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Abstract

Hindbrain astrocytes are emerging as critical components in the regulation of homeostatic
functions by either modulating synaptic activity or serving as primary detectors of physiological
parameters. Recent studies have suggested that the glucose counter-regulation response (CRR), a
critical defense against hypoglycemic emergencies, is dependent on glucoprivation-sensitive
astrocytes in the hindbrain. This subpopulation of astrocytes produces a robust calcium signal in
response to glucopenic stimuli. Both ex vivo and in vivo evidence suggest that low-glucose
sensitive astrocytes utilize purinergic gliotransmission to activate catecholamine neurons in the
hindbrain that are critical to the generation of the integrated CRR. Lastly, reports in the clinical
literature suggest that an uncontrolled activation of CRR may as part of the pathology of severe
traumatic injury. Work in our laboratory also suggests that this pathological hyperglycemia
resulting from traumatic injury may be caused by the action of thrombin (generated by tissue
trauma or bleeding) on hindbrain astrocytes. Similar to their glucopenia-sensitive neighbors, these
hindbrain astrocytes may trigger hyperglycemic responses by their interactions with
catecholaminergic neurons.

1. Astrocytes in homeostasis

There has been an historic shift in the appreciation of the astrocyte from passive supporter to
active participant in the generation of brain activity [7,20,39,40,77,99]. The degree to which
astrocytes are involved in regulating central nervous system-wide function is controversial
[3,92]. However, the hindbrain astrocyte has emerged as a powerful component in
homeostatic regulation [2,35,37,38,46,63,69,99]. There are several reports of astrocyte
involvement in the regulation of hindbrain synaptic activity [1,99]; neural inputs regulating
astrocyte function [70,78]; and astrocyte involvement as detectors of physiological
parameters critical to the maintenance of homeostasis [1,35,37]. Here we review recent
results supporting a special function of astrocytes as primary sensor in triggering the rapid,
life-saving homeostatic adjustments to hypoglycemia together referred to as “counter-
regulation”.

2. The counter-regulatory response to glucose deficit

Glucose deficits caused by acute food deprivation, catabolism, or medication errors can be
life-threatening physiological emergencies. Dangerous reductions in circulating glucose
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levels are resisted by a series of unique autonomic and behavioral mechanisms critically de-
pendent on circuitry in the hindbrain. These “counter-regulatory responses” (CRR; reviewed
extensively [27,66,82,102]) specifically detect low CNS glucose levels and engage several
defensive reactions to restore glucose homeostasis. Physiological and behavioral CRRs
include: release of glucagon and epinephrine (to trigger glycogenolysis), release of
corticosteroids (to shift dependence of non-neural tissues away from glucose toward fatty
acids), initiation of glucoprivic feeding (to restore metabolic fuel) and a dramatic increase in
gastrointestinal motility in anticipation of the arrival of food (to aid rapid digestion). These
physiological responses are typically coupled with “sympathetic” sensations of sweating,
shaking, weakness, fatigue, headache, and hunger, collectively serving as hypoglycemia
“awareness” for the individual.

The accurate and timely initiation of CRR is critical to the survival of individuals with
type-1 diabetes. A badly controlled patient with insulin-dependent diabetes may experience
a couple of medication-induced hypoglycemic episodes per week. The CRR mechanism
becomes desensitized by successive bouts of hypoglycemia. This desensitization occurs in
both clinical populations as well as in normal experimental subjects [28,85]. The resultant
hypoglycemia unawareness and hypoglycemia-associated autonomic failure (HAAF) can be
lethal. It is not uncommon for a diabetic patient to suffer one such event annually that is
serious enough to require the intervention by another for their survival. Approximately one
in twenty individuals with insulin-dependent diabetes will die as a consequence of
hypoglycemia and the failure of CRR [28].

3. CRR and the “Milieu Interieur”

Claude Bernard introduced the concept of autonomic control over glucose production in the
mid-19th century. Bernard conducted de-tailed experimental analyses of the origin and
synthesis of glucose appearing in the circulation of carbohydrate starved subjects. At the
time, it was believed that only plants were capable of de-novo synthesis of glucose, so
Bernard was held to a very high standard of proof. His careful, stepwise demonstration that
the liver is capable of the synthesis, storage, and release of glucose became the essential
foundation of his concept of the physiological defense of the “milieu interieur”. Part of this
work included studies on the role of the brain as a stimulus for the release of hepatic
glucose. His only available method for reliable “site-specific” CNS stimulation involved
applying pressure with a needle to the hindbrain region containing the nucleus of the solitary
tract (NST). This maneuver elicited a robust increase in glucose release from the liver; a
“piqure diabetes”. Bernard later attributed the effect to descending sympathetic activation of
hepatic glucose release [11-13]. Walter B. Cannon used Bernard’s seminal work to advance
the concept of homeostatic regulation of circulating glucose. Specifically, Cannon identified
the link between glucose deficit and the sympathetic activation of adrenal epinephrine and
glucocorticoid release essential to hepatic glycogenolysis and gluconeogenesis; the basis for
counter-regulatory control [22].

Considerable attention has been directed toward hypothalamic mechanisms of
glucoregulatory and feeding control, yet, an unbroken chain of observations from Bernard to
the present clearly associate the hindbrain with the hyperglycemia portion of CRR. Chandler
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Brooks (working first in the Cannon and Bard laboratories at Harvard and then
independently at Princeton in 1931) showed that hypothalamic stimulation can produce an
elevation in blood glucose. However, using the acute, decerebrate cat preparation, he also
demonstrated that the critical circuitry necessary for electrical stimulation-driven
hyperglycemia is the caudal medulla [17]. Nearly 50 years later, DiRocco and Grill [29]
used the awake, chronic decerebrate rat to verify that the critical glucodetection and
integration mechanisms necessary to evoke an increase in blood glucose in response to
cytoglucopenia are located in the hindbrain. The evidence is now clear that glucopenia-
induced adrenal hormone release, hepatic glucose production, increases in gastric motility,
and feeding behavior are all dependent on the intact hindbrain. In particular, it is clear that
the hindbrain is essential for the detection of the glucopenic state and the translation of that
data into physiological action [66,82,102].

4. A contemporary view of CRR neurocircuitry

The CRR mechanism is dependent on two populations of catecholamine (CA) neurons in the
hindbrain; the A2/C2 grouping in the NST and the A1/C1 group in the ventrolateral medulla
(VLM) [82,102]. Localized glucoprivation (i.e., targeted microinjection of 2-deox-yglucose
or 5-thioglucose) or site/phenotype-specific saporin lesions suggest that these neuron groups
are necessary for glucoprivic feeding, as well as adrenal epinephrine and corticosterone
secretion. That is, specific destruction of hindbrain CA neurons results in an inability to
evoke CRR [60]. Thus, these CA neurons are a final common path for elicitation of these
responses. Local glucoprivation of hindbrain CA regions drive sympathetically-mediated
glucagon secretion [4]. How-ever, since a significant amount of pancreatic alpha cell
activation is under local glycemic, paracrine, endocrine, and enteric control, removal of
hindbrain CA circuits does not completely eliminate systemic hypoglycemia-mediated
glucagon release [82]. While there is evidence for segregation of different CRR functions
(i.e., glucoprivic feeding, corticosterone, glucagon, epinephrine secretion for the A1/C1
versus A2/C2 areas), there is also evidence for overlap in neurocircuitry involved in CRR
function [82,102]. One exception may involve neurons in the dorsal vagal complex (DVC)
which control glucoprivation-mediated increases in gastric motility. That is, this reflex
control is mediated entirely by the DVC without any involvement of the VLM [44].
Nevertheless, at least some of the critical NST neurons regulating vago-vagal control of
gastric function are also noradrenergic [44,88] not unlike other CRR circuits. Hindbrain CA
neurons form highly divergent pathways that are in position to directly influence autonomic
outflows controlling relevant hormone secretion, gastric motility, and feeding control
[49,61,62,80,82]. These hindbrain CA neurons form the integrative core of the CRRs.

The CRR response elicited by hindbrain CA neurons is produced by a unique, “protected”
circuitry that can function to mobilize glucose and drive feeding behavior in an emergency
without significant modulation of, or by, other homeostatic systems. The advantage of such a
system in the management of a physiological emergency is that it retains its sensitivity to the
defended parameter under practically all other physiological circumstances [30,82]. This
exclusivity of CRR circuitry can help identify CRR versus non-CRR metabolic and feeding
control elements. For example, CRR circuit elements are probably not affected by leptin or
a-melanocyte-stimulating hormone (a-MSH) inputs, while non-CRR regulatory feeding and
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metabolic control elements are certainly biased in their response to glucoprivic stimuli in the
presence of signals corresponding to repletion state [30,72,82,102].

The specific cellular mechanisms connecting low glucose detection with any local neurons,
even the CA neurons in the hindbrain, are not yet clear. A small percentage of hindbrain CA
neurons may autonomously behave like glucosensors and may express the components of
hypothetical glucodetectors (e.g., KATP channels, glucokinase, AMP kinase, etc.
[66,82,102]. However, it has not yet been established with certainty whether any of these CA
neurons are themselves sensitive to glucoprivation and are involved in CRR [82]. It is
recognized that vagal afferents to and cells within the dorsal medulla can sense glucose.
However, the specific involvement of these processes in CRR (as op-posed to circuits
involved in the broader integrated control of metabolism [82]) is not clear [66,82,102].
Regardless of the details, until recently, it was assumed that the hindbrain cells responsible
for sensing low glucose availability in CRR were neurons. However, several earlier papers
[56,65,66,106] suggested that astrocytes may be the primary detectors of low glucose
conditions.

5. Classic and contemporary views of astrocyte function in the brain

Classically, the astrocyte has been thought to play a subservient role to the neuron in the
control of brain function. In this case, the astrocyte is seen to maintain the extracellular
nutrient, metabolite, and ionic environment for the neuron, while also working to dispose of
and re-cycle released neurotransmitters and their break-down products. Additionally, the
astrocyte provides mechanical support, literally the “glue” that holds the nervous system
together. This view is essentially the same as that proposed by Cajal in his “Histologie du
systeme nerveux de I’homme & des vertébrés” of 1909 [21]. While the astrocyte is certainly
responsible for these basic functions, the reputation of the glial cell as an active participant
in CNS signaling and control has undergone a recent and dramatic revival [43,101].

The foundation for the glial-neuronal interaction controversy was laid over 100 years ago by
two of the most famous antagonists in neuroscience: Camillio Golgi and Santiago Ramon y
Cajal. Golgi developed his silver chromate “black reaction” stains in 1872 to specifically
investigate glial morphology. Based on his observations, Golgi correctly concluded that
astrocytes are connected in a syncytial fashion, but made the error of extending this
argument to include neuronal interconnections [67]. Cajal modified Golgi’s procedure and
used improved optical techniques to conclude correctly that neurons maintain synaptic
relationships. Unfortunately, he also concluded, but in-correctly, that glial cells were
unlikely to be involved in processes other than the insulation of neurons. Although both men
won the Nobel Prize in 1906 for their respective work, the fallout from Cajal’s neuronal
argument in Stockholm probably set glial-neural physiology back 100 years. The relatively
recent discovery that glial-neural interactions could modify synaptic strength or initiate
changes in neuronal excitability [40,76,77] was revolutionary, requiring a modern re-
examination of the role of astrocytes in CNS function.

Astrocytes are the most abundant cells within the brain. A single astrocyte may contact tens
to hundreds of thousands of synapses and, along with presynaptic terminals and postsynaptic
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neurons, will form what has been termed the “tripartite synapse” [7,20,39,40,77]. This
intimate relationship creates an opportunity in which presynaptic terminals and synaptic
efficacy as well as the post-synaptic responsiveness to afferent input and neuronal
excitability may be regulated by astrocytes.

This revised view of the significance of the astrocyte includes the observation that these cells
are subject to modulation by neuro-transmitters released from neuronal presynaptic
terminals as well as gliotransmitters released by other astrocytes [43,70]. Additionally,
astrocytic cytoplasmic calcium levels are increased in response to hormones, circulating
factors (e.g. thrombin), changes in critical physiological parameters such as 02/C02, pH,
and reductions in glucose concentration or metabolic availability [85]. Calcium release from
stores in the endoplasmic reticulum is the principal means by which afferent inputs are
translated by the astrocyte into chemical transmission. This increase in astrocytic calcium is
coupled to a release of “gliotransmitters” in processes similar to neurotransmission
[6,39,40,77]. Currently recognized gliotransmitters include glutamate, ATP, adenosine and
D-serine; there are likely to be many others [5,14,26,32,64,75].

6. Connecting astrocytes with CRR neurocircuitry

Our laboratory arrived at the concept of astrocytic regulation of CRR mechanisms through a
circuitous route. One of our principal interests is in determining mechanistic explanations
for autonomic failure to control gastric function in chronic disease or following traumatic
injury [46,99]. For example, head injury, burns, and severe bleeding trauma have all been
known to cause a dramatic suppression of gastric motility, resulting in a high degree of
gastric feeding intolerance and predisposition toward nausea and emesis. While the effects
of head injury to affect autonomic dysregulation might reasonably be blamed on increased
intracranial pressure, this connection has been difficult to defend [36,58]. Furthermore,
intracranial pressure changes cannot be responsible for the autonomic failures produced by
burns or corporeal injury. Therefore, some other “product” of injury must be responsible for
changes in CNS-autonomic control. We turned to thrombin, a pro-duct of traumatic injury,
as a potential link between injury and autonomic dysfunction. Thrombin is a potent serine
proteinase that triggers the initiation of fibrinogenesis in blood clotting. Additionally, this
proteinase can act on an unusual class of G-protein-coupled receptors; proteinase-activated
receptors (PARs). PAR type | is widely expressed in the brain [53,95]. Thrombin, generated
as a consequence of head injury or peripheral trauma, can access these central receptors via
the circulation [97]. Early studies suggested that the dorsal vagal complex (DVC) of the
hindbrain contained a high density of PARs [103]. This dorsal hindbrain region regulates
vago-vagal control of the stomach as well as other complex autonomic responses such as
CRR.

Originally, we presumed that traumatic injury and thrombin production were linked to the
suppression of gastric motility via PAR receptors on neurons in the nucleus of the solitary
tract (NST). Gastric-NST neurons are excited by vagal afferents from the stomach. These
neurons, in turn, inhibit adjacent vagal motor neurons in the dorsal motor nucleus (DMN).
Inhibition of gastric-DMN neurons withdraws a source of tonic parasympathetic excitation
to the stomach; the result being a dramatic relaxation of the stomach and a suppression of

Physiol Behav. Author manuscript; available in PMC 2020 April 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rogers and Hermann

Page 6

motility. This “vago-vagal” reflex normally regulates gastric tone and motility based on the
degree to which the stomach is filled (i.e., monitored by NST neurons) [84]. As predicted,
PAR agonist peptides injected into the fourth ventricle produced a significant gastric stasis
[46,84](Fig. 1).

We were very surprised to find that PAR1 receptors in the DVC were located on astrocytes,
rather than on neurons [46]. Activation of PAR’s on astrocytes in the NST produced a
dramatic increase in cytoplasmic calcium signal in NST astrocytes that was translated, with
a delay, into activation of neurons in the NST. Subsequent work showed that PAR activation
of NST astrocytes produces a calcium-mediated gliotransmission of glutamate onto neuronal
NST NMDA receptors [99]; an effect that would activate inhibitory vagal control of the
stomach [84](Fig. 2).

Traumatic injury causes other failures of autonomic function. The association between
severe trauma and hyperglycemia is clinically axiomatic [16,41]. This phenomenon is
characterized by a catabolic profile including persistent hyperglycemia, functional insulin
resistance and greatly elevated metabolic fuel use. The severity of the hyperglycemia is
highly correlated with post-trauma morbidity and mortality [10,25].

Our preliminary studies indicate that fourth ventricular application of thrombin in the
anesthetized rat provokes a significant increase in blood glucose levels compared to control
saline applications [45]. This thrombin effect on glycemia is blocked by pretreatment with
either the PAR antagonist, SCH79797 [51], or the astrocyte calcium signaling inhibitor,
fluorocitrate (FC) [15,42](Fig. 3). Thus, we have seen that the presence of thrombin in the
hindbrain can evoke the gastric stasis and hyperglycemia associated with traumatic injury
and both of these symptoms are dependent on functioning astrocytes.

7. Astrocytes, CRR and gastric motility

Recall that neurocircuitry for CRR control shares this region of the hindbrain and one of the
earliest physiological hallmarks of CRR involves a dramatic increase in gastric motility.
While CRR is typically associated with autonomically-mediated increases in glucose release
from the liver and increases in feeding behavior to make up for metabolic fuel deficits, it has
been recognized for > 100 years that hypoglycemia and acute food deprivation dramatically
increase gastric motility [18,23]. The increase in gastric motility in anticipation of
glucoprivic feeding speeds digestion and metabolism and is an obligatory feature of CRR
glucose homeostasis. Therefore, we extended our original hypothesis concerning the role of
astrocytes in the hindbrain to include the regulation of gastric vago-vagal reflex control
during low glucose availability. We predicted that some astrocytes in the dorsal vagal
complex might be sensitive to reductions in the local concentration of glucose, and if so,
would, ultimately, act to increase gastric motility.

Fluorocitrate (FC) is an astrocyte-selective metabolic suppressor which blocks astrocyte
metabotropic signaling while leaving neuronal function intact [15,42]. If astrocytes in the
DVC are sensitive to low glucose availability, and, if they are involved in triggering a
vagally-mediated increase in gastric motility, then local application (i.e., fourth ventricular; 4
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V) of FC should block the increase in motility that is seen following localized hindbrain
cytoglucopenia induced by 4 V 2-deox-yglucose (2DG; competitive antagonist of
glycolysis). If these hindbrain astrocytes are involved in CRR, then 4 V-FC should also
reduce gastric motility responses to systematic hypoglycemia produced by sub-cutaneous
insulin. Indeed, FC applied to 4 V blocks the increase in gastric motility evoked by either
central or peripheral cytoglucopenia [47]. Additionally, in vivo single unit recordings of
physiologically-identified neurons in the DVC show that hypoglycemic conditions de-crease
the sensitivity of both NST and DMN neurons responding to slight gastric distension. While
FC, alone, has no effect on the sensitivity of either NST or DMN neurons responding to
gastric distension, it is clear that interfering with astrocytic function via the pretreatment of
FC prior to hypoglycemic conditions evoked an increase in DMN activity and, ultimately, an
increase in gastric motility (Fig. 4; also refer to Figs. 2 and 4 in Hermann et al., 2014, J
Neurosci, 34:10488-10496). Adenosine is the likely gliotransmitter involved in this
astrocyte-NST neuron connection [31,33,71,87,91,98].

8. Invivo demonstration: Hindbrain astrocytes and CRR-triggered

hyperglycemia

Earlier reports [56,65,66,106] had suggested that astrocytes may be the primary detectors of
low glucose conditions, thus involved in counter-regulatory control. We investigated this
possibility for CRR-induced hyperglycemia in thiobutabarbital-anesthetized rats [87]. Our
data showed that 4 V exposure to 2DG in these anesthetized rats can elicit the expected
elevation in blood glucose of CRR as has been previously reported in response to
intracranial or peripheral challenges in the awake animal [24,30,49,83,102,105]. This
centrally-induced CRR effect on glycemia was blocked by exposure of the 4 V to
fluorocitrate, a selective blocker of astrocyte metabotropic signaling and gliotransmission
[99](Fig. 5). Thus, these data are consistent with the hypothesis that hindbrain astrocytes are
important components of CNS glucodetection circuits that drive multiple aspects of CRR
[47,65,69].

Further, the 4 V application of adenosine receptor antagonists (caffeine and the Al
antagonist, DPCPX) also suppressed the hindbrain 2DG effect to initiate CRR; while
glutamate receptor antagonist (MK801) was ineffective in suppressing the increase in
glycemia. These data suggest that astrocytes are important sensors of low glucose
availability (central 2DG-induced glycemia). In turn, astrocytes are probably signaling this
“hypoglycemic condition” to appropriate neurons in the hindbrain neurocircuitry involved in
CRR reflexes via purinergic gliotransmission. Fourth ventricular FC also suppressed the
effect of systemic 2DG to provoke hyperglycemia (Fig. 6).

9. Exvivo imaging: physiological evidence for low-glucose-sensitive

astrocytes in the hindbrain

While compelling, the data discussed so far concerning astrocyte low glucose detection were
collected using indirect in vivo methods. Direct physiological study of astrocyte “activation”
is difficult because these cells are not electrically excitable and produce no obvious electrical
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signatures of activation as do neuronal or beta cell glucosensors. Therefore, unlike neurons,
they cannot be studied with direct electro-physiological methods [7]. Astrocyte signaling is
based on calcium flux [6,99]. Astrocyte calcium signaling can be observed directly, in real
time, under physiological conditions with the aid of exogenously applied calcium-sensitive
fluorescent intracellular dyes (i.e., Calcium Green or Cal520) or genetic constructs such as
GCaMP; a genetically encoded calcium indicator fused with green fluorescent protein. The
intracellular dyes or constructs are illuminated and visualized with laser confocal
microscope using ex Vvivo tissue slice recording methods. Our laboratory originally used
these methods to determine that PAR signaling in the hindbrain operated through
gliotransmission to neurons in the NST [46](Fig. 7).

Calcium signals can be generated by membrane channel activities, but as in other cell types,
transmembrane calcium flux is usually coupled to mass calcium release from storage in the
endoplasmic reticulum (ER) via calcium-induced calcium release (CICR) through ER
ryanodine channels. However, mass release of calcium from ER storage can also occur
through a completely separate but parallel, inositol trisphosphate (IP3) channel. This
mechanism for ER calcium release is activated by G-protein receptors coupled to
phospholipase C (PLC). When activated by Gg/11 type receptors (such as the PAR receptor),
PLC cleaves the membrane phospholipid PIP2 into diacyl glycerol (DAG) and IP3. Then,
IP3 activates ER calcium release through a receptor mechanism separate from ryanodine
[100].

The “wave” of cytoplasmic calcium released from the ER due to membrane receptor
signaling initiates a cascade of signal transduction events, most notably vesicle secretion
from beta cells and glio-transmission from astrocytes [89,107]. The ER calcium-ATPase
pumps are largely responsible for the restoration of cytoplasmic calcium to low levels after
signaling events. Re-establishing the transmembrane and ER to cytoplasm concentration
gradients are necessary for renewed calcium signaling. Modulation of the calcium ATPase
pump and changes in the rate of removal of cytoplasmic calcium could alter the dynamics of
the calcium signal as well [73].

Using confocal live cell imaging methods, we have produced direct and unambiguous
evidence that a population of astrocytes in the NST produce cytoplasmic calcium signals
proportional to a reduction in glucose concentration or the intracellular store of utilizable
glucose [69]. In these studies, astrocytes and neurons in the NST were labeled with Calcium
Green 1-AM, an intracellular calcium reporter dye. As-trocytes were discriminated from
neurons with the aid of an astrocyte-specific vital stain, SR101. Reductions of bath glucose
concentrations from “normal” level (5 mM; 90 mg%) to hypoglycemic levels (1 mM; 18 mg
%) produced a robust increase in calcium signal in approximately 50% of NST astrocytes
that returned to basal levels in the presence of normal glucose Krebs solution. This effect
was also seen with 2DG (in 5 mM glucose) or both stimuli together, demonstrating that
astrocyte calcium signaling is related to changes in utilizable intracellular glucose (Fig. 8).

Further, approximately 50% of the NST neurons also produced an increase in cytoplasmic
calcium in response to decreases in glucose levels, but after a significant delay relative to
astrocytic activation. Pharmacologic inactivation of neuronal excitability and synaptic
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transmission with tetrodotoxin (TTX) eliminated increases in calcium signal in neurons, but
not in astrocytes. These results correspond well with those of Marty, et al. [65], and suggest
that a subset of astrocytes in the NST are intrinsically responsive to reductions in
metabolizable glucose [69].

Hindbrain catecholaminergic (CA) neurons are required for critical autonomic, endocrine,
and behavioral counter-regulatory responses (CRRs) to hypoglycemia [81,82]. To test the
proposition that hindbrain CA responses to glucoprivation are astrocyte dependent, we
utilized transgenic mice in which the calcium reporter construct (GCaMP5) was expressed
selectively in tyrosine hydroxylase neurons (TH-GCaMP5). We conducted live cell calcium-
imaging studies on hindbrain slices containing the nucleus of the solitary tract (NST) or the
ventrolateral medulla (VLM); critical CRR initiation sites.

Our results [86] show that approximately 90% of the TH-GCaMP5 neurons (both NST and
VLM) were robustly activated by a glucoprivic challenge and that this response was
dependent on functional astrocytes. Pretreatment of hindbrain slices with fluorocitrate (an
astrocytic metabolic suppressor) abolished TH-GCaMP5 neuronal re-sponses to
glucoprivation. Pharmacologic results suggest that the astrocytic connection with hindbrain
CA neurons is purinergic via P2 receptors (Fig. 9).

Parallel imaging studies on hindbrain slices of NST from wild-type C57BL/6J mice, in
which astrocytes and neurons were prelabeled with a calcium reporter dye and an astrocytic
vital dye, show that both cell types are activated by glucoprivation but astrocytes responded
significantly sooner than neurons. Pretreatment of these hindbrain slices with P2 purinergic
antagonists abolished neuronal responses to glucoprivation without interruption of astrocyte
responses; pretreatment with fluorocitrate eliminated both astrocytic and neuronal responses
[86]. Neither FC nor P2 antagonists blocked astrocytic or neuronal responses to glutamate
demonstrating that under blockade both cell types are still viable and responsive to stimuli
other than glucopenia. These results support earlier work in the rat [69] which suggested that
the primary detection of glucoprivic signals by the hindbrain is mediated by astrocytes.

There is evidence for a separation of hindbrain influences over the hyperglycemic CRR
responses based on the speed of onset of the hypoglycemic challenge [52].
Catecholaminergic neurons that receive input from visceral glucosensors in the portal
circulation are especially tuned to a gradual onset of hypoglycemic challenges. This porto-
mesenteric pathway produces glucoprotective responses which involve higher-order
catecholaminergic hindbrain projections to hypothalamic structures that, in turn, invoke
gradual changes in sympathoadrenal hormone release. Rapid onset CRR responses to abrupt
hypoglycemia challenges are likewise dependent on hindbrain catecholamine neurons but
not on those projecting to the forebrain [52]. Our imaging studies revealed that hindbrain
astrocyte and neuron reactions to local cytoglucopenia are very rapid, starting within a few
minutes after the onset of the challenge and peaking minutes later [69,86]. This high-speed
astrocyte and neuron interaction is probably involved in driving a CRR response to rapid
onset glycemic challenges. However, our in vivo data also show that the reflex
hyperglycemia caused by slow-onset hypoglycemic challenges such as subcutaneous 2DG or
systemic insulin are dependent on intact hindbrain astrocytes [87]. Together, these data
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suggest that astrocytes in the hindbrain are not only necessary for the detection of hindbrain
cytoglucopenia but are also important for the accurate integration of cytoglucopenia
information from the periphery [87].

As an aside, preliminary ex vivo imaging studies using the TH-GCaMP5 transgenic mouse
preparation have suggested that these identified catecholaminergic neurons are probably also
involved in the hyperglycemia induced by thrombin. Not unlike previous imaging studies
done in rats [99], the thrombin-receptor agonist, SFLLR-N, activated NST astrocytes first;
NST neurons followed (Fig. 10). These studies reinforce the proposal that hindbrain
catecholaminergic neurons are critical to producing hyperglycemia.

10. Astrocyte glucose detection; different from “classic” models

Glucose detection and coupling to mechanisms regulating cellular excitability have been
elegantly described for the pancreatic beta cell and for some neurons presumed to be
involved in physiological and nutrient homeostasis. The critical element of this mechanism
is a specialized transmembrane glucose transporter, GLUT2 [56,65]. GLUT?2 is a reversible
carrier in that it will transport glucose down a concentration gradient in either direction
across the cell membrane. Further, GLUT2 operates at a high relative volume but with a low
affinity compared to other hexose transporters. That is, the KD for transport for GLUT2 is in
the physiological range for glucoregulation of 1-10milli-molar range versus the high
micromolar range for the high affinity but low volume GLUT1. Most important, however, is
that the combination of the high volume of transport and low affinity characteristics makes
the GLUT?2 transporter the critical discriminator of physiological glucose concentrations
[56]. The physiological consequence is that glucose concentrations are rapidly equalized
between the extracellular and intracellular compartments for cells that possess a significant
number of GLUT2 transporters.

In the beta cell, for example, increases in extracellular glucose concentrations are rapidly
translated into elevated intracellular glucose. Newly available utilizable glucose is
metabolized through glycolysis to produce lactate and ATP. The intracellular ATP
concentration, in this instance, mirrors the supply of intracellular glucose. This in-formation
is converted to proportional changes in excitation through the action of ATP on a specialized
potassium ion channel, Karp.In glucose-detecting cells, this tonically open potassium
conductance helps hold the resting membrane in an inactive, hyperpolarized state. ATP
inactivates this conductance, causing a localized membrane de-polarization. In beta cells,
this depolarization triggers the opening of voltage-gated calcium channels and calcium-
induced calcium release (CICR). CICR is a process by which calcium entering the
cytoplasm binds to ryanodine channels in the endoplasmic reticulum (ER), dis-charging
large amounts of calcium into the cytoplasm. The resulting wave of cytoplasmic calcium, in
turn, drives insulin secretion in pro-portion to the concentration of intracellular glucose [50].
In glucose sensitive neurons, the process is similar with the distinction that localized
membrane depolarization couples to the voltage-dependent sodium conductance which
generates action potentials in proportion to the amount of utilizable glucose [9]. Since the
GLUT?2 transporter is bi-directional, any reduction in extracellular glucose would be rapidly
reflected in a reduction in intracellular glucose available for the synthesis of ATP, hence a
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reduction in beta cell insulin secretion and a reduction in neuronal glucosensor excitability
[56].

The importance of GLUT2 to physiological glucose detection makes it a convenient marker
for the identification of putative glucose-sensing cells. This logic propelled the work of
Marty, et al. in a search for the cells necessary for the detection of low glucose and the
initiation of the CRR [65,66]. A complex transgenic scheme was required to show that CNS
astrocytes, probably localized to the hindbrain, are essential components of the CRR
glucodetection mechanism. A global knockout of GLUT2 is not survivable given the
dependence of normal beta cell insulin secretion on GLUT2, as discussed above. To solve
this problem, GLUT2 knockouts were paired with an additional transgenic modification of
beta cells such that these insulin secreting cells also ex-pressed the GLUT1 transporter. This
manipulation produced the global GLUT2 deletion while leaving beta cells sufficiently
permeable to glucose to allow normal basal insulin secretion. However, GLUT2 deletion
eliminated the initiation of CNS hypoglycemia-triggered CRR. Surprisingly, rescue
expression of GLUT2 in neurons had no effect to reverse the elimination of CRR. Even
more surprising was the observation that re-expression of GLUT2 in CNS astrocytes, in fact,
rescued CRR. The conclusion of this ground-breaking study is that astrocytes are key
elements in the direct sensing of glucopenia [56]; a view supported by recent investigations
from our laboratory [69] as well as suspected from the results of earlier studies [106].

While the GLUT? glucodetection model for astrocytes may provide a dominant influence
over CRR mechanisms, it is certainly not the only available glucosensor mechanism that can
influence glucoregulatory mechanisms that parallel hindbrain CRR. For example, the sweet
taste transduction mechanism used in the taste bud (i.e., TIR2 + T1R3 receptors), metabolic
control of the K-ATPase (i.e., control of neuronal excitability) and nitric oxide production
take part in hypothalamic circuits that can influence CRR [34,57,79,104].

The mechanism by which a reduction in glucose availability signals an increase in
cytoplasmic calcium (e.g., Fig. 11) in the NST-astrocyte remains under investigation. While
astrocytic expression of GLUT2 appears necessary for proper glucose counter-regulation
[65], the “classic” transduction mechanisms coupled to GLUT2 in beta cells and neurons
produce changes in calcium that run in the opposite direction to that observed for astrocytes.
For example, pancreatic beta cells respond with an increase in intracellular calcium levels in
response to increasing extracellular glucose. As discussed earlier, glucose is transported
through the GLUT?2 transporter and metabolized via glycolysis producing ATP. Increased
cellular ATP energy charge acts to phosphorylate and inactivate KATP channels, leading to
depolarization, activation of voltage gated calcium channels and ending in excitation-
secretion coupling in the beta cell [48,59,90].

However, not unlike our observations, others have reported that glucose restriction in
cultured astrocytes causes an increase in astrocytic cytoplasmic calcium signals (8, 54).
Similar to our present studies, this increase in cytoplasmic calcium is reversed with the
restoration of normal levels of glucose in the perfusion bath. Astrocytes are highly
dependent on glycolysis for ATP production; removal of glucose or blocking glucose
utilization may starve astrocytes of glucose for ATP production. With impaired glycolysis
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and subsequent low ATP following low extracellular glucose availability, the calcium-
ATPase pump in the endoplasmic reticulum (ER) of astrocytes fails and ER calcium is
released to the cytoplasm [8,54]. These results are consistent with our observations in the
slice preparation. However, it is unlikely that this particular mechanism is responsible for the
cytoplasmic calcium signal seen by our laboratory in in situ NST-astrocytes. One reason for
doubt is that the response time for astrocytes in our NST slice preparation [69]is
approximately one tenth that reported for cultured hippocampal astrocytes [8,54].

Rapid signaling of glucose status in intact hindbrain astrocytes may involve the action of a
GLUT?2 -glucose “transceptor”, i.e., a protein that functions as both a transporter and
receptor [93,94](Fig. 11). A GLUT2-based transceptor could detect changes in extracellular
glucose concentration and then rapidly initiate a calcium-based transduction event. This
system would function somewhat like a membrane G-protein based receptor linked to ER
calcium release. Transgenic mice generated to knock down a GLUT2-intracellular loop
domain yielded animals that demonstrated an inability to detect glucose but left the GLUT2-
dependent glucose transport unaffected [93,94]. More recent preliminary imaging results in
our laboratory reinforce the idea that GLUT?2 is a necessary component of the astrocyte low-
glucose detection mechanism. Specifically, the potent and selective GLUT2 blocker,
quercetin, blocks astrocyte responsiveness to glucoprivation. In contrast, the GLUT1/4
antagonist, fasentin, and the SGLT blocker, phlorizin, do not. It remains to be shown
whether GLUT2 and its intracellular signaling domain are connected directly to intracellular
calcium release transduction components such as phospholipase C (PLC) which drives ER
calcium release [68]. If so, this astrocyte low glucose sensing mechanism would be roughly
analogous to the yeast glucose sensor, Gprl, and the mammalian sweet taste sensor in that
all three are G-protein coupled and all invoke a rapid PLC-mediated increase in calcium
when activated [55,96]. A unique feature of the astrocyte mechanism is its activation by a
nutrient deficit in perhaps the same manner signaled by hepatic vagal glucose sensors
[19,74].

11. Perspective

There is now good evidence that astrocytes in the hindbrain perform important functions as
chemosensors. The anatomical relationships between the vascular supply, glial cells, and the
neuropil certainly suggest that astrocytes occupy a “favored” (i.e., gateway) position from
the perspective of monitoring material flux into the brain. Glial cells, including astrocytes,
literally form vascular-neuropil and ventricular-neuropil diffusion barriers. But these cells
also possess transporters that allow the penetration of even large-sized signal molecules,
such as cytokines into the neuronal matrix. Additionally, small nutrient molecules, such as
glucose, ions, and blood gases access the neuropil by passing through or around astrocytes.
Thus, this arrangement places glial cells in an ideal position to detect the fluxes of
physiologically critical solutes and exert early influence on adjacent neural systems
dedicated to homeostatic regulation of these agents.

Work from 20 years ago [106] to the present suggest that astrocytes are important sensors of
low glucose availability. While astrocytes are not the only source of chemosensory input
modulating glucose CRR, hindbrain astrocytes are in a position to exert a dominant
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influence over the initiation of the CRR. Our in vivo physiological studies demonstrate that
functional astrocytes are required for the initiation of the CRR in response to either
peripheral of hindbrain glucopenic sti-muli. Calcium-imaging studies demonstrate a rapid
communication between low-glucose sensitive hindbrain astrocytes and catecholaminergic
neurons in response to glucoprivic conditions. Astrocytes apparently relay the glucopenic
signal to catecholamine neurons in the hindbrain that organize CRR reflex responses via
purinergic agonists, such as ATP or adenosine. While it is not yet clear how astrocytes
transduce glucopenia into calcium-based gliotransmission, recent data point to a
“transceptor” mechanism as a potential explanation.
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Fig. 1.
Ggstric emptying rate in an awake, freely moving animal can be monitored by determining
the rate of appearance of 13C in respired CO, that had been ingested as 13C-tagged sodium
octanoate-doped meal. 13C in respired CO is indicative of the transit of the carbohydrate
meal from the stomach to the duodenum. This 13C method captures the entire time course of
the transit event (samples taken at 15 min intervals) and is displayed in the right-hand
graphs. Specific parameters of this transit can be extracted for comparisons: Tag
corresponds with the time at which rate of excretion of 13CO, is maximal, Ty is the gastric
half-emptying time (time when half of the label that is to be excreted has been excreted) and
the GEC (a global index of rate of emptying). Each animal served as its own control. That is,
the first session the animal receives the control injection (saline either i.p. or 4 V, as
appropriate); the next session the animal receives the test injection. Therefore, paired t-test
comparisons could be made between the saline control and the agonist condition for each
animal. Examples of such paired gastric transit experiments of individual animals are seen in
the right-hand graphs. In the left-hand column are group averages for the gastric transit
parameters under each condition; statistical comparisons were only made within each
condition group. Microinjection of the PAR1-selective agonist SFLLRN (10 nmol) into the
fourth ventricle caused a significant reduction in gastric transit as measured by Tjag and Ty,
as well as a slowed overall GEC compared with their respective saline controls. (Adapted

from Hermann et al., J Neurosci, 2009, 29 [29]: 9292-9300).
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? gastric vagal afferents
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Thrombin action on NST astrocytes in the gastric
vago-vagal reflex circuit:

* activate NST neurons and

* inhibit excitatory vagal gastric DMN efferents
* cause gastric relaxation

Stomach relaxes

Fig. 2.
Proposed circuitry explaining how thrombin effects on astrocytes can suppress gastric

motility in response to traumatic injury.
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Preliminary studies indicate that fourth ventricular application of thrombin in the
thiobutabarbital anesthetized rat provokes a significant increase in blood glucose levels
compared to control saline applications [45]. This thrombin effect on glycemia is blocked by
pretreatment with either the PAR antagonist, SCH79797 or the astrocyte calcium signaling
inhibitor, fluorocitrate (FC). Thus, the presence of thrombin in the hindbrain can evoke
hyperglycemia and this effect is dependent on functioning astrocytes.

Physiol Behav. Author manuscript; available in PMC 2020 April 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Rogers and Hermann Page 22

? gastric vagal afferents

[less NST activity disinhibits DMN;
DMN activity increases]

NST astrocyte

- Adenosine -

[NST activity declines

(glucopenia-sensitive astrocyte)
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vago-vagal reflex circuit:
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Fig. 4.
Proposed circuitry responsible for hypoglycemic effects on astrocytes to elicit an increase in

gastric motility.
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Fogurth ventricle 2DG evokes a counter-regulatory hyperglycemia that is suppressed by FC
and adenosine antagonists. Maximal percent change in blood glucose levels relative to
baseline levels were averaged within each group. Maximal peak responses for the 2DG
(alone) group averaged 36.0 + 7.4%change. While 4 V application of vehicle controls (saline
or 1:4 DMSO/saline) or FC (alone) or caffeine (alone; data not shown here) had no effect on
glucose levels, pretreatment of the 4 V with FC blocked the effect of subsequent 2DG to
increase blood glucose (FC + 2DG: 3.1 + 2.0%). Similarly, pretreatment with caffeine or
DPCPX suppressed the glycemic effects of 2DG (caffeine+2DG = 5.7 + 2.8%; DPCPX
+2DG = 11.1 + 2.4%). In contrast, the NMDA antagonist, MK801, did not block the 2DG
effect to increase blood glucose (MK801 + 2DG = 22.2 + 6.4%). One way ANOVA F7,38 =
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9.78, p < .0001; Dunnett’s post-hoc test * p < .05. These results are consistent with a
counter-regulatory hyperglycemia triggered by astrocytes utilizing adenosine as a
gliotransmitter. (Adapted from Rogers et al., 2016, Am J Physiol Regul Integr Comp Physiol
310: R1102-R1108).
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Fig. 6.

Sugbcutaneous 2DG (100 mg/kg/ml) in the thiobutabarbital-anesthetized rat produces a
counter-regulatory increase in blood glucose. Pretreatment with 4 V FC (5nanomol) 30 min
prior to subcutaneous delivery of 2DG significantly reduced the hyperglycemic effect of
systemic 2DG (t = 3.074; p = .02). These results suggest that the principal mechanism
connecting systemic glucopenia with counter-regulatory hyperglycemia involves hindbrain
astrocytes. (Adapted from Rogers et al., 2016, Am J Physiol Regul Integr Comp Physiol
310: R1102-R1108).
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Fig. 7.
Identification of astrocytes and neurons during live cell imaging. A) Calcium Green (CAG),

the Ca++ reporter dye, is taken up by both astrocytes (a) and neuronal cells (n). B) SR101
astrocyte-specific vital dye staining. C) Same field as both A and B; demonstration of ex
vivo glial and neuronal identification. (Adapted from Hermann et al., J Neurosci, 2009, 29
[29]: 9292-9300).(For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 8.

Li?/e cell calcium imaging of NST astrocytes in response to glucoprivic challenge. Top
panel: In vivo co-injection of the calcium indicator dye, Calcium Green (green) and the glial
vital stain sulforhodamine 101 (SR101; red) allows for simple discrimination of astrocytes
and neurons in the in situ brain stem slice preparation. Following a dual exposure utilizing
the 488 nm and 561 nm laser lines, a composite image is obtained in which astrocytes are
clearly labeled yellow, i.e. positive for both CAG and SR101, while neurons remain green.
Middle panel: screen shots of field of astrocytes responding to glucoprivic challenge over
time (time-lapse imaging with only the 488 nm laser line). Changes in intracellular calcium
concentrations are indicated by a proportional change in the intensity of the fluorescence of
the calcium green. One region of interest [ROI] was drawn around an individual astrocyte
(blue box) for analysis of its time-lapse re-sponse to the challenge. Lower panel: plot of
change in magnitude of fluorescence of individual astrocyte before, during, and after
exposure to glucoprivic challenge. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Magnitude of changes in fluorescence due to intracellular calcium fluxes in TH-GCaMP5
NST neurons in response to glucoprivic challenge after specific pretreatment conditions
(Number of neurons studied per each group is noted in parentheses). Exposure of TH-
GCaMP5 neurons in hindbrain slices to the various pretreatment conditions produced
significant differences in response to subsequent glucoprivic challenge (ANOVA F(10,175)
=7.39; p <.0001). Similar to the responses seen in the general population of NST neurons,
TH-GCaMP5 NST neurons were robustly activated by glucoprivation and that effect is
essentially blocked by pre-treatment with FC (Dunnett’s post hoc test g = 6.415; *p < .05).
The NMDA antagonist (AP5) had no effect to inhibit the TH-GCaMP5 NST neuron
response to glucoprivation. However, the non-selective P2 antagonist (suramin) also blocked
the re-sponses to low glucose/2DG (Dunnett’s post hoc test g = 5.715; *p < .05). Lastly,
both NF 340 (P2Y 11 antagonist) and SCH442416 (A2a antagonist) sup-pressed TH-
GCaMP5 NST neuronal responses to glucoprivic conditions (Dunnett’s post hoc test q =
5.160 and 4.047, respectively; *p < .05). These data suggest that the catecholamine neurons
critical to activating counter-regulation in response to central glucopenia depend on
purinergic gliotransmission. (Adapted from Rogers et al., 2018, Am J Physiol Regul Integr
Comp Physiol 315: R153-R164.)
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Fig. 10.
Preliminary ex vivo imaging studies using the TH-GCaMP5 transgenic preparation show

that these identified catecholaminergic NST neurons are also responsive to the PAR1
agonist, SFLLRN. A) Identified catecholaminergic (TH-GCaMP5) cells at rest. B) Same
cells as in (A) stimulated by perfusion of SFLLR-N. C) Individual response profiles of cells
identified in (A) and (B).

Of the 28 TH-GCaMP5 neurons in the NST that were responsive to glutamate/ATP
challenge (i.e., viability test), 15 (i.e., ~54%) were also responsive to SFLLR-N. These data
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suggest that hindbrain catecholaminergic neurons are also involved in the hyperglycemia
induced by thrombin.
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Fig. 11.
Fundamental differences in how the “classic model” (i.e., beta cell) of glucodetection must

differ from the astrocyte mechanism:

1. Activating levels of glucose are opposite. That is, glucopenia activates astrocytes; while
elevated glucose activates beta cells and glucose-sensitive neurons.

2. 2. The mechanism of glucose activation of beta cells is well known; ATP generated by
glycolysis inhibits a dominant K+ conductance, causing depolarization. Depolarization
opens voltage-gated cation channels triggering action potential generation and/or secretion.
3. Mechanisms for activating calcium entry/release after low glucose exposure are not
known but may involve ATP “starvation” induced shut-down of ER calcium storage
followed by calcium leakage from the ER. The role of “transceptors” attached to GLUT2
possibly mediating ER calcium release (via inhibition or activation) are common in yeast
and may exist in vertebrates, but this is not yet clear. (Adapted from Rogers et al., 2017,
Hindbrain Astrocyte Glucodetectors and Counterregulation. In: Appetite and Food Intake:
Central Control, edited by Harris RBS, p. 205-228.
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