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physiological function has been unclear. We have now shown
thatitis a regulatory domain and that binding of glycogen to
it causes allosteric inhibition of AMPK. Glycogen is a polymer
of glucose units joined by a1-4 linkages, with occasional
branches formed by . 1-6 linkages. A major problem with the
study of glycogen as a regulatory molecule is that it does not
have a defined structure, but varies both in size and branch-
ing content. Based on findings suggesting that the degree of
branching affected its inhibitory potency, we have synthe-
sized small o.1-4 linked glucose oligosaccharides containing
single a1-6 branches, and have shown that these are potent
allosteric inhibitors of AMPK. The most potent oligosaccha-
ride gives half-maximal inhibition at 90 uM, and also markedly
inhibits phosphorylation of Thr-172 by LKB1 and CaMKKp.
Inhibition is due to binding to the GBD, because point muta-
tions in the latter than abolish glycogen binding also abolish
inhibition.

One of the physiological targets of AMPK is muscle glycogen
synthase (mGS), which s inactivated by phosphorylation at Ser-
7 [4]. A curious paradox is that although AMPK is activated by
ATP depletion during exercise, mGS is usually found to be
dephosphorylated and activated following exercise, as long as
the exercise had been sufficiently prolonged to cause signifi-
cant glycogen depletion. We believe that the regulation of
AMPK via the GBD may explain this paradox. The outer tier of
glycogen (representing the glucose that can be released by
glycogen phosphorylase without the need for the action of
debranching enzyme) contains up to one third of all of the glu-
cose unitsin asingle molecule. Theoretical studies suggest that
in afully synthesized molecule of glycogen the outer chains are
so tightly packed that the branch points would not be accessi-
ble. We suspect that under these conditions AMPK binds to
glycogen but is not inhibited, so that it would phosphorylate
mGS, thus exerting a feedback inhibition of further extension
of the outer chains of glycogen. We also propose that when
exercise commences, phosphorylase removes some of the
outer chains, exposing the branch points which would then
bind AMPK and cause inhibition. mGS would now be dephos-
phorylated and activated by the glycogen-bound forms of pro-
tein phosphatase-1, so that it was ready to replenish glycogen
stores as soon as exercise ceased. This hypothesis may also
explain why insulin-stimulated glucose uptake and glycogen
synthesis is enhanced following a single bout of exercise, as
long as the exercise bout was sufficient to cause significant
glycogen depletion. It can also answer another unsolved ques-
tion: how do cells “know” when their glycogen stores are suf-
ficient, and conversely how do they “know” when they are insuf-
ficient and need replenishing? These are important questions
because insulin resistance, the primary cause of type 2 diabetes
and the metabolic syndrome, can be viewed as a mechanism
to limit the amount of nutrient that cells can store.
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The carotid body (CB), a small neural crest-derived paired organ
located at the carotid bifurcation, is a principal component of
the homeostatic acute oxygen (O,) sensing system required to
activate the brainstem respiratory center to produce hyper-
ventilation during hypoxemia (e.g. in high altitude residents or
in patients with chronic obstructive pulmonary diseases) (Weir
etal. 2005). The CB parenchymais organized in glomeruli, clus-
ters of cells in close contact with a profuse network of capillar-
ies and afferent sensory fibers joining the glossopharyngeal
nerve. The most abundant cell typesin the CB glomeruli are the
neuron-like, glomus or type | cells, which are enveloped by
processes of glia-like, sustentacular type Il cells. Glomus cells
are physiologically complex, as they are electrically excitable
and express a broad variety of voltage- and ligand-gated ion
channels, as well as TRP and background K* channels. These
cells behave as presynaptic-like elements that establish con-
tact with the postsynaptic sensory nerve fibers.

Glomus cells are arterial chemoreceptors, activated by hypoxia,
hypercapnia and extracellular acidosis. Recently, it has been
shown that, as suggested by experiments in vivo (Alvarez-Buylla
& Alvarez-Buylla, 1988; Koyama et al. 2000), glomus cells in
vitro are glucose sensors, releasing transmitters in response
to hypoglycemia (Pardal & Lopez-Barneo, 2002; Garcia-Fer-
nandez et al. 2007). Hypoxia and hypoglycemia are additive
stimuli that appear to activate cell secretion through separate
pathways converging on cell depolarization and extracellular
Ca?* influx. Responsiveness to hypoxia seems to depend on
inhibition of voltage-gated K* channels (Weir et al. 2005),
whereas sensitivity to hypoglycemia depends on activation of
a non-selective cationic conductance (Garcia-Fernandez et al.
2007).

Besides its sensitivity to acute hypoxia, the CB also exhibits a
well-known adaptive hypertrophic response to chronic hypox-
emia, whose underlying mechanisms are poorly known. We
have investigated whether adult CB growth in chronic hypoxia
is due to the activation of a population of resident stem cells.
Exposure of mice to a hypoxic (10% O, tension) isobaric atmos-
phere for three weeks induced a marked CB enlargement (™ 2-
3 fold) caused by dilation and multiplication of blood vessels
as well as expansion of the parenchyma, with increased num-
ber of tyrosine hydroxylase positive glomus cell clusters.
Although some glomus cells can enter a mitotic cycle in
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response to hypoxia, the de novo production of CB glomus cells
mainly depends on a population of stem cells, which form mul-
tipotent and self-renewing colonies in vitro. Cell fate mapping
experiments in vivo indicate that, unexpectedly, CB stem cells
are the glia-like sustentacular cells (Pardal et al. 2007). CB stem
cells can be identified using glial markers such as the glial fib-
rillary acidic protein. Quite remarkably, the newly formed glo-
mus cells have the same complex chemosensory properties as
mature glomus cells in situ. They contain voltage-gated Ca?*
and K* channels, are highly dopaminergic, and secrete neuro-
transmitters on exposure to acute hypoxia and hypoglycemia.
These cells are also producers of glial cell line-derived neu-
rotrophic factor (Pardal et al. 2007). Induction of CB growth in
sustained hypoxia seems to depend, at least in part, on fac-
tors possibly produced by glomus cells and the neighbouring
vascular tissue.

These observations suggest that CB glomus cells are polymodal
chemoreceptors with animportant role in oxygen and glucose
homeostasis. They also indicate that the mammalian CB is a
neurogenic niche with a recognizable physiological functionin
adult life. CB stem cells may explain the origin of some tumours
in humans (e.g. paragangliomas) and they could also be poten-
tially useful for antiparkinsonian cell therapy.

Alvarez-Buylla R & Alvarez-Buylla ER (1988). Resp Physiol 72, 347-360.

Garcia-Fernandez M, Ortega-Saenz P, Castellano A & Lopez-Barneo |
(2007). Diabetes 56, 2893-2900.

Koyama Y, Coker RH, Stone EE, Lacy DB, Jabbour K, Williams PE &
Wasserman DH (2000). Diabetes 49, 1434-1442.

Pardal R. & Lopez-Barneo | (2002). Nature Neurosci 5, 197-198.

Pardal R, Ortega-Saenz P, Duran R & Lopez-Barneo ] (2007). Cell 131,
364-377.

Weir EK, Lopez-Barneo ], Buckler K.& Archer S (2005). N Engl | Med 353,
1042-1055.

Where applicable, the authors confirm that the experiments
described here conform with The Physiological Society ethical
requirements.

SA12

Matching ventilation to systemic metabolism: a role for
peripheral chemoreceptors?

P. Kumar

Department of Physiology, The Medical School, University of
Birmingham, Birmingham, UK

Elevations in systemic metabolism brought about by exercise
will raise the venous partial pressure of CO, and decrease
venous Po, and pH. Despite these changes in venous blood
composition, steady state arterial blood gas tensions and pH
are retained at normal, ‘resting’ levels by a proportional
increase in alveolar ventilation, thus demonstrating the sensi-
tivity and functional importance of the respiratory system to
changes in blood chemistry. The means by which metabolic
rate is ‘sensed’ toinitiate the appropriate hyperpnoea s, how-
ever, not known with certainty and a number of mechanisms
have beenimplicated. These include both neural and humoural

mechanisms, implicate both feedforward and feedback mech-
anisms and even include the possibility that exercise hyperp-
noea is a learnt phenomenon. Additionally, a degree of redun-
dancy may occurin the system with each proposed mechanism
apparently able to account for most, if not all, of the ventila-
tory responses observed.

We have raised metabolic rate in anaesthetised rats by means
of insulin infusion and have shown that such a manoeuvre can
raise ventilation without alteration in arterial blood gas ten-
sions via alteration in carotid body CO,"2. In the absence of
carotid bodies, elevations in metabolic rate led to excessively
high falls in blood pH. Additional experiments we performed
on in vitro carotid body preparations showed that this organ
was not sensitive to a fallin glucose concentration and afferent
chemodischarge was not elevated, but could even be decreased
by severe hypoglycaemia. We subsequently suggested that cir-
culating adrenaline might act to augment rat carotid body sen-
sitivity and other studies have revealed that a number of other
hormones may account for the response seen in humans3. Ele-
vationsin ventilation and CO, sensitivity may be observed even
with the relatively small increase in post-prandial metabolism.
However, in contrast, to our findings, there are other reports
to show that the rat carotid body has an in vitro sensitivity to
fallsin glucose concentration and it has been suggested that it
may act as a peripheral glucosensor?, although the mechanism
for sensing glucose appears to involve carotid body type 1 cell
membrane channel activation rather than the inactivation
known to occur during hypoxia. The reasons for the discrep-
ancies are not known, but it has been suggested that an inter-
action between Po, and glucose may be important® or that the
particular preparation used can influence the findings.

Whilst evidence to date regarding some role for the carotid
body in mediating exercise hyperpnoea appears strong, more
studies are warranted to establish precisely how metabolism
is sensed so precisely.
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ATP-sensitive potassium (K,;p) channels are metabolic sensors
that couple the metabolic state of the cell to the electrical activ-
ity of the plasma membrane. They consist of pore-forming
Kir6.2 and requlatory sulphonylurea receptor (SUR) subunits.
Metabolic regulation of channel activity is mediated by changes
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