose levels. Although the time
course over which hypothalamic glucose levels fall in this setting is unknown, it seems
possible (or even likely) that the epinephrine response precedes the corresponding decline of
VMN glucose levels. Should we find that glucose levels in brain ISF begin to fall only after
plasma epinephrine levels have increased, one may safely conclude that the adrenomedullary
response was initiated in response to glucose-sensing by neurons situated outside of the
BBB. A complementary approach might be to modify a non-metabolizeable glucose
analogue (e.g., 2-deoxyglucose or gold thioglucose) so as to render it unable to cross the
BBB. If systemic administration of such a compound elicits CRRs similar to those observed
in response to brain-permeable glucose analogues, one infers that peripheral glucose-sensing
mechanisms are capable of triggering CRRs in the absence of central glucopenia. Consistent
with this notion, CRRs can be induced by experimental glucopenia localized to the hepatic
portal circulation (Donovan, 2002).

In sum, we suggest that a brain system for effective whole-body glucose homeostasis
(Figure 1) cannot rely upon afferent input derived primarily from local concentrations of
glucose in brain ISF any more than effective thermoregulation can be achieved by a system
based on afferent input regarding the temperature of the brain itself. From this perspective,
efforts to distinguish between the afferent and efferent limbs of this system are a key priority
going forward.
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V. Why does it matter which neurons sense the plasma glucose level?

To more fully understand and investigate the role played by the brain in whole-body glucose
homeostasis, a crucial next step is to distinguish neuronal systems that provide afferent
glucose-sensing information from neurons comprising the effector limb that transduces this
afferent input into homeostatic responses. That this distinction has yet to be made shines a
light on the gulf that exists between our current understanding of the brain’s glucoregulatory
system and the comparably far more advanced understanding of the thermoregulatory
system.

A second consideration pertains to the possibility that defective brain glucose sensing
contributes to the defense of an elevated level of glycemia in the setting of type 2 diabetes.
Although links between defective brain glucose-sensing, obesity and type 2 diabetes have
been identified (Tarussio et al., 2014), formal testing of this hypothesis cannot proceed
without knowing where to look for the defect. Finally, a more complete understanding of the
organization and function of this brain control system may open the door to effective new
drug development strategies that target the brain to treat diabetes and related metabolic
disorders.

VI. Looking to the future.

Significant challenges will need to be overcome if we are to distinguish neuronal subsets
comprising the afferent limb from those that comprise the efferent limb of a distributed
glucoregulatory network, especially if many of the latter neurons are themselves
glucosesensitive. An important first step is to establish in greater detail the temporal
relationship between a change of glucose levels in plasma and the corresponding change in
brain ISF, and to determine whether such changes precede or follow adaptive
glucoregulatory responses.

An important unanswered question pertains to how best to distinguish those neurons that
sense the circulating glucose level from those that sense glucose present in local ISF. While
electrophysiology has been a technological mainstay of the brain glucose sensing field for
decades, this approach cannot readily distinguish these two neuronal populations from one
another. Dynamic monitoring of neuronal activity in vivo (e.g., via calcium imaging or fiber
photometry) can in theory identify neuronal subsets whose activity is responsive to a change
of circulating glucose levels, but again cannot distinguish glucose-sensitive from glucose-
responsive neurons that are situated a few synapses downstream that are activated
subsequently, but rapidly, as part of a glucoregulatory neural network.

One promising option is to determine if network responsiveness to changing blood glucose
levels is prevented by interventions that selectively disrupt the glucose-sensing function of
neurons that comprise the afferent limb of the system. To this end, efforts to identify,
characterize and functionally disrupt glucose-sensitive neurons located in or near CVOs
(such as the arcuate nucleus, median eminence or NTS) may offer an important next step
towards a more complete understanding of brain control of glucose homeostasis.
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A final possibility worth exploring is the role played by astrocytes and perhaps other glial
cells in brain glucose sensing. Unlike most neurons, astrocytes have access to the circulation
via end-foot processes that enwrap capillaries and pericytes that form the BBB. Via the
glucose transporter GLUT1, these astrocyte foot-processes efficiently transport glucose
across the BBB, and this step is implicated in physiological brain glucose transport
(Magistretti and Allaman, 2018). Upon entry into astrocytes, glucose can be stored as
glycogen or oxidized via glycolysis, either for ATP generation or to produce lactate that can
in turn be made available to neurons for use as a fuel. Indeed, a large (and somewhat
contentious) literature suggests that astrocyte-derived lactate, rather than glucose, constitutes
a primary fuel source for many neurons, particularly when they are activated (Magistretti
and Allaman, 2018). Combined with evidence pointing to a role for astrocytes in the ARC
and other brain areas as nutrient sensors (Rogers et al., 2018; Young and McKenzie, 2004)
and that astrocytes also play an obligatory role in the response of hindbrain neurons to
glucoprivation (Young and McKenzie, 2004), a potential role for astrocytes in brain glucose
sensing and its role in glucose homeostasis can be considered. Indeed, work from Rossetti
and colleagues (Lam et al., 2005) supports a model in which the glucose-lowering effect of
intrahypothalamic glucose administration is dependent on its conversion to lactate by
astrocytes. In addition, astrocyte-specific deletion of insulin receptors has been shown to
impair whole-body glucose homeostasis (Garcia-Caceres et al., 2016). Future investigation
into both the extent to which and mechanisms whereby astrocytes contribute to brain glucose
sensing in the control of glucose homeostasis may prove fruitful.
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Figure 1. Schematic illustration of negative feedback control of glucose homeostasis by the brain.
Neurons that sense the circulating glucose level (Peripheral Glucose Sensors, which may

include nerves innervating the hepatic portal vein as well as neurons in circumventricular
areas such as the arcuate nucleus-median eminence (ARC-ME) and nucleus of the solitary
tract-area postrema (NTS-AP)) are proposed to constitute the afferent “sensory” limb of this
regulatory system. This afferent information is transmitted to Central Glucoregulatory
Circuits in the hypothalamic ventromedial nucleus (VMN) and other areas on the “brain
side” of the blood brain barrier (BBB). These neurons are proposed to comprise the
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integrative/efferent limb of the brain’s glucoregulatory system. While some of these neurons
are glucose-excited (GE) or glucose-inhibited (GlI), they are not anatomically-positioned to
sense glucose in the circulation, and hence do not play a primary role in brain glucose
sensing. Instead, these neurons are responsive both to changes in the concentration of
glucose in local brain interstitial fluid (which is not closely related to the circulating level)
and to input from afferent glucose-sensing neurons, and they project onto and regulate the
output from neuroendocrine (including the hypothalamic-pituitary-adrenal (HPA) axis and
sympathoadrenal system) and autonomic control systems. Autonomic and neuroendocrine
outputs in turn affect liver, Gl tract, pancreatic islets, skeletal muscle and adipose tissue in a
highly-coordinated manner that ultimately determines the balance between glucose entry
into and disposal from the bloodstream, which in turn determines the circulating glucose
level.
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