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The effects of hypo- and hyperglycaemia on the hypoxic
ventilatory response in humans
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Animal and tissue studies have indicated that the carotid bodies are sensitive to glucose

concentrations within the physiological range. This glucose sensitivity may modulate the

ventilatory response to hypoxia, with hyperglycaemia suppressing the hypoxic response and

hypoglycaemia stimulating it. This study was designed to determine whether hypo- and

hyperglycaemia modulate the hypoxic ventilatory response in humans. In 11 normal research

participants, glucose levels were clamped at 2.8 and 11.2 mmol l−1 for 30 min. At the start and end

of each clamp, blood was drawn for hormone measurement and the isocapnic hypoxic ventilatory

response was measured. Because generation of reactive oxygen species may be a common pathway

for the interaction between glucose and oxygen levels, the experiments were repeated with and

without pretreatment for 1 week with vitamins C and E. Hypoglycaemia caused an increase in

the counter-regulatory hormones, a 54% increase in isocapnic ventilation, and a 108% increase

in the hypoxic ventilatory response. By contrast, hyperglycaemia resulted in small but significant

increases in both ventilation and the hypoxic ventilatory response. Antioxidant vitamin

pretreatment altered neither response. In conclusion, the stimulant effect of hypoglycaemia

on the hypoxic ventilatory response is consistent with a direct effect on the carotid body, but

an indirect effect through the activation of the counter-regulatory response cannot be excluded.

The mechanisms behind the mild stimulating effect of hyperglycaemia remain to be elucidated.
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Oxygen and glucose are the two critical substrates for
cellular metabolism that need to be delivered to the
cells. When faced with a lack of external sources of
either substrate (e.g. high altitude or starvation) or with
increased demands (e.g. exercise), the autonomic nervous
system is immediately activated and over a longer time
adaptive changes take place. For glucose, considerable
internal stores can be mobilized to maintain blood glucose
levels; however for oxygen, the lack of internal stores
means that mechanisms to transport oxygen from the
environment must be quickly increased. Thus, although
both hypoxia and hypoglycaemia activate the autonomic
nervous system, differences in the patterns of activation
are apparent. This commonality presents possibilities for
interactions between glucose and oxygen regulation that
may occur at multiple levels within the autonomic nervous
system and within the cells utilizing the substrates.

The carotid bodies are multimodal arterial chemo-
receptors responding to changes in oxygen and carbon
dioxide tensions (Andronikou et al. 1988), potassium
concentrations (Linton & Band, 1990) and osmolarity
(Molnar et al. 2003); for a recent review see also
Kumar & Bin-Jaliah (2007). The type 1 cells within the

carotid bodies are thought to be involved in all these
responses, which activate the autonomic nervous system
and primarily increase ventilation. Recently, a response to
changes in glucose level has also been observed in type
1 cells in a thin-slice carotid body preparation (Pardal &
Lopez-Barneo, 2002; Lopez-Barneo, 2003) and in petrosal
neurons co-cultured with type 1 cells (Nurse, 2005; Zhang
et al. 2007).

While there are many glucose response elements
involved in the regulatory response to changes in glucose
level (Levin et al. 2004), the physiological role of the carotid
bodies in glucose regulation has not been fully explored
(Koyama et al. 2000). However, the pathway from oxygen
sensing to an increase in ventilation has been intensively
studied. Whereas there is still considerable controversy
about the details of the oxygen signal transduction process
leading to an increase in the carotid sinus nerve firing
rate (and thus an increase in ventilation), there is an
emerging consensus about many of the steps involved
(Gonzalez et al. 1994; Prabhakar, 2001; Lopez-Barneo
et al. 2001). Decreased tissue O2 tension causes membrane
depolarization in carotid body type 1 cells through closure
(decreasing the open probability) of oxygen-sensitive
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potassium channels (Peers, 1997; Buckler et al. 2000;
Sanchez et al. 2002). The membrane depolarization
causes an influx of Ca2+ through voltage-sensitive Ca2+

channels (Andronikou et al. 1988; Urena et al. 1994;
Lopez-Barneo et al. 1999). This increase in intracellular
Ca2+ concentration causes an exocytosis of neuro-
transmitters, currently thought to be the co-release of ATP
and acetylcholine, that excite the postsynaptic receptors
in the afferent endings of the carotid sinus nerve (Nurse,
2005).

The transduction mechanism whereby hypoxia closes
the K+ channel has been an area of intense focus with
respect to the carotid body. The generation of reactive
oxygen species (ROS) has been viewed as a key link
between O2 partial pressure and K+ channels (Kourie,
1998; Patel & Honoré, 2001). The term ROS refers to
free radical as well as non-radical compounds that can
cause oxidation, including singlet oxygen, superoxide
radical, hydroxyl radicals and hydrogen peroxide. The
superoxide radical can be generated in the mitochondria
when oxygen is not completely reduced to water, or by
various NAD(P)H oxidases (Droge, 2002), and superoxide
dismutase converts superoxide to hydrogen peroxide
enzymatically. While ROS generation is a key mechanism
for the cellular toxicity of both high glucose and oxygen,
it is also a key common intracellular messenger that may
underlie the physiological signalling for both oxygen and
glucose (Droge, 2002; Gonzalez et al. 2002). Most of the
regulatory effects of ROS are not mediated by superoxide
directly but rather through an ROS derivative.

Strong interactions between the stimuli that excite the
carotid bodies have been found, with the most studied
being the oxygen–carbon dioxide interaction (Lahiri &
Delaney, 1975). However, the sites where the interactions
take place within the carotid body signal transduction
sequence are not well known. The data from thin-slice
tissue cultures would also indicate a strong oxygen–glucose
interaction (Pardal & Lopez-Barneo, 2002), but Lopez-
Barneo (2003) has also postulated that the interaction takes
place at the K+ channel and thus is additive. However,
in a rat model, Bin-Jaliah et al. (2004, 2005) found that
hypoglycaemia stimulated ventilation and the hypercapnic
ventilatory response, although without an increase in
the carotid body firing rate. In a recent study, Zhang
et al. 2007) found that the carotid body receptors are
direct ‘glucosensors’ within the physiological range of both
glucose and oxygen.

This study was designed to determine the effect of
hypoglycaemia and hyperglycaemia on the hypoxic
ventilatory response (HVR) in humans. Because of the
potential role of ROS in both glucose and oxygen sensing,
the effect of pretreatment with antioxidant vitamins
was also studied. In addition, it has been reported that
antioxidant vitamin pretreatment blocked the depressant
effect of halothane on the HVR (Teppema et al. 2002).

Some of the results of these studies have been previously
reported in abstract form (Ward, 2006a,b,c).

Methods

The study was completed at the University of Rochester
General Clinical Research Center (GCRC) and approved by
the local institutional review board. The studies conformed
to the standards set by the Declaration of Helsinki and all
subjects gave written, informed consent. All subjects were
free of significant cardiopulmonary disease and took no
medications.

The subjects initially came to the centre for screening
tests (urinalysis, haemoglobin level, vitamin levels, ECG
and pregnancy test if indicated) and for a practice hypoxic
breathing test. They were instructed regarding a standard
diet and asked not to make substantial changes in their
diets during the study. Each subject was then scheduled
for four experimental days. The four arms of the protocol
were hypo- and hyperglycaemic clamps, each with
antioxidant vitamin or placebo pretreatment. At least
2 weeks were scheduled between experimental days. The
sequence of the four experiments was randomized, except
that sequences which required adjacent experiments with
antioxidant pretreatment were not used, in order to
eliminate possible accumulation of the vitamins. No
sequence was repeated. The subjects were admitted to the
GCRC the evening prior to the experiment. At 07.00 h
on the morning of the experiment, two intravenous
lines were used, one for insulin and glucose infusion
and the other for blood sampling. All infusions were
made with a pump (Alaris Medley Pump, Module 8100
Series; Alaris Medley Medical Systems, San Diego, CA,
USA). The catheter for blood sampling was placed in
the dorsum of the hand in retrograde fashion and was
flushed with a small amount of dilute heparin solution
after a sample was drawn. The hand was then placed in
a clear plastic box warmer thermostatically controlled at
46–47◦C to arterialize the venous blood for sampling.
The subjects remained in bed for the duration of the
experiment (except for bathroom visits as needed) with
the head elevated approximately 30–45 deg. In between
breathing runs, subjects were allowed to sleep, read or
watch television; during the breathing runs, subjects
were told to keep their eyes open and most watched
television. After the final experimental measurements,
the subjects were given a meal, intravenous catheters
were removed, and the subjects were discharged home.
A follow-up phone call was made the next day.

Anti-oxidant treatment

Vitamins E and C were used as antioxidants. Each
research participant was given a 7-day supply of either
the vitamins or placebo, packaged in identical capsules.

C© 2007 The Authors. Journal compilation C© 2007 The Physiological Society



J Physiol 582.2 Glucose and hypoxic ventilation 861

Vitamin C (250 mg; Goldline Laboratories, Ft Lauderdale,
FL, USA) and vitamin E (200 mg; Major Pharmaceuticals,
Apotex Corp., Livonia, MI, USA) were taken at 07.00 and
19.00 h. The final doses were given on the morning of the
experiment.

Glucose clamp

The target glucose levels were 2.8 mmol l−1 for the
hypoglycaemia clamps (Mitrakou et al. 1991) and
11.2 mmol l−1 for the hyperglycaemia clamps (DeFronzo
et al. 1979). For the hypoglycaemia clamps, following
baseline measurement of ventilation and the HVR and
after blood was drawn for hormone measurement, an
insulin infusion was begun at 1 mU kg −1min−1. An
infusion of 25% dextrose was adjusted, as needed, to
maintain a glucose level of 2.8 mmol l−1 at 45 min;
this glucose level was held for another 15 min prior to
the measurements. The glucose level was measured at
the bedside every 5 min (Beckman Glucose Analyser 2;
Beckman Coulter Inc., Brea, CA, USA).

The insulin infusion was increased only if the target
hypoglycaemia was not reached even after the glucose
infusion had been titrated to zero. After blood samples and
ventilatory measurements were made 30 min apart, the
insulin infusion was terminated and the glucose infusion
was adjusted to achieve euglycaemia in approximately 1 h.

The hyperglycaemic protocol was similar, except that
no insulin was infused and the 25% dextrose infusion
was adjusted to maintain a blood glucose level of
11.2 mmol l−1. Some subjects had an initial bolus of 25%
glucose (0.8 ml kg−1), but most only had the infusion
started at an initial rate of 1.5 ml kg −1min−1 and then
adjusted as needed.

Hormone measurements

Blood samples for hormone measurements were taken
prior to the start of the clamp (Pre-Clamp), at the time
the clamp was stabilized at approximately 1 h after the
start of the insulin or glucose infusion (Start-Clamp),
after clamping the glucose for 30 min (End-Clamp) and
approximately 1 h after the termination of the clamp
when the glucose level returned to normal (Post-Clamp).
These blood samples were obtained prior to measuring the
HVR. At the times these samples were drawn, the subjects
rated their symptoms using a previously published rating
scale (Mitrakou et al. 1991). The symptoms were divided
into those related to the autonomic response (autonomic
symptoms) and those related to central nervous system
(CNS) glucose deprivation (neuroglycopenic symptoms).

Measurements of insulin, glucagon, cortisol, adrenaline
and noradrenaline levels were made on each of these four
samples. In addition, on the Start-Clamp sample, vitamins
E and C levels were measured.

Vitamin C levels were determined by
spectrophotometer (ZeptoMetrix Oxidative Stress Tests
Services, Buffalo, NY, USA). Vitamin E levels were
determined by high-performance liquid chromatography
using a reverse-phase column and ultraviolet absorbance
detection (University of Rochester Medical Center
Clinical Laboratories, Rochester, NY, USA). The
glucagon, insulin and cortisol determinations were made
in the GCRC laboratory. Glucagon and insulin levels
were measured using the appropriate double-antibody
radioimmunoassay kit (Linco Research Inc., St Charles,
MO, USA). Cortisol was measured with a coated-tube
radioimmunoassay kit (Diagnostic Systems Laboratories
Inc., Webster, TX, USA). Adrenaline and noradrenaline
were determined by Kat-Combi radioimmunoassay kit
(KMI Diagnostics, Minneapolis, MN, USA).

Ventilatory measurements

The techniques for ventilatory measurements have been
described in detail previously (Cartwright et al. 1998).
Briefly, subjects breathed from a gas-mixing chamber
via a face mask (Vital Signs, Totawa, NJ, USA).
Inhaled and exhaled volumes were measured with a
bi-directional impeller flow meter (VMM 110; Interface
Associates, Laguna Niguel, CA, USA). Airway gases were
sampled continuously by a combined infrared (CO2)
and paramagnetic (O2) analyser (Gemini Respiratory
Monitor; CWE Inc., Ardmore, PA, USA) or a mass
spectrometer (MGA 110; Perkin-Elmer, Pomona, CA,
USA) in some experiments. Heart rate and saturation
were obtained from a pulse oximeter (Model 3900;
Datex-Ohmeda Inc., Madison, WI, USA). Subjects
were continuously monitored with an ECG for safety.
Computer-driven, high-flow (total flow of 60 l min−1),
mass-flow controllers (Omega Engineering, Inc, Stamford,
CT, USA) provided N2, CO2 and O2 to the gas mixing
chamber at desired concentrations on a breath-by-breath
basis. Ventilation (l min−1), tidal volume (l), breathing
frequency (breaths min−1), end-tidal gas concentrations
(end-tidal partial pressure of O2 (PET,O2

) and CO2

(PET,CO2
), mmHg), haemoglobin oxygen saturation by

pulse oximetry (%) and heart rate (beats min−1) were
determined and data were collected using the TIDAL
software package running under the LINUX operating
system (Jenkins et al. 1989).

To study the ventilatory response to isocapnic hypoxia
(HVR), a computer-driven dynamic end-tidal forcing
technique was utilized (Cartwright et al. 1998). With this
technique, the PET,O2

and PET,CO2
are dynamically forced to

follow a prescribed pattern in time by manipulation of the
inspired gas concentrations independent of the ventilatory
response. In this study, step transitions in PET,O2

were
used with a background of constant PET,CO2

individually
determined for each subject. The PET,CO2

was determined
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by an initial 10 min breathing run while inhaling 1% CO2

for each subject on each experimental day. This permitted
the setting of a control level of PET,CO2

that would not
cause too high a normoxic ventilation but yet could be
determined by chemoreceptor drives. The PET,CO2

for all
subsequent runs for that subject on that experimental day
was set at 1–2 mmHg above the average PET,CO2

during
this initial period. The HVR was determined by a 10 min
breathing period which started with 250 s of normoxia
(PET,O2

, 100 mmHg), followed by a step-wise decrease in
PET,O2

, with targets of 75.2, 64.0, 57.0, 52.0, 48.2 and
45 mmHg, to give equally spaced saturation values in 50 s
intervals, except with the final PET,O2

being held for 100 s
using the protocol of Mou et al. (1995).

Data analysis and statistics

The HVR slope was determined by linear regression of the
ventilation on the saturation calculated from the measured
PET,O2

using the equations suggested by Severinghaus
(1979). The breath-by-breath data were averaged over the
last 20 s at each level of hypoxia, except for the first level
(100 mmHg), where 120 s was used, and the last level
(45 mmHg), where 40 s was used. The HVR was calculated
by linear regression of the averaged ventilation on the
averaged saturation for these seven intervals. The averaged
ventilation, exhaled tidal volume, breathing frequency and
heart rate for the initial isocapnic normoxic period were
also analysed. Data are reported as means ± s.e.m. unless
otherwise noted.

Figure 1. Glucose and insulin measurements for both the hypoglycaemic and the hyperglycaemic clamps
No statistical difference was found between the placebo and vitamin treatments and the averages are given for
both treatments combined. Statistical testing (see Methods) within the hypoglycaemic and hyperglycaemic clamps:
∗significantly different from Pre-Clamp value; +significantly different from Post-Clamp value; #significantly different
from Start-Clamp value.

Statistical analysis was performed using STATA (Stata
Corp., College Station, TX, USA). The measured
vitamin levels were compared for control (measured
during the initial screening visit), placebo and vitamin
treatment using analysis of variance (ANOVA). Statistical
comparisons were not made between the hyper- and
hypoglycaemic clamps. Within each clamp, ANOVA was
used with subject, drug (placebo or antioxidant), time
(Pre-Clamp, Start-Clamp, End-Clamp and Post-Clamp)
and drug–time interaction. If no drug effect was found,
ANOVA was repeated with subject and time as the
dependent variables and a possible time effect was
determined by post hoc testing using the false discovery
rate procedure with P < 0.05 used as the significant level
(Curran-Everett, 2000). If the drug effect was found to
be significant, subsequent testing for a time effect was
performed on the placebo and antioxidant data separately.

Results

Eleven participants (five male and six female) enrolled
and completed the protocol. Except for one subject who
developed a superficial thrombosis in the vein that had
received the 25% glucose bolus, there were no adverse
reactions. That subject completed the protocol and for
the other subjects the initial glucose bolus was deleted
and the hyperglycaemic runs were initiated solely by
beginning the 25% infusion. The average age and body
mass index (± s.d.) were 27 ± 6 years and 25.6 ± 5.5 kg m2

(19.4–36.8), respectively.
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Figure 2. Example of hypoxic ventilatory response during hypoglycaemia
The left panel shows the instantaneous measurement of airway gases and tidal volume. The end-tidal PCO2 and
PO2 are controlled by manipulation of the inspired gas concentration. The right panel shows the ventilation versus
saturation for each of the seven defined time intervals (see text) and the linear regression line.

No subject reported any problems with taking the
vitamin capsules and all completed the treatments.
The control (obtained at the screening visit) vitamin
C level (57.0 ± 6.7 μmol l−1) was within the expected
normal range (28.5–85.5 μmol l−1) and the vitamin E
level (25.9 ± 3.3 μmol l−1) was slightly above the expected
normal range (12–21.6 μmol l−1) in these healthy,
non-smoking subjects. As expected, the placebo treatment
did not cause any significant change in levels from control,
whereas the administration of the active vitamins caused
a significant increase in both vitamin levels (vitamin C,
82.1 ± 7.4 μmol l−1; vitamin E, 39.6 ± 3.0 μmol l−1; both
values were significantly different from placebo, P < 0.05);
however, the water-soluble vitamin C levels were still
within the normal range.

The glucose clamps were successfully accomplished at
the target values. Insulin levels increased via exogenous
administration for the hypoglycaemic clamp and via end-
ogenous response for the hyperglycaemic clamp (Fig. 1).
Figure 2 shows a recording of the HVR and the regression
analysis.

Overall the PET,CO2
was well controlled. There were no

differences in either the normoxic (37.8 ± 2.9 mmHg) or
hypoxic values (37.6 ± 2.8 mmHg) across the time periods
or treatments. The somewhat large standard deviations
resulted from the individualization of the PET,CO2

used for
each subject and not from any variation across multiple
runs for an individual subject. Except as noted below, no
drug effect was detected via ANOVA; thus the results are
reported for both vitamin treatments combined.

The primary hypothesis of this study was that the
glucose level would modulate the HVR. As predicted,
the hypoglycaemic clamp greatly increased the HVR

but unexpectedly, the HVR was also increased by the
hyperglycaemic clamp (Fig. 3). For both the hyper- and
hypoglycaemic clamps, the Post-Clamp measurement did
not return completely to the initial Pre-Clamp value.

Figure 3. Hypoxic ventilatory response for both the
hypoglycaemic and hyperglycaemic clamps
No statistical difference was found between the placebo and vitamin
treatments and the averages are given for both treatments combined.
Statistical testing (see Methods) within the hypoglycaemic and
hyperglycaemic clamps: ∗significantly different from Pre-Clamp value;
+significantly different from Post-Clamp value.
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For the hyperglycaemic clamp, the first measurement at
the start of the clamp was not significantly greater than
the Pre-Clamp value. For the hypoglycaemic clamp, both
clamp measurements (Start-Clamp and End-Clamp) were
increased above the Pre-Clamp measurement and were not
different from each other.

Figure 4. Ventilation, tidal volume and breathing frequency averaged over the last 2 min of the
normoxic period prior to the hypoxic periods for the four time periods in both the hypoglycaemic
and hyperglycaemic clamps
Ventilation showed a significant increase during the clamp periods for both hypoglycaemia and hyperglycaemia
but the frequency was increased for hypoglycaemia and tidal volume was increased for hyperglycemia. Statistical
testing (see Methods): ∗significantly different from Pre-Clamp value; +significantly different from Post-Clamp value.

The normoxic ventilation was also increased by both
clamps (Fig. 4), but the pattern of breathing was different.
For the hypoglycaemic clamp, the increase in ventilation
was caused primarily by an increase in breathing frequency,
but for the hyperglycaemic clamp, there was primarily an
increase in tidal volume. There was only a small increase
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in heart rate during both clamps; hypoglycaemic clamp:
from 68.1 ± 7.2 beats min−1 Pre-Clamp to a maximum
of 75.4 ± 9.9 beats min−1 (P < 0.05) in the End-Clamp
period and returning to 66.1 ± 6.9 beats min−1 (n.s.
from Pre-Clamp) in the Post-Clamp period; hyper-
glycaemic clamp: from 67.3 ± 6.6 beats min−1 Pre-Clamp
to 71.4 ± 6.7 beats min−1 at the end of the clamp and then a
non-significant further increase to 73.7 ± 7.3 beats min−1

in the Post-Clamp period.

Figure 5. Hormonal response to hypoglycaemic and hyperglycaemic clamps
Except for noradrenaline level during the hyperglycaemic clamp, there was no difference between the placebo and
antioxidant treatments and the responses for the two treatments are shown averaged together. For noradrenaline,
there was no effect of the clamp time period, but the values following vitamin treatment were significantly
(P < 0.01) higher than for placebo (see Results). Statistical testing (see Methods): ∗significantly different from
Pre-Clamp value; +significantly different from Post-Clamp value; #significantly different from Start-Clamp value.

The hypoglycaemic clamp elicited a brisk counter-
regulatory response with increases in glucagon,
adrenaline, noradrenaline and cortisol levels (Fig. 5).
Glucagon and cortisol levels remained elevated in the
Post-Clamp period. Both sets of reported symptoms
(neuroglycopenic and autonomic) increased during
the hypoglycaemic clamp (Fig. 6), whereas the
neuroglycopenic symptoms remained elevated in
the Post-Clamp period because of hunger (when hunger
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was removed from the neuroglycopenic symptoms, the
Post-Clamp value was no longer significantly different
from the Pre-Clamp value).

The noradrenaline levels for the hyperglycaemic
tests were significantly (P < 0.001) higher for vitamin
pretreatment (vitamin pre-treatment, 867 ± 107 pmol l−1;
placebo, 597 ± 75 pmol l−1), with no effects from the
clamp period. The adrenaline levels were not changed
by the hyperglycaemic clamp but the glucagon levels
were suppressed (Fig. 5). Cortisol showed a monotonic
decline from 414 ± 90 nmol l−1 in the Pre-Clamp period
to 306 ± 54 nmol l−1 in the Post-Clamp period that did not
reach statistical significance in the ANOVA for a clamp
time period effect (P = 0.07). None of the symptoms
showed a statistically significant increase.

Discussion

The potential for an interaction between glucose levels and
ventilation has been studied in tissue cultures (Pardal &
Lopez-Barneo, 2002; Nurse, 2005; Zhang et al. 2007) and
animal preparations (Alvarez-Buylla & Alvarez-Buylla,
1988; Bin-Jaliah et al. 2004, 2005) but we have been
unable to find any prior reports of the interaction
between glucose and ventilation in humans. The study of
interaction between glucose and oxygen has focused on the
carotid bodies, because they are the primary stimulatory
sensors for hypoxia. The observation that the carotid
bodies are also sensitive to glucose has resulted in their

Figure 6. Neuroglycopenic and autonomic symptoms scores
Average of the symptom score shown as the symptoms related to an
increase in autonomic activity and those related to neuroglycopenia
(Mitrakou et al. 1991) for the hypoglycaemic clamp. Statistical testing
(see Methods): ∗significantly different from Pre-Clamp value;
+significantly different from Post-Clamp value.

designation as ‘metabolic sensors’ (Nurse, 2005). Recently
Zhang et al. (2007) investigated specific mechanisms of
glucose sensing in the rat carotid body in vitro. Their
results indicate a sensitivity to glucose changes within the
physiological range and an effect that was additive to hyp-
oxic stimulation. It is interesting that in their experiments
the carotid body type 1 cell membrane depolarization
during hypoglycaemia was associated with a decrease in
cell input resistance in contrast to the increase seen during
hypoxia. However, this metabolic sensitivity in vitro may
not translate to a physiological or clinical importance
in vivo. In studying the effects of both hypo- and
hyperglycaemia on the HVR in humans, clear
interactions have been demonstrated which differ
in certain respects from those predicted by the tissue and
animal studies.

Hypoglycaemia

The hormonal and symptom responses to the induced
hypoglycaemia found in this study are similar to those
previously reported (Mitrakou et al. 1991; Porcellati et al.
2003). The brisk counter-regulatory response triggered
by the hypoglycaemia is the result of autonomic nervous
system activation and attempts to return the glucose levels
to normal.

While hypoglycaemia clearly stimulated resting
ventilation and greatly increased the HVR, this could
be either a direct or an indirect stimulation. A direct
stimulation would be consistent with the tissue culture
experiments of Pardal & Lopez-Barneo (2002), Nurse
(2005) and Zhang et al. (2007). Other experiments have
shown that the carotid bodies in animals are responsive
to hypoglycaemia and play a role in the development of
the counter-regulatory response (Koyama et al. 2000;
Montero et al. 2006). This would most probably imply an
interaction between glucose and the hypoxic sensitivity
at the carotid bodies because, although not extensively
studied, no selectivity to carotid body activation has
been found in the carotid sinus nerve fibres (Vidruk
et al. 2001). It is important to note that older studies
of the carotid bodies have emphasized the need for
sufficient substrate (e.g. glucose) to be available for
adequate chemoresponsiveness of the cells (Spergel et al.
1992), while other studies have found an increasing
responsiveness with decreasing intracellular ATP levels
(Obeso et al. 1986). Regardless, the in vivo levels of
glucose obtained in these experiments would not imply
a lack of metabolic substrate sufficient to alter cell
function.

In rats, Bin-Jaliah et al. (2004, 2005) found that
hypoglycaemia stimulated ventilation and increased the
hyperoxic hypercapnic ventilatory response and that
these effects were eliminated by carotid sinus section.
However, when the carotid sinus nerve firing rate was
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measured in vitro, no increase in firing rate was seen
when the glucose level in the superfusate was lowered
(Bin-Jaliah et al. 2004). These authors concluded that while
hypoglycaemia stimulated the carotid bodies, this effect
was due to a metabolic factor other than glucose.
Although not measured in these experiments, the auto-
nomic response to hypoglycaemia could provide this
indirect link.

Weissman et al. (1986) gave human subjects adrenaline,
cortisol and glucagon by infusion according to the
protocol developed by Shamoon et al. (1981). Although
Weissman et al. (1986) did not measure hormone plasma
levels, the levels measured by Shamoon et al. (1981)
were comparable to the levels measured in this study.
Resting ventilation was increased by approximately
30%, primarily via an increase in tidal volume and not in
breathing frequency, and caused a mild hypocapnia. In the
current study we found a 54% increase in ventilation, but
with the increase due to a different pattern of breathing:
increased frequency and not tidal volume. Additionally,
in the current study, the increase in ventilation was
measured isocapnically, which could account for some
of the increased effect. It is also important to note that
Shamoon et al. (1981) found that the infusion of all three
hormones caused a marked hyperglycaemia (glucose
of approximately 11 mmol l−1 after 2 h) and a mild
hyperinsulinaemia (approximately 30 μU ml−1), in
contrast to the hypoglycaemia and marked hyper-
insulinaemia in this protocol. Although other explanations
are also possible, the difference in the breathing pattern
and the larger increase in ventilation may be caused by
direct carotid body stimulation by hypoglycaemia. The
HVR was not measured by Weissman et al. (1986), but
they did find that the hyperoxic hypercapnic response
was shifted to the left without an increase in slope. This
is in contrast to the findings of Bin-Jaliah et al. (2005)
that hypoglycaemia increased both the metabolic rate
and the slope of the ventilatory response to carbon
dioxide.

Other studies have investigated the effects of
catecholamine infusions on the HVR. Heistad et al.
(1972) observed that noradrenaline and isoprenaline
(isoproterenol; a β-adrenergic agonist) each increased
the hypoxic sensitivity by approximately 20% (estimated
from their reported aggregate data). Interestingly, Linton
et al. (1992) found that adrenaline increased the firing
rate of the carotid sinus nerve in the anaesthetized cat,
but only to a level that would have been predicted by
the increase in arterial [K+] and metabolic rate. They
concluded that adrenaline did not have a direct effect on
the carotid chemoreceptors. In the present protocol, the
arterial [K+] would be expected to decrease (Strakosch
et al. 1976), resulting in a lessening of the carotid body
sensitivity and thus not explaining the increase that was
found.

Hyperglycaemia

Contrary to the predictions from in vitro studies (Pardal
& Lopez-Barneo, 2002; Zhang et al. 2007), a decrease in
HVR was not found during hyperglycaemia, but rather a
mild stimulation was observed. The counter-regulatory
response activated by the induced hyperglycaemia
consisted of an increase in insulin (Fig. 1) and an
increase in glucagon (Fig. 5). Cortisol also showed a
slight, insignificant, slow decrease (Fig. 5) which could
be the normal morning circadian decrease. Although not
measured, somatostatin would be expected to increase and
[K+] to decrease during the hyperglycaemic period, but
both of these changes should reduce the HVR (Maxwell
et al. 1986). It is possible that the glucose levels used in this
protocol were not high enough to suppress the sensitivity
of the carotid bodies to hypoxia.

Although based on in vivo studies, the interaction
between hyperglycaemia and hypoxia was hypothesized
to occur at the carotid bodies; this interaction could
also occur within the central respiratory controller. There
are glucose-excited neurons (neurons that increase their
activity as ambient glucose levels increase) in many regions
of the brain (Levin et al. 2002) including in the nucleus
tractus solitarius (Mizuno & Oomura, 1984), which is
known to be a primary site for the integration of respiratory
stimuli (Paton et al. 1999).

Glucose sensing in CNS neurons is not fully
understood (Levin et al. 2004) but ATP-dependent
K+ (KATP) channels and glucokinase seem to be key
elements in the transduction process (Levin et al. 2001;
Dunn-Meynell et al. 2002). Although various K+ channels
have been implicated in O2 sensitivity in the carotid bodies
(Lopez-Barneo et al. 2004; Weir et al. 2005), KATP channels
are not thought to be involved in the response to hypoxia
because in the carotid bodies it occurs at an arterial PO2

level still high enough to cause no reduction of intracellular
ATP.

The slow increase in the HVR with hyperglycaemia and
its persistence with the return to euglycaemia (Fig. 3) could
imply a slow modification by glucose of the hypoxic sensing
mechanisms. Although glucose and oxygen interact
in the expression of several genes and in the stability
of hypoxia-inducible factor 1α (Kietzmann et al. 2002;
Catrina et al. 2004), these effects are likely to be too slow
to explain our results. Hyperglycaemia has been postulated
to induce an intracellular ‘pseudohypoxia’ with an increase
in NADH/NAD+ even in normoxia (Williamson et al.
1993). Clarification of these hypotheses awaits mechanistic
studies in reduced preparations.

Antioxidants

The interaction of inhalational anaesthetics with the
HVR is thought to occur via ROS in the carotid body;
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this effect is blocked by antioxidant vitamins (Teppema
et al. 2002). Although ROS have been shown to play
significant roles in the mediating effects of both oxygen
and glucose (Williamson et al. 1993), we found no effects of
antioxidant vitamin pretreatment except for a significant
increase in noradrenaline levels by the vitamin treatment
in the hyperglycaemic clamp experiments. The hyper-
glycaemic periods did not affect the noradrenaline levels
for either placebo or vitamin treatments (Fig. 5). As the
Pre-Clamp periods for both the hypo- and hyperglycaemic
clamps are identical, the effects of vitamin pretreatment on
noradrenaline level were assessed on the combine data for
the Pre-Clamp periods alone. This analysis did not show
a significant difference in noradrenaline level (P = 0.24),
so the difference found for the hyperglycaemic test alone
is difficult to interpret.

Although oxygen and glucose are two vital metabolic
substrates, apparently no prior studies have examined the
effects of alterations in glucose levels on ventilation in
humans. This study has demonstrated that hypoglycaemia
is a potent ventilatory stimulant and increases the HVR.
Although the carotid bodies are likely to be the site of
action, the relative contribution of indirect stimulation
via counter-regulatory hormones cannot be determined
from this study. Hyperglycaemia did not suppress the
HVR.
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