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Abstract

Glucose is the primary fuel for the vast majority of cells, and animals have evolved essential cellular,
autonomic, endocrine, and behavioral measures to counteract both hypo- and hyperglycemia. A
central component of these counterregulatory mechanisms is the ability of specific sensory elements
to detect changes in blood glucose and then use that information to produce appropriate
counterregulatory responses. Here we focus on the organization of the neural systems that are
engaged by glucosensing mechanisms when blood glucose concentrations fall to levels that pose a
physiological threat. We employ a classic sensori-motor integrative schema to describe the
peripheral, hindbrain, and hypothalamic components that make up counterregulatory mechanisms in
the brain. We propose that models previously developed to describe how the forebrain modulates
autonomic reflex loops in the hindbrain offer a reasoned framework for explaining how
counterregulatory neural mechanisms in the hypothalamus and hindbrain are structured.

1) INTRODUCTION

True neuronal glucosensation was first defined over fifty five years ago by Mayer [71] as the
ability of certain neurons to transduce fluctuations in available glucose into electrical or neural
mechanisms that could regulate food intake. It has been known for about 40 years that some
neurons possess this ability [84]. More recently, the nature and location of brain glucosensing
mechanisms has received a great deal of attention. For the most part this is because of the desire
to understand how the brain controls metabolism in both health and disease, particularly with
regard to diabetes and obesity. Consequently, elucidating the role played by brain glucosensing
mechanisms in generating pathological counterregulatory responses has been particularly
prominent [64,70].

Plasma glucose concentrations are normally maintained between 3.0-5.6mM, but can vary
between 2mM and 10mM or higher in pathological conditions. Within the brain however,
cerebrospinal fluid is buffered to the extent that the range within which glucose concentrations
vary is much lower and narrower (0.5-2.5mM). Many electrophysiological studies have now
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clearly shown that some neurons possess specialized mechanisms that allow them to act as
glucosensors and alter their firing rates with fluctuating ambient glucose concentrations. The
terms glucose-excited (GE) and glucose-inhibited (GI) have been introduced to describe
neurons that increase or decrease their firing rate as local glucose concentrations rise [64,
102].

GE and GI neurons are found at various location in the brain, but attention is most closely
focused on those in the hindbrain and hypothalamus. However, important glucosensing
elements are also found in the hepatic portal/mesenteric vein (PMV), gut, carotid body, and
oral cavity. Those in the PMV encode information about blood glucose fluxes just before it
enters the liver from the gut. This information is conveyed to the hindbrain by way of the vagus
nerve and spinal cord [38,79,118]. These widely distributed glucosensors therefore collectively
constitute important entry points into the brain for information about circulating glucose. The
brain then assimilates this information with other neural procesess to influence the behavioral,
autonomic, and neuroendocrine motor functions that regulate metabolism.

This review will focus on the organization of the neural networks engaged by glucosensing
elements in the brain and PMV. Our goal is to provide a neuroanatomical framework for
considering how information derived from glucosensory mechanisms is distributed within the
brain to control counterregulation. Although a basic outline of these networks was proposed
twenty five years ago by Oomura [86], detailed knowledge of their functional organization has
remained sparse despite the large amounts of detailed information now available on the
connectional organization of regions containing glucosensing neurons (see [92,108,127] for
reviews). This connectional information provides a rich framework for both developing and
constraining models for how the brain uses information from circulating glucose to control
metabolism.

Before discussing the functional organization of these networks in more detail, it is worth
briefly considering the motor actions they engage.

Counterregulation

Counterregulatory responses to hypoglycemia consists of a coordinated group of endocrine
and behavioral events [28]. The effects of these responses are temporally distributed in a way
that not only restores euglycemia, but also provides an adaptive mechanism to deal with a state
—or potential state—of negative energy balance. Primary responses consist of a reduction in
plasma insulin concentrations, and increases in plasma epinephrine (and nor-epinephrine) and
glucagon. These events are essentially reactive, and will rapidly increase plasma glucose by
decreasing glucose uptake into cells and increasing hepatic glucose production. Secondary
responses include a rapid increases n plasma glucocorticoid, and growth hormone
concentrations. The downstream effect of glucocorticoid and growth hormone are more
adaptive than reactive responses because they provide the animal with the ability to modify
metabolic processes over longer periods of time. Finally, hypoglycemia can also stimulate
feeding behavior thereby increasing the availability of fuels within the body. These
counterregulatory responses collectively provide the animal with the ability to maintain
euglycemia in the face of severe glycemic challenges.

Although hypoglycemia is an important complication in the management of type 1 diabetes,
under normal circumstances animals may never encounter the depth of hypoglycemia required
to activate all these responses. In this respect a full counterregulatory response is analogous to
the increased plasma angiotensin 1l that follows hemorrhage or severe hypovolemia. Full
angiotensin Il release may never be fully engaged in an animal’s lifetime, but like
counterregulation, the capacity remains a critical and potentially life saving mechanism.
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2) CIRCULATING GLUCOSE AS A INTEROSENSORY STIMULUS

A Basic Model For Sensory-Motor Integration

The basic principles of sensory-motor integration form a cornerstone of modern neuroscience.
Thus, for any particular modality, sensory information is first transduced by specific receptor
elements, which then engage dedicated projections (‘labeled lines’) to take the encoded
information in two directions. First, into networks located proximal to motor neurons to control
their activity in a reflex manner; or second, more deeply into the brain where information
eventually reaches the cortex and is perceived as a sensation. Complex mechanisms will also
integrate ascending sensory signals with the output from other neural processes (arousal state,
circadian clock signals, reward, learning and memory, etc.) to generate complex and
coordinated motor actions (eg. [127] for review). This basic arrangement—first advocated by
Cajal and Sherrington—has since been clarified by literally thousands of studies.

Circulating glucose as a humerosensory stimulus

Although this schema was developed to explain the sensory-motor integration that controlled
striated musculature (ie. behavior), the principles upon which it is based have also been used
to consider the organization of systems controlling autonomic and neuroendocrine motor
outputs, at least in terms of their primary components [67,92,99,120,125,127]. In this way
sympathetic, parasympathetic, and neuroendocrine motor neurons each have premotor control
networks that manage simple output patterns (eg. pulsatile hormone release, cardiovascular
reflexes, counterregulatory responses, etc.). But the networks responsible for individual
hormone release patterns are also modulated by more widely derived influences. This
integration allows complex and coordinated autonomic and neuroendocrine output patterns
that are often linked with appropriate adaptive behaviors.

If we consider glucose as an interosensory signal that engages specific neural networks in the
brain to influence behavioral, autonomic, and neuroendocrine motor function, then this general
scheme offers us a framework for considering how these networks might be arranged.

Basic Organization of a Network for Glucosensory-Motor Integration
Four main components make up the network (Fig. 1):

1. Glucosensing elements responsible for detecting glucose fluxes and transducing them
into altered neuronal firing rates.

These are located in the PMV, hindbrain, and hypothalamus. Other possible
locations in the brain have not been explored in any detail.

2. Downstream integrative networks that receive direct projections from glucosensing
elements.

Neurons in the integrative networks are primarily located in the hypothalamus
and hindbrain [67,92,117]. However, the projection patterns of many regions
engaged by glucose fluxes means that parts of the telencephalon may also
participate in modulating counterregulatory responses.

3. Networks and neurons responsible for pre-motor control.

These neurons are defined by their direct projections to autonomic pre-ganglionic
or neuroendocrine motor neurons. They are located in rather well-defined sets of
cell groups found throughout the brain [23,67,92,96,111,117,125].

4. Motor neurons responsible for controlling autonomic and neuroendocrine output.
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These are located in the hypothalamus, hindbrain, and in autonomic ganglia.
Their output controls and/or modulates effector cells in the adrenal medulla
(chromaffin cells), anterior pituitary (corticotopes and somatotropes), and
pancreatic islets (a- and p-cells)

Figure 1 uses the classic sensory-motor integration model to organize these components into
a neural network that hypoglycemia can engage to generate counterregulatory responses. Its
structure has a number of important functional implications.

Flrst, it provides an opportunity for ‘reflex’ release of counterregulatory hormones. The classic
definition of a reflex action involves direct engagement of pre-motor/motor networks by the
output from sensory transduction elements with little or no integrative processing. This implies
that glucose is able to influence counterregulatory processes more or less directly, and requires
that the pre-motor or motor neurons themselves express the cellular mechanisms for
glucosensing or receive direct projections from glucosensing neurons. Currently it is unclear
whether this happens, primarily because the precise location and phenotype of most
glucosensing neurons is unknown. However, recent reports have identified glucosensing
neurons in the dorsal motor nucleus of the vagus (DMX) [5], which houses pre-ganglionic
parasympathetic neurons that can influence islet function. Furthermore, the existence of
hindbrain glucoreceptors, together with the fact that glucosensing information from the PMV
important for sympathoadrenal responses is relayed by spinal pathways [38] that most likely
terminate in the the NTS, raise the possibility of hindbrain ‘reflex loops’ for counterregulatory
responses that require little or no input from the forebrain.

In terms of the motor elements themselves, there is no evidence that glucose acts directly on

chromaffin cells to increase epinephrine secretion, or that CRH neurons in the paraventricular
nucleus of the hypothalamus (PVH) are themselves glucosensing. Although glucose obviously
has direct effects on a- and B-islet cells to control glucagon and insulin release, these actions
are neurally modulated but not neurally mediated [eg. 62].

Second, projections from glucosensing elements into the integrative networks of the hindbrain
and hypothalamus provide a way for information about circulating glucose to be incorporated
with inputs from other regions in the brain for example, circadian influences. Thus, projections
from the suprachiasmatic nucleus (SCH) can, by way of the sub-paraventricular zone and
dorsomedial nucleus (DMH), be integrated with glucosensing information from the hindbrain
to affect the magnitude of ACTH and glucocorticoid responses to hypoglycemia across the day
(Fig. 2 [45,52]).

Third, the arrangement shown in Figure 1 provides a way for changes in blood glucose to
influence a range of non-counterregulatory functions such as reproduction, by engaging
separate pre-motor and motor networks (Motor Output 2 in Fig, 1) [99].

Finally, we should note that the role of any one particular brain region is likely to be more
complex than is apparent from this simple model, and that the overall contributions of a
particular anatomically defined region may span more than one of these hierarchical levels.
For example, parts of the LHA contain glucosensing neurons, pre-autonomic neurons, and also
contribute to the integrative networks (Fig 3). Similarly, some neurons in the VMH and ARH
are glucosensing, while other VMH and ARH neurons probably act at the integrative network
level.

The next three sections provides a more detailed description of the components and their
projections at each level of Figure 1.
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3) DISTRIBUTED NETWORK OF GLUCOSENSORS

Electrophysiology is currently the most rigorous method for identifying glucosensing neurons,
but it has limited ability to map the precise locations of large numbers of neurons. The complex
and perhaps multiple cellular mechanisms that underlie glucosensation [64,70] have made it
difficult to find specific neuroanatomical markers for glucosensing neurons. It therefore
remains unclear exactly where most glucosensing neurons are located in relation to precise
neuroanatomical borders. However, there is consensus from many studies that important
glucosensors for various counterregulatory responses are found in at least three locations: the
hepatic portal-mesenteric veins (PMV), the hindbrain, and the hypothalamus (Fig. 1).

Hepatic Portal/Mesenteric Vein

Hindbrain

The presence of glucose sensors in portal hepatis was first proposed by Rusek [90] based on
the ability of portal glucose infusions to suppress hypoglycemia-induced hunger. It was
subsequently shown that the sympathoadrenal response to hypoglycemia could be severely
diminished by normalizing blood glucose levels in the portal vein alone [34,48]. Further,
denervating the portal and mesenteric veins via topical phenol [49] or capsaicin [39] is equally
effective in reducing counterregulatory responses to hypoglycemia. The portal-mesenteric
glucose sensors appear particularly important when hypoglycemia develops slowly (as is the
case in most clinical situations), accounting for 90%-95% of the sympathoadrenal response
[91].

It has been known for some time that certain neurons in the CNS will respond to elevations in
portal vein glucose levels. The majority of identifiable glucose sensitive neurons in the LHA
[100] and NTS [1] also respond to portal vein glucose infusions. More recently it has been
shown that hypoglycemia-induced FOS activation in the hindbrain is largely eliminated by
chemical denervation of the PMV [12]. However, the route used to transmit portal-mesenteric
glucosensation to the CNS remains somewhat controversial. Niijima [77,78] reported an
inverse correlation between afferent discharges in the hepatic branch of the vagus and portal
glucose concentrations. These observations have led to the widely held belief that glucose
sensing in the portal vein is mediated by vagal afferents [79,118]. However, evidence from
several studies casts doubt on this conclusion. Acute interruption of vagal transmission failed
to impact upon the counterregulatory response to insulin-induced hypoglycemia [22,50].
Furthermore, chronic sectioning of the hepatic vagus or subdiaphragmatic vagus (bilateral)
maintains normal sympathoadrenal responses to hypoglycemia [38]. In contrast, animals
undergoing celiac-superior mesenteric ganglionectomy demonstrate a profound reduction in
their catecholamine response to hypoglycemia [38]. As the celiac ganglion is located caudal
to the site of the bilateral subdiaphragmatic vagotomy, these results indicate a spinal origin for
those glucose-sensitive afferents innervating the portal vein. The portal vasculature is richly
innervated by afferent fibers of spinal origin [6,7] and the majority of CGRP and substance P
containing sensory neurons innervating the portal vasculature are spinal in origin [43]. Thus,
the portal vasculature appears to be innervated by two sets of glucose-sensing afferents, i.e.
vagal and spinal. Since the vagal afferents have been implicated in feeding behavior [107],
spinal and vagal afferents may serve opposing functions analogous to those proposed for the
glucose-excited and glucose-inhibited neurons of the CNS [64].

The hindbrain houses important glucosensing elements [4,68], and although the precise
location and nature of all these neurons is not known, the area postrema [40], the nucleus of
the solitary tract (NTS) and the DMX all contain neurons that behave as classic glucosensors
[5,73].
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Hypothalamus

Neurons whose firing rates are altered after changes in ambient glucose concentrations were
first identified in the hypothalamus [3,63-65]. Since then two hypothalamic locations have
received most attention with regard to glucosensation.

Lateral Hypothalamic Area—The lateral hypothalamus (LHA) is large heterogeneously
organized region that extends the entire length of the hypothalamus. It has long been associated
with metabolic regulation. First, as a region that is important for feeding behavior [2]; as a site
of glucosensing neurons [83,84]; and then with the discovery of orexin, as a region that can
integrate metabolic and arousal state regulation [80]. Unfortunately, detailed information about
the precise location of LHA glucosensing neurons is lacking, making it difficult to correlate
this information with other functional and connectional aspects of the LHA.

Ventromedial Hypothalamus—Since the original identification of glucosensing neurons
in the hypothalamus, much evidence has shown that neurons in the ventromedial hypothalamus
—which includes the ventromedial (VMH), arcuate (ARH), and tuberal (TU) nuclei—play a
critical regulatory role in developing sympathoadrenal and glucagon responses to
hypoglycemia [eg. 10,13,14,24,25,102]. Although Ono reported glucoresponsive neurons
recorded in vitro were located “near the center of the VMH?, (they illustrate examples in what
appears to be the dorsomedial part of the VMH [82]), the exact locations of most glucosensing
neurons in the ventromedial hypothalamus have not been mapped in any detail.

At this point it is worth making a comment about nomenclature. The abbreviation ‘VMH’ is
sometimes used—often without further critical definition—to denote the ‘ventromedial
hypothalamus’. This is a region encompassing a number of hypothalamic nuclei. Others use
“‘VMH?’ for the ‘ventromedial nucleus of the hypothalamus’, which is a well-defined and
discrete cell group. VMN is often used to denote the ventromedial nucleus of the hypothalamus.
Because the ‘ventromedial hypothalamus’ and ‘ventromedial nucleus of the hypothalamus’ are
overlapping but different regions, using the same acronym for both has led to a great deal of
confusion (see also [59]). We will use “VMH’ to denote the ‘ventromedial nucleus of the
hypothalamus’, and will spell out the term “ventromedial hypothalamus’ in full when we refer
to that region. Our usage derives from the neuroanatomical convention used by both Swanson
[109] and Paxinos & Watson [87].

4) PRE-MOTOR CONTROL

Counterregulatory responses are regulated by sets of pre-motor neurons that provide direct
projections to the appropriate neuroendocrine motor and preganglionic neurons in the
hypothalamus, hindbrain, and spinal cord. Although some of these pre-motor neurons were
firstidentified using conventional single neuron tracing techniques, the transneuronal transport
of viral particles has proved the most revealing technique for those neurons that provide pre-
motor and integrative projections into specific peripheral targets. In this way, injections of
virus into the pancreas [18,51] or adrenal gland [55-57,106] have shown which regions in the
hindbrain and hypothalamus contain pre-motor and integrative projection neurons (Fig. 3 &
Fig. 4). These studies have shown that many of the same locations in the hindbrain and
hypothalamus constitute the pre-autonomic network for regulating adrenal and pancreatic
function. Although some degree of topographic distribution has been noted for those neurons
within hindbrain and hypothalamic pre-motor networks associated with particular functions
[20,92,132], further studies are needed to clarify exactly which specific neurons are responsible
for particular counterregulatory functions, and where they are located.
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Injections of pseudorabies virus into the pancreas or adrenal gland have identified a limited
number of hindbrain regions that provide pre-motor regulation for counterregulatory function
(Fig. 3) [18-20,51,57,106]. These are the NTS, locus coeruleus, the A5 catecholamine cell
group, rostral ventrolateral medulla, lateral paragigantocellular reticular nucleus, and
medullary raphe nuclei. Interestingly, some of these regions contribute only to pre-autonomic
parasympathetic regulation of the pancreas (the NTS, locus coeruleus), while others
contributed to both parasympathetic and sympathetic control networks (the A5 catecholamine
cell group, rostral ventrolateral medulla, lateral paragigantocellular reticular nucleus) [18.51].

Hypothalamus

We have known for many years that the hypothalamus contains sets of neurons that project to
the hindbrain and spinal cord (eg. [94,111]) and can potentially regulate autonomic function
in general, and counterregulation in particular [76]. Like the hindbrain, injections of viruses
into the adrenal gland and pancreas have revealed pre-autonomic hypothalamic neurons in
some detail [8-20,51,57,106]. Thus the PVH, LHA and retrochiasmatic area (RCH) in
particular contribute to hypothalamic pre-autonomic control of these tissues, thereby providing
the most direct way for the hypothalamus to engage the autonomic motor components of
counterregulation (Fig. 4).

Paraventricular Nucleus—The PVH is a major hypothalamic region for counterregulation.
It contains two functional parts; sets of parvicellular and magnocellular neuroendocrine
neurons that project to the posterior pituitary or the median eminence, and a set of parvicellular
neurons that project caudally to the hindbrain and spinal cord [111]. Some of these PVH
neurons are key players for two different aspects of counterregulation.

First, the fact that injections of NPY, NE, or opiate agonists into the PVH, each of which
increase plasma epinephrine and glucose concentrations [60,63] show that some PVVH neurons
with descending projections can regulate plasma glucose concentrations. The descending PVH
projections responsible for regulating the adrenal medulla and pancreas have been revealed by
virus injections in these organs [8-20,51,57,106]. Labeled neurons are found in the lateral,
dorsal, and ventral parvicellular parts of the PVH. It should be noted that these neurons are
quite distinct, both functionally and neuroanatomically, from medial parvicellular
corticotrophin-releasing hormone (CRH) and TRH neuroendocrine neurons, which are never
labeled by virus injections into the peripheral organs [51].

Second, CRH neuroendocrine motor neurons in the medial parvicellular (mp) part of the PVH
drive the release of ACTH and glucocorticoid. Glucocorticoids are important metabolic
hormones for the later stages of the counterregulatory response [28]. Hypoglycemia is a potent
stimulus for ACTH release and like other components of counterregulation, is triggered when
plasma glucose concentrations reach a distinct threshold [28]; in the rat, this is approximately
3.25mM (Fig. 2 [45]). The key glucosensing elements for ACTH release are located in the
hindbrain rather than the hypothalamus [4,89]. These elements then engage catecholaminergic
projections that densely innervate the PVH [89].

The PVH receives sets of projections from other hypothalamic regions that are key for
metabolic regulation. In particular, the ARH [17,97,], LHA [97,128], and DMH [97,115] all
provide strong projections into the PVH that likely play important modulatory roles for shaping
counterregulatory responses.
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Finally, it is worth noting that despite the presence of various genes and proteins linked to
glucosensation [68,88], clear electrophysiological evidence of glucosensing neurons in the
PVH is lacking.

Lateral Hypothalamus—The first studies to examine descending hypothalamic projections
with sensitive neuroanatomical tracing techniques identified the LHA as an important source
of projections to the hindbrain and spinal cord (eg. [94]). These findings have now been
confirmed many times. More recently, virus injections into the pancreas or adrenal gland have
shown which LHA neurons might control counterregulatory function [18-20,51,55,56].
However, their precise locations have yet to be mapped onto fine grained maps that will allow
comparison with other data.

Given the extremely complex nature of the LHA, a complete picture of all LHA projections is
still lacking. However, some general observations are apparent. First, the LHA provides
complex ascending and descending projections. Many of these projections contain orexin or
MCH, including some that are labeled after virus injections in the adrenal gland [56]. Other
peptidergic LHA neurons, including those expressing neurotensin and in some circumstances
CRH, also provide descending projections [23,54]. Second, the LHA has more local and often
bidirectional projections with other hypothalamic regions concerned with counterregulation
including the VMH [21], ARH [16,17], and PVVH [97,128]. These projections provide a
substrate for complex regulatory actions on counterregulatory function within the
hypothalamus.

Atthis point it is worth noting that attempting to assign discrete LHA loci to particular functions
has proved extremely difficult primarily because of our poor understanding of how the many
LHA cell groups are organized. Consequently there is often no clear anatomical framework
for considering different sets of experimental data. This difficulty, together with the fact that
the medial forebrain bundle—the most complex fiber tract in the rodent brain—runs through
the LHA, has greatly complicated the interpretation of experiments aimed at manipulating LHA
function, particularly with lesions or injections. To help clarify LHA structure, Swanson and
his colleagues have proposed that it is comprised of at least 9 different regions, some of which
can be further subdivided [109,113]. Although many of these regions are seemingly poorly
differentiated from each other, the nature of their connections provides a basis for more explicit
parcellation (see [113]). Continually refining our understanding of LHA structure and
connectional organization should provide a better framework for understanding how this large
and complex region contributes to metabolic regulation.

Retrochiasmatic Area—The retrochiasmatic area is a located in the ventral part of the
hypothalamus between the suprachiasmatic nucleus rostrally, and the ARH caudally. Like the
LHA, the RCH contains retrogradely labeled neurons after injections of tracer in the spinal
cord and hindbrain [35], and virus injections into the pancreas or adrenal gland. Little is
currently known about the specific role of RCH neurons in counterregulatory function.

5) INTEGRATIVE NEURAL NETWORKS ENGAGED BY GLUCOSENSORS

HINDBRAIN

Having discussed the sensory and pre-motor components of glucosensing networks, we now
ask how sensory and motor components might be linked to form a functional network.

Hindbrain neurons function as glucosensors, as recipients of the neural pathways engaged by
glucosensors in the PMV, and as components of important premotor networks (Fig. 3). But the
organizational details for how they integrate glucosensory information with other hindbrain
systems to regulate counterregulatory responses remains unclear, primarily because the
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chemical phenotypes and connections of the all neurons directly involved with
counterregulation are mostly uncharacterized. The potential for other hindbrain regions such
as the parabrachial nucleus or the A2/C2 catecholaminergic neurons in the NTS to influence
counterregulation is clear from their strong bidirectional projections with hypothalamic and
hindbrain regions implicated in adrenal or pancreatic function. However, without sensitive,
specific, and rapid markers of neuronal activation to identify neurons that respond specifically
to hypoglycemia (see 129]), it remains difficult to determine which hindbrain neurons are
intimately involved with integrating glucosensory information, and how they are
connectionally and functionally organized.

HYPOTHALAMUS

Dorsomedial Nucleus—The DMH has long been linked to metabolic control (eg. [9]),
including counterregulatory ACTH responses to hypoglycemia [37]. This influence is
mediated, at least in part, by its strong projections to the P\VH. The DMH also likely plays a
pivotal role in mediating time-of-day effects on metabolic processes [53,95], as exemplified
by the differential ACTH responses to hypoglycemia across the day (Fig. 2).

Projections of the Dorsomedial Nucleus: Figure 5 shows that DMH projections are generally
confined to the forebrain; few substantial projections are seen further caudal than the
periaqueductal gray [115,116]. This pattern supported the idea that the DMH acts as a
visceromotor coordinator or pattern generator [117]. DMH neurons are labeled by virus
injections into the adrenal, but the survival time required for a significant labeling suggests
that labeling is derived primarily from projections to the PVH [18,55]. These findings are
consistent with a DMH contribution to an integrative network that influences the output
patterns of hypothalamic pre-autonomic neurons (Fig. 4), particularly in the PVH, and RCH
[117].

Ventromedial Nucleus of the Hypothalamus (VMH)—The VMH is most closely
associated with three distinct functions: female sexual behavior, territoriality, and metabolism,
making it a good candidate component in the hypothalamic integrative network for metabolic
regulation. However, the precise role of the VMH in metabolic regulation has been vigorously
debated for many years (eg. [44,59]) primarily because of the apparent discrepancy between
functional and neuroanatomical data. A solid body of studies demonstrates an important role
for the VMH in glucosensing and counterregulation [10,13,24,25,102,119]. Yet the
neuroanatomical substrates of these effects remain frustratingly elusive, and reconciling these
many and diverse studies has proved difficult.

The structure of the VMH is quite complex. In keeping with its diverse functions, the
ventrolateral part of the VMH shows very strong expression of both gonadal steroid receptors,
while the dorsomedial part preferentially expresses the short form of the leptin receptor and
exhibits increased Fos protein in response to peripheral leptin injections [36].

Unlike neurons of the PVH and ARH whose dendrites tend to remain within the confines of
the nuclear borders, VMH dendrites extend far out into the adjacent neuropil and often into the
neighboring DMH, LHA, and ARH [72,114,121,122]. This structural complexity of the VMH,
together with its proximity to the ARH, complicates the interpretation of experiments involving
lesions or the injection of pharmacological or pathway tracing agents.

Projections of the Ventromedial Nucleus: Fine-grained anterograde tracing studies show

that the three different parts of the VMH have rather distinct projection patterns [21]. But the
VMH as a whole has a large and complex output. It is directed primarily towards targets in the
diencephalon, telencephalon, and periaqueductal gray. (Fig. 5) Critically, tract tracing studies
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have consistently failed to identify direct connections between any part of the VMH and those
regions in the spinal cord and hindbrain most closely associated with autonomic motor
regulation [21,12,93,94,96,111]. Indeed, like the DMH, any VMH projections found further
caudal than the periaqueductal gray are remarkably sparse (Fig. 5; [21]). Furthermore,
injections of viral particles that migrate across synapses in a retrograde direction to label
second-order projections have consistently failed to label significant numbers of VIMH neurons
when injections are made into the liver, pancreas, or adrenal gland [18,51,55]. These results
clearly show that the VMH is not part of the immediate pre-motor hypothalamic regulatory
network for counterregulation.

Given the lack of direct efferent projections to the hindbrain and spinal cord, how does the
VMH regulate counterregulatory function? The most parsimonious explanation is that VMH
must first engage pre-autonomic hypothalamic elements in the LHA, PVH, and RCH (Fig. 5
& Fig. 6).

The dorsomedial part of the VMH projects quite strongly to the more rostral parts of the
perifornical LHA. Although some fibers are found lateral to the fornix most are located
medially. No study has yet attempted to match the projection pattern of VMH neurons with
the location of the pre-autonomic neurons in the LHA, and it remains unclear whether VMH
fibers project specifically to those parts of the LHA containing pre-autonomic neurons.

The PVH also receives projections from the VMH, but these are much more sparse than those
from the ARH, DMH and LHA. The more robust VMH projections into the PVH appear to
target its anterior parvicellular part rather than its more caudal regions [21,97]. The PVHap is
functionally poorly understood, but it does contain a few neurons that project to the dorsal
vagal complex and spinal cord [46,96,111] as well as a much more substantial population of
neuroendocrine neurons [101,111]. It is not known whether VMH projections to this part of
the PVH constitute a conduit by which glucosensing information is directed to the hindbrain
and spinal cord.

The VMH provides a strong input to the subparaventricular zone [21,36,124,126], which is a
major component of the system used by the suprachiasmatic nucleus to input circadian
information into hypothalamic regulatory systems [95,124]. VMH projections to the
subparaventricular zone offer one way for glucosensing and circadian information to interact
and modulate inputs to the PVH that affect counterregulatory responses (eg. Fig. 2).

Neuroanatomical data therefore show that the VIMH has projections to regions that can engage
pre-autonomic and neuroendocrine motor networks, but it remains unclear whether the parts
of the LHA and PVH that receive VMH projections contain significant numbers of pre-
autonomic neurons [21]. However, Buijs and colleagues [18] did report retrogradely labeled
virus in the VMH and ARH 5 days after injections of pseudorabies virus into the pancreas,
which they interpreted as constituting third-order neurons in the regulatory network. On this
evidence at least VMH neurons are able to access pre-autonomic neurons that regulate
pancreatic function, but the precise locations where this interaction occurs remain unknown.

Arcuate Nucleus—For many years attention focused on the ARH as controller of
neuroendocrine function because of its location within the “hypophysiotrophic area” [114]. A
role in metabolic control began to emerge when it was noted that neonatally applied
monosodium glutamate lesioned the ARH and produced obese animals [81]. But the findings
showing that NPY was potent orexigen [27,66,104], that NPY neurons were found in the ARH,
and that ARH Npy expression was elevated by streptozotocin [130] or food deprivation [15],
finally shifted interest towards the metabolic regulatory functions of the ARH. Since then the
discovery of leptin, insulin, and ghrelin receptors on ARH NPY/AgRP and POMC neurons
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[8,26,69,131], and the characterization of ARH glucosensing neurons [123] have reinforced
the idea that the ARH is a key region by which circulating metabolic signals can access control
networks in the brain [61].

Projections of the Arcuate Nucleus: The location and small size of the ARH has made it very
difficult to trace its efferent projections using conventional tracing techniques. However, the
discovery that ARH NPY neurons are the only source of agouti-related protein (AGRP) in the
brain offered a way to delineate ARH projections using immunocytochemistry, or at least those
derived from NPY/AGRP neurons. Another important cell type in the ARH are neurons
containing Pomc-derived peptides, particularly a-MSH. The use of a-MSH
immunocytochemistry has also helped delineate ARH projections. However, the fact that
POMC neurons are also found in the hindbrain complicates interpretation of ARH projections,
at least to this part of the brain.

Using AGRP or a-MSH immunocytochemistry ARH projections were seen in the
telencephalon, hypothalamus, with some descending projections reported to the periaqueductal
gray and parabrachial nucleus [17,47] that confirm an earlier report using retrograde tracing
[Moga et al, 1990]. Importantly however, few AGRP fibers were reported in the caudlal
hindbrain and spinal cord.

Within the hypothalamus, ARH neurons have strong projections to the LHA and PVH [16,
97] thereby providing a direct link with pre-autonomic control networks. NPY/AGRP neurons
provide a dense input to medial parvicellular parts of the P\VH [42] that house neuroendocrine
neurons projecting to the median eminence. However, in the rat at least, the majority of the
NPY input to neuroendocrine CRH neurons does not originate in the ARH but from
epinephrine-containing neurons in the hindbrain [42]. This input, along with norepinephrine-
containing projections, is critical for ACTH and glucocorticoid responses to glucoprivation
and hypoglycemia [58,89]. AGRP fibers are also found in part of the DMH [17,47] and within
the ventromedial hypothalamus where they circumscribe but do not enter the VMH [17].

6) THE EXTENDED NETWORK AND INTERACTIONS BETWEEN
COMPONENTS

Up to this point we have been discussing the various glucoregulatory components in relative
isolation. And to some extent, this is how have they have been viewed by the field in the past.
But it is very unlikely that this how the brain regulates metabolism. The various components
are connected, often with a degree of complexity that can provide greater flexibility for
counterregulation than can be achieved by the hindbrain or hypothalamus alone. For example,
the hindbrain contains all the requisite components for it to generate counterregulatory
responses without any forebrain intervention (Fig. 1 & Fig. 3). This notion is consistent with
the findings that chronic decerebrate rats show a robust sympathoadrenal response to
pharmacologic glucoprivic challenges [33]. However, it remains to be determined how these
animals cope with more physiological glycemic challenges.

How are these interactions mediated? We have already described descending projections from
the hypothalamus and hindbrain. But a more complete network (Fig. 6) must also incorporate
projections from the hindbrain to the hypothalamus. These connections together allow the
exchange of information in both directions and likely provide for greater adaptability in
counterregulation. It should be noted that Figure 6 omits telencephalic projections into the
extended network that are revealed using peripheral virus injections [18,51]. Whether they
contribute to counterregulation is unknown.
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Hindbrain to hypothalamic projections are many and varied. They contain a variety of
neurochemicals, the best characterized of which are those containing catecholamines. These
projections offer a good model for considering the functional implications of the wider
interactions between the different components in the hindbrain and hypothalamus.

It has been known for about 45 years that hindbrain CAergic neurons provide a rich innervation
of the hypothalamus [41]. Catecholaminergic neurons release norepinephrine (NE) or
epinephrine (E) at their terminals, and may colocalize NPY [98], galanin [65], and/or possibly
glutamate [105]. Virtually all hypothalamic regions receive some degree of catecholaminergic
innervation, but the PVH receives a particularly dense input [110]. PVH inputs originate from
a number of different hindbrain cell groups, and each provides a somewhat different
distribution to PVH subdivisions [29]. In particular, neurons in A2/C2 (medial NTS) regions
innervate parvicellular parts of the PVH including its lateral region that in turn, sends
projections back to pre-autonomic control regions in the hindbrain and spinal cord [112].

Parts of the LHA and DMH also receive significant catecholaminergic inputs [110]. However,
their density is not as robust as that innervating the PVH. Of particular importance for
considering counterregulatory mechanisms is the fact that, when examined with
neuroanatomical methods, the ARH and VMH themselves are virtually devoid of
catecholaminergic innervation [75,110] whereas their immediate surrounds are more heavily
innervated—particularly on the dorsomedial and ventromedial side of the VMH, and in the
tuberal nucleus [110].

The peri-VMH region contain VMH dendrites that extend well beyond the nucleus itself [72,
114], which may provide the structural substrate for the direct catecholaminergic-ventromedial
hypothalamic interactions revealed by Beverly and coworkers. These studies highlight the
complex interactions between the catecholaminergic innervation of the ventromedial
hypothalamus and its local glucosensing mechanisms [10,11,30-32]. Thus, insulin-induced
hypoglycemia robustly increases NE release in the ventromedial hypothalamus and the PVH
[11]. Interestingly, maintenance of local glucose concentrations in the ventromedial
hypothalamus blocks both sympathoadrenal responses to rapid insulin-induced hypoglycemia
and local NE release [32]. As well as reinforcing the role that hypothalamic glucosensors play
in developing counterregulatory responses, these studies reveal potentially critical interactions
between glucosensing mechanisms and the catecholaminergic innervation of the ventromedial
hypothalamus. But the fact that maintaining local extracellular glucose also abolishes NE
release [32] leaves unresolved questions about the specific role of local catecholaminergic
innervation, and whether hypothalamic glucosensing is indeed self-sufficient for activating
counterregulatory responses.

7) CONCLUSION

Mayer’s fundamental idea that some neurons act as glucosensors [71] has spurred a great deal
of research into the way the brain uses the interosensory information derived from metabolic
processes to generate and modulate adaptive responses. In particular, we now have a good idea
about the cellular and molecular mechanisms that underlie glucosensation. We also know that
glucosensing neurons in the PMV, hypothalamus, and hindbrain are important for
counterregulation. But the finding that glucosensors in the PMV are required for
sympathoadrenal responses to slow- but not fast-onset hypoglycemia [91], and that ACTH
responses to hypoglycemia require hindbrain but not hypothalamic glucosensation [58,89],
both illustrate the fact the glucosensors in each of these locations provide opportunities for
differential and nuanced processing rather than simple redundancy. These findings pose the
question about the particular function each set of glucosensors contributes to counterregulation
in the varied circumstances in which it is invoked.
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One way to think about the likely distinct hypothalamic and hindbrain contributions to
counterregulation is to consider how the brain organizes other adaptive autonomic and
behavioral responses. Here the forebrain provides crucial and often powerful modulatory
influences onto the ‘reflex loops’ that exist in the hindbrain [67,92,103,127]. The fact that the
hindbrain can, or at least has the potential to initiate counterregulatory responses without any
input from the forebrain [33], supports the notion that counterregulation also has a hierarchical,
or at least multi-layered organization. Currently we do not adequately understand the nature
and detailed arrangement of the components illustrated in Figure 6 to be able to make a
determination about whether this hypothesis is correct. However, it is anticipated that future
studies will provide the functional and neuroanatomical data to refine and expand the network
models we have discussed here.
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Figure 1.

A schematic diagram to illustrate how glucose, acting as an interosensory stimulus engages
glucosensing elements that transduce information into neural signals that control hypoglycemic
counterregulation. Consistent with classic sensorimotor integration, these signals use neural
pathways to engage either premotor control networks to drive autonomic and neuroendocrine
motor neurons in a reflex manner; or more complex integrative networks in the hypothalamus
and hindbrain. These integrative networks allow glucosensation to be integrated with other
information that can modulate counterregulatory responses, as well as providing a way for
glucosensation to influence other motor process, such as those that control reproductive
behavior.

Front Neuroendocrinol. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Watts and Donovan Page 21

concentration £g/ml)

Incremental change in plasma ACTH

650 - o

600 -

550 - o

500 -

450 o

400 - o

350 -

300 A O e

250 - o

200 - ¢

150 .(o

100 - oye “
50-___% _ ____‘%4___(._
0 - o 9p ° @ 'e

o '@
50 - O g [

Plasma glucose at nadir (mM)

Figure 2.

The magnitude of the ACTH response to hypoglycemia varies across the day. The two panels
show the incremental change in rat plasma ACTH concentrations 20mins after an intravenous
injection of insulin given 2h after lights on (A, open circles) or 1h before lights off (B, closed
circles). Each symbol represents the response of a single animal. Dashed horizontal lines
represent 2 SD above the mean increment of the saline-injected controls at that time. The
vertical shaded bar in B) denotes the range of glucose concentrations containing the glycemic
threshold. (Data from [45]).
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Peripheral and Hindbrain Mechanisms
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An expansion of the model shown in Figure 1 to illustrate the organization of hindbrain and
peripheral components involved with counterregulation. Solid lines represent known
projections; dotted lines represent postulated connections. Abbreviations: PMV, hepatic portal/
mesenteric vein; PVH, paraventricular nucleus of the hypothalamus.
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Figure 4.

An expansion of the model shown in Figure 1 to illustrate the organization of hypothalamic
components involved with counterregulation. Solid lines represent known projections.
Abbreviations: ARH, arcuate nucles; DMH, dorsomedial nucleus; LHA, lateral hypothalamic
area; PVH, paraventricular nucleus of the hypothalamus; RCH, retrochiasmatic area; VMH,

ventromedial nucleus.
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Dorsomedial Nucleus (DMH) Ventromedial Nucleus (VMH)

Figure 5.

The efferent projections of the dorsomedial nucleus (DMH) and ventromedial nucleus (VMH)
as revealed by the anterograde tracer Phaseolus vulgaris leucoagglutinin (PHAL) and then
plotted onto a flat map of the rat brain [109]. The thickness of the lines represent the relative
strengths of each projection. The side panels emphasize those projections from each nucleus
to those regions that are most closely associated with metabolic regulation. Note the paucity
of projections from each nucleus to those regions of the hindbrain important for autonomic
function. (Adapted from [21,115]). Abbreviations in the side panels : ap, ansa peduncularis;
ARH, arcuate nucleus hypothalamus; BST, bed nuclei stria terminalis; CEAm, central nucleus
amygdala, medial part; DMH, dorsomedial nucleus hypothalamus; LHApf, lateral
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hypothalamic area, perifornical part; NTS, nucleus ofthe solitary tract; POA, preoptic area;
PVH, paraventricular nucleus hypothalamus; RCH, retrochiasmatic area; SBPV,
subparavenrticular zone; st, stria terminalis; VMH, ventromedial nucleus hypothalamus.
Please refer to [21,115] for other abbreviations.
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Figure 6.

An expansion of the model shown in Figure 1 to illustrate interactions between the expanded
network of peripheral, hindbrain and hypothalamic components involved with hypoglycemic
counterregulation. Solid lines represent known projections. Connections between the
hypothalamus and hindbrain are shown in red. Abbreviations: as Fig 3 and Fig 4.
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