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Translating blood-borne stimuli: chemotransduction in the carotid body

Prem KUMAR B. Sc.”, D. Phil
Department of Physiology, The Medical School, University of Birmingham, Birmingham B15 2TT, UK

Abstract: The carotid body can transduce hypoxia and other blood-borne stimuli, perhaps including hypoglycaemia, into afferent
neural discharge that is graded for intensity and which forms the afferent limb of a cardiorespiratory and neuroendocrine reflex loop.
Hypoxia inhibits a variety of K* channels in the type | cells of the carotid body, in a seemingly species-dependent manner, and the
resultant membrane depolarisation is sufficient to activate voltage-gated Ca?* entry leading to neurosecretion and afferent discharge.
The ion channels that respond to hypoxia appear to do so indirectly and recent work has therefore focussed upon identification of other
proteins in the type I cells of the carotid body that may play key roles in the oxygen sensing process. Whilst a role for mitochondrial
and/or NADPH-derived reactive oxygen species (ROS) has been proposed, the evidence for their signalling hypoxia in the carotid body
is presently less than compelling and two alternate hypotheses are currently being tested further. The first implicates haemoxygenase
2 (HO-2), which may control specific K* channel activation through O,-dependent production of the signalling molecule, carbon
monoxide. The second hypothesis suggests a role for the cellular energy sensor, AMP-activated protein kinase (AMPK), which can
inhibit type I cell K* channels and increase afferent discharge when activated by hypoxia-induced elevations in the AMP:ATP ratio. The
apparent richness of O_-sensitive K* channels and sensor mechanisms within this organ may indicate a redundancy system for this vital
cellular process or it may be that each protein contributes differently to the overall response, for example, with different O, affinities.
The mechanism by which low glucose is sensed is not yet known, but recent evidence suggests that it is not via closure of K* channels,
unlike the hypoxia transduction process.
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Introduction

The precise partial pressure of O, (PO,) in any particular
mammalian tissue depends on a number of factors, in-
cluding the vascular structure of the perfused tissue, its
cellular O,consumption rate and local diffusion conditions,
but appears to be maintained within a relatively narrow
range of 40-50 mmHg (7.5 mmHg = 1 kPa). This value
can decrease during increased metabolism if not matched
by a compensatory increase in blood flow and if this mis-
match is sustained over many hours, compensatory modi-
fications in protein expression occur. Within a timescale
of seconds to minutes, however, the delivery of sufficient
O,to meet metabolic demand will depend, ultimately, on
augmented alveolar ventilation and redirection of blood flow.
This acute response requires sensory systems that rapidly
detect falls in arterial oxygenation, coupling this to reflex
and/or hormonal cardiorespiratory responses. The major
sensor of acute arterial hypoxia is the carotid body peri-
pheral chemoreceptors, which, together with pulmonary
artery smooth muscle cells, kidney erythropoietin secre-
ting cells and possibly airway neuroepithelial bodies, act to
ensure systemic protection from the damaging effects of
hypoxia. This brief review gives an account of current
hypotheses of O, transduction in the carotid body and sug-
gests that it may be profitable to consider the carotid body
rather as a poly-modal stress sensor than as a hypoxia
Sensor per se.

Role of K* channels

At rest, the carotid bodies contribute 10%-20% of the total
ventilatory drive but this proportion increases as their dis-
charge increases sharply when arterial PO, falls below ca.
60 mmHg. Detection of hypoxia by the carotid body oc-
curs in the type | cells of this organ. These cells are ap-
proximately 10 pum in diameter and are arranged in clusters,
surrounded by glial-like type 1l cells and in close apposi-
tion to both free nerve endings of the afferent carotid sinus
nerve branch of the glossopharyngeal nerve and a rich blood
supply. Since the late 1980s it has been recognised that the
type | cells can respond to hypoxia by inactivation of a
variety of plasmalemmal K* channels thus increasing mem-
brane resistance and inducing sufficient cell depolarisation
to activate voltage-gated Ca? entry. The elevation in intra-
cellular Ca?" leads to neurosecretion of a variety of
neuromodulator and transmitter substances from the type
I cells and this generates action potentials in the post-synaptic
carotid sinus nerve afferentst. A variety of K* channels
with O, sensitivity have been described including the clas-
sical voltage-dependent K* channels®, non-inactivating
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Ca*-dependent K* channels, particularly BKE channels,
hERG K* channels® and subunits of the voltage-independent,
acid- sensitive tandem P domain K* (TASK) channel fami-
Iy, Species differences do exist but these channels may
act in concert within a single cell to both induce and main-
tain the depolarisation. O,-sensitive K* channel in the type
I cells is most often observed only in those patch clamp
configurations that retain cytosolic or closely-associated
factors, e.g., whole-cell or perforated patch recordingst®,
which suggests that the channel itself is not O,-sensitive
but is, instead, coupled directly or indirectly to a non-mem-
brane delimited sensor located elsewhere within the cell.

Sensors of hypoxia

One proposed mechanism assumes a key role for gas
molecule signalling in the inactivation of Ca*-dependent
K* channels as the O,-dependent enzyme, haemoxygenase-2
(HO-2) was found to be closely associated in a protein
complex with membrane bound K* channels and its
product, carbon monoxide (CO), appeared essential for
BK channel activation®, Thus, in the presence of O, and
its co-substrates, haem and NADPH, CO increases the
channel open probability and when O, levels are reduced in
hypoxia, the reduction in CO production would inactivate
the channel leading to membrane depolarisation. This is an
intriguing hypothesis, but the importance of HO-2 has been
questioned recently by the finding that HO-2 null mice ap-
pear to have unchanged hypoxia sensitivity despite alte-
rations in BK channel expression™Y. Reconciling these dif-
ferences will be an important next step in the development
of this hypothesis.

Other hypotheses for O, sensing are based upon global
changes in the cellular redox or energy status. These hy-
potheses have their origin in the finding that blockers of
the mitochondrial electron transport chain or uncouplers
of oxidative phosphorylation are potent chemostimuli. A
role for mitochondrial proteins in O, sensing has, therefore
long been suggested, but requires type I cell mitochondria
to possess some, as yet undefined, specialisation that con-
fers upon them a physiological sensitivity to hypoxial*2*,
It has, however, been reported that many inhibitors of oxi-
dative phosphorylation may have non-specific actions upon
K* channel activity that are independent of the effects of
hypoxia™ and, coupled with the finding that partial dele-
tion of sdhd, a component of mitochondrial complex 11, in
mice had no effect upon hypoxia sensitivity as assayed by
catecholamine release from the type I cells®™™ means that a
role for mitochondria in O, sensing is not yet fully
established.
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That said, current mechanisms to account for the coup-
ling of mitochondria with the K* channels of the plasma
membrane include variations in the concentration of reac-
tive oxygen species (ROS), acting via changes in cellular
redox potential. Although mitochondrial ROS may affect
K* channel function, their role in O, sensing is contentious®,
Another source of ROS localised more closely to plasmalemmal
K* channels is the extra-mitochondrial membrane bound
NADPH oxidase complex, which produces O, and H,0,,
in proportion to PO,. Unfortunately, targeted deletion of
key NADPH oxidase subunits, including gp91phox8°! and
p47phox7 does not reduce O, sensitivity, but instead
suggestes that ROS may be involved in cell repolarisation
rather than depolarisation.

Allternatively mitochondria may couple to K* channel in-
hibition via changes in the cytosolic concentration of ATP
or factor(s) related to ATP synthesis. Although a direct
action of ATP upon TASK channels has been described in
isolated membrane patches®Y, it seems likely that this oc-
curs indirectly in the whole cell. One such mechanism is
via hypoxia-mediated increases in the cellular AMP:ATP
ratio, raising AMP levels sufficiently to stimulate de novo
synthesis of AMP-activated protein kinase (AMPK)#2,
AMPK is ubiquitously expressed in eukaryote cells and plays
a vital role in cellular metabolic regulation in a variety of
tissues’®! by augmenting ATP generating processes whilst
inhibiting non-essential energy consuming processes.
Recently, both Ca?-dependent K* channels and TASK chan-
nels of the carotid body type | cells, have been shown to
be novel targets of this kinase and are inactivated by the
AMPK mimetic agent, 5-aminoimidazole-4-carboxamide
riboside (AICAR)24, This effect is sufficient to enable Ca?-
dependent neurosecretion and an augmented carotid body
afferent discharge and, crucially, the AMPK antagonist,
compound C, can prevent hypoxia-mediated excitation. This
hypothesis is particularly compelling as it unites the mito-
chondrial and K* channel responses to hypoxia without a
need to necessarily invoke mitochondrial specialisation or
decreases in the concentration of ATP. This latter point is
particularly important for the energy consuming process
of chemotransduction. An implication, however, if one
assumes that the type I cells have a sensitivity to hypoxia
not observed in other non-O, sensing tissues, must be that
the carotid body either possesses unique isoform com-
plexes of AMPK or that signalling by AMPK is somehow
modified for specific function in these cells.

Sensing glucose: an alternate or complementary
function?
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As described above, the carotid body can respond to hy-
poxia and much of the research focus in recent years has
been focussed upon elucidating the transduction mecha-
nism for this stimulus. The carotid body is, however, a
poly-modal receptor and has a number of adequate stimuli.
Thus, in addition, to hypoxia, it has the ability to sense a
variety of other stimuli including blood CO,, pH,
temperature, osmolarity and hyperkalaemia, as well as
hypotension, transducing them into afferent discharge at
physiological levels of intensity. Interactions between these
various stimuli and hypoxia are known to exist. More
recently, a novel role for the carotid body as a glucosensor
has been proposed following initial reports that intracarotid
glucose infusion could reduce carotid chemoreceptor ac-
tivity and carotid body stimulation could increase hepatic
glucose output and brain glucose retention®!. Additionally,
chemo-denevated dogs failed to mount an adequate,
counter-regulatory neuroendocrine response when chal-
lenged with an insulin-mediated hypoglycaemia®, although
the stimulus involved in this study has been suggested to
be an, as yet, unidentified product of metabolism rather
than hypoglycaemia per sel® that acts to augment CO,
sensitivity®. A direct glucosensor role has, however, been
indicated in in vitro studies. Thus, in a novel thin slice
preparation of the carotid body, low glucose (< 2 mmol/L),
like hypoxia, stimulated catecholamine secretioni?*% and
could also excite post-synaptic petrosal neurons in a co-
culture of petrosal neurons and type | cells®Y. However,
reductions of superfusate glucose to 2 mmol/L or less in
whole organ preparations of the carotid body had no acute
effect upon chemodischarge3, and a definitive direct
role for the carotid body in glucose sensing has not yet
been established. The reason for the discrepancy between
the various reduced models is not yet known, although it
has been suggested that it may be to do with concomitant
levels of O, with hyperoxia, in some way, reducing or
preventing a hypoglycaemic response. More work is re-
quired before the carotid body can definitely be placed into
a list of peripheral glucosensor tissues that include the pan-
creas and liver. Whatever the outcome, an interesting fin-
ding has been that low glucose reduces type I cell input
resistance, indicating channel opening®!. The precise chan-
nels opened are not known but it is clear that this is diffe-
rent from the inhibitory effect of hypoxia upon ion channels.
This significant difference in mechanism could be taken to
suggest separate transduction pathways for glucose and
hypoxia sensing which may be important for an organ that
requires an increase in its own metabolic rate at a time of
reduced O,. The implications of any hyperoxia-mediated
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Fig. 1. Schematic representation of hypoxia sensing mechanisms in the carotid body type I cell. A: During normoxia, the resting membrane
potential (V,,) of the type I cell is maintained by efflux of K* ions through a variety of K* channels including the large conductance Ca®*-
activated K* (BK) channels and specific subtypes of the acid-sensitive tandem P domain K* (TASK) channel family. TASK channels are
voltage-independent and are open at the resting V, whilst, in the presence of O,, the enzymic activity of the BK-associated protein,
haemoxygenase 2 (HO-2), generates carbon monoxide (CO) that acts to activate the BK channels. At the resting V,,, L-type voltage-gated Ca?*
(L-type Ca?*) channels are inactivated and intracellular Ca?* concentration ([Ca?*];) and therefore neurosecretion and afferent action potential
frequency are basal. B: In reduced O, tensions (hypoxia), the V,, of the type I cell is reduced with this depolarisation due to an inactivation of
TASK and BK channels. The inactivation of TASK and BK channels is associated with an elevation in the cytosolic concentration of AMP-
activated protein kinase (AMPK) that is generated by an increase in the cellular AMP/ATP ratio occurring as a consequence of the reduced O,.
In addition, the CO-mediated activation of BK channels is removed. The depolarisation is of sufficient magnitude to induce an elevated [Ca*]; via
Ca?" influx through L-type Ca?" channels. Neurosecretion and afferent action potential frequency are elevated leading to a variety of corrective

cardiorespiratory and autonomic reflexes.

inhibition of glucose sensing have yet to be appreciated
but, on the face of it, appear similar to the reducing effect
of high O, upon CO, sensitivity53l,

Concluding remarks

The carotid body transduces arterial hypoxia into graded
afferent neural output. Recently, novel models for this pro-
cess have been described that now require further testing
with more selective experimentation. Determination of more
than one sensor protein and a number of ion channels that
can be modulated by hypoxia (Fig.1) may be taken to indi-
cate the importance of this process and/or it may be that
each sensor system has its own particular O, affinity and
that only when combined, does the whole, in vivo stimulus-
response characteristics become apparent. The potential
for redundancy in such a vital process may make interpre-
tation of single gene deletion experiments difficult but these
are beginning to provide data that needs to be incorporated
into the current hypotheses of O, sensing. In addition, the
organ may also detect falls in blood glucose, possibly gi-
ving it a key role in sensing body energy, or metabolic
status and initiating vital counter-regulatory, reflex and
humoural responses. Interactions between stimuli may in-
crease the afferent discharge during a variety of physio-
logical and/or pathophysiological situations, including ex-

ercise and haemorrhage and act to ensure appropriate
cardiorespiratory and neuroendocrine reflex compensation
in time of stress.
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