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Long-term intermittent hypoxia increases sympathetic
activity and chemosensitivity during acute hypoxia

in humans

Sarah-Jane C. Lusina!, Paul M. Kennedy', J. Timothy Inglis', Donald C. McKenzie'?, Najib T. Ayas*

and A. William Sheel!

!School of Human Kinetics and ? Faculty of Medicine, University of British Columbia, Canada

We determined the effects of 10 daily exposures of intermittent hypoxia (IH; 1hday™’;
oxyhaemoglobin saturation = 80%) on muscle sympathetic nerve activity (MSNA, peroneal
nerve) and the hypoxic ventilatory response (HVR) before, during and after an acute 20 min
isocapnic hypoxic exposure. We also assessed the potential parallel modulation of the ventilatory
and sympathetic systems following IH. Healthy young men (1= 11; 25 4= 1 years) served as
subjects and pre- and post-IH measures of MSNA were obtained on six subjects.
The IH intervention caused HVR to significantly increase (pre-IH = 0.30 == 0.03;
post-IH=0.61 & 0.121min~! %S,0, ~!). During the 20 min hypoxic exposure sympathetic
activity was significantly greater than baseline and remained above baseline after withdrawal of
the hypoxic stimulus, even though oxyhaemoglobin saturation had normalized and ventilation
and blood pressure had returned to baseline levels. When compared to the pre-IH trial, burst
frequency increased (P < 0.01), total MSNA trended towards higher values (P = 0.06), and
there was no effect on burst amplitude (P = 0.82) during the post-IH trial. Following IH the
rise in MSNA burst frequency was strongly related to the change in HVR (r = 0.79, P < 0.05)
suggesting that these sympathetic and ventilatory responses may have common central control.
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Acute exposure to hypoxia stimulates oxygen sensitive
chemoreceptors located peripherally in the carotid
body and centrally in the brainstem. The physiological
consequences of stimulation of these excitatory regions
are many and include abrupt increases in ventilation and
circulatory adjustments including increased sympathetic
vasomotor outflow. When a chemoreceptor stimulus
(i.e. increased CO, and/or decreased O,) is used to drive
ventilation in humans, sympathetic activity is increased
in a dose-response fashion (Somers et al. 1989; Morgan
et al. 1995; Xie et al. 2000). Acute exposure to 20 min
of combined hypoxia and hypercapnia causes increases
in ventilation that are paralleled by increases in direct
recordings of multiunit muscle sympathetic nerve activity
(MSNA) (Morgan et al. 1995). After cessation of hypoxia
and hypercapnia, ventilation and arterial oxyhaemoglobin
saturation (S,0,) return to baseline values whereas
the increases in sympathetic activity persist. Persistent
sympathoexcitation has been reported by others and
hypoxia, rather than hypercapnia, is the primary stimulus
(Xie et al. 2001; Cutler et al. 2004; Tamisier et al. 2004a).

© 2006 The Authors. Journal compilation © 2006 The Physiological Society

With exposure to long-term hypoxia there are two reasons
to suspect that tonic sympathetic activity is elevated.
First, 4 weeks of sustained hypobaric hypoxia (5260 m)
resulted in a 3-fold increase in normoxic MSNA in healthy
humans which persisted for days to weeks upon return
to sea level (Hansen & Sander, 2003). Second, in a
pathological model of intermittent hypoxia (IH), patients
with obstructive sleep apnoea show higher daytime MSNA
compared to matched controls (Narkiewicz et al. 1999).
Interpretation and comparison of these two models is
difficult because the physiological changes in response to
hypoxia will be dependent on the duration, severity and
pattern of the exposure as well as the presence or absence
of CO,. Nevertheless, it appears that repeated or sustained
exposure to hypoxia results in sympathetic neural
overactivity.

Most studies report human multiunit MSNA recordings
as burst frequency (i.e. bursts min~'), which is generally
believed to reflect the occurrence of sympathetic firings
from the neurons in contact with or close proximity to
the microelectrode. Some investigators report sympathetic
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activity as total MSNA or total activity which incorporates
values of amplitude or area of the integrated bursts.
Relatively few human studies have reported burst
amplitude values, which are thought to be representative
of the number or type of neuronal firings. Values of
MSNA burst frequency and amplitude may provide unique
information about the central regulation of sympathetic
outflow in response to hypoxia. Indeed, there is some
evidence from animal studies to suggest that hypoxia
may affect each component of the sympathetic nerve
activity signal independently (Malpas & Ninomiya,
1992a,b; Malpas et al. 1996). The manner by which these
componentsare controlled isrelevant to the understanding
of the central generation of sympathetic ‘tone” and cardio-
vascular regulation

The neurocirculatory effects of IH have not been
studied extensively in humans and, to our knowledge, no
study has examined the potential concurrent modulations
within the ventilatory and sympathetic responses to
hypoxia after long-term exposure to isocapnicintermittent
hypoxia. With exposure to hypoxia, both the ventilatory
and sympathetic drive are dependent on the carotid
bodies and there are overlapping neural networks in the
central nervous system; thus there is reason to consider
the possibility that these two systems may undergo
simultaneous augmentation. As such, the purposes of the
present study were twofold. First, we tested the effects of
10 daily exposures to hypoxia on MSNA before, during
and after an acute 20 min isocapnic hypoxic exposure.
Second, we assessed the potential parallel modulation
of the ventilatory and sympathetic systems post-IH. We
hypothesized that our IH intervention would significantly
increase sympathetic activity during the acute exposure
and the persistent MSNA observed during normoxic
recovery would be significantly elevated. We further hypo-
thesized that the change in the MSNA response to hypoxia
would be linked to the change in the ventilatory sensitivity
to hypoxia.
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Methods

Subjects

All experimental procedures and protocols were approved
by the Clinical Screening Committee for Research of the
University of British Columbia and conformed to the
Declaration of Helsinki. Eleven men provided informed
written consent prior to beginning the study. Subjects
were young (25 = 1 years), of normal weight (85 =+ 4 kg)
and height (180+1cm) and had a healthy range for
body mass index (25 49 kgm™2). All subjects were free
from cardiovascular, pulmonary, and neurological disease.
Subjects were excluded if they had a history of
smoking, had ascended to altitude (> 3000 m) within
3 months prior to testing, were taking regular medication,
or participated in competitive swimming, breath-hold
diving, or any other form of apnoeic training. For
screening purposes, all subjects performed pulmonary
function testing using a calibrated spirometer (Spirolab
I, Medical International Research, Rome, Italy). All
subjects had a normal forced vital capacity (5.8 +0.21)
and forced expired volume in 1s (4.8 = 0.11). Abstinence
from caffeine, alcohol and exercise were required for 24 h
prior to all testing procedures.

Experimental protocol

The experimental protocol is shown in Fig. 1. All subjects
reported to the lab for a familiarization trial (Day 1) where
they became acquainted with masked breathing and HVR
procedures. Subjects underwent two experimental days
(Days 2 and 14) where continuous ventilatory, cardio-
vascular and MSNA data were obtained. The experimental
days consisted of a four-phased protocol: (i) 10 min of
normoxic eupnoea that served as the baseline period; (ii)
the HVR procedure; (iii) 20 min of isocapnic hypoxia
exposure; (iv) 20 min of normoxic breathing, which
was considered the recovery period. During the 20 min

100 10 min 10 min 20 min 10 min 10 min 10 min 20 min
90
Sa, (%) X _\_r X
) 80
20 min 60 min 20 min
70
Hypoxic
Familiarization Pre IH trial intervention Post IH trial
I
Day 1 ' Day 2 Day 3-13 Day 14

Figure 1. Experimental protocol

Subjects completed each of the 14 days consecutively. Familiarization (Day 1) consisted of pulmonary function
testing, anthropometric measurements, and a practice HVR. On the pre-and post-intermittent hypoxia (IH) trials
(Days 2 and 14) subjects were instrumented for collection of muscle sympathetic nerve activity, and cardiovascular
and ventilatory parameters. During the hypoxic intervention (Days 3—13) subjects breathed a hypoxic inspirate such
that oxyhaemoglobin saturation was maintained at 80% and end-tidal carbon dioxide was kept at baseline levels.
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hypoxic exposure, 100% N, was added to the inspiratory
circuit as needed to maintain S,o, at 80%. Subjects were
exposed to IH on Days 3—13 where isocapnic hypoxia was
administered for 1h such that S,o, was maintained at
80%.

General procedures

Subjects were studied in the semi-recumbent position.
Inspiratory flow was determined using a calibrated
pneumotachograph (Hans-Rudolph 3813, Kansas City,
MO, USA) connected to the inspired side of a face mask.
From the inspiratory flow signal, tidal volume (V1) and
breathing frequency (f},) values were determined and
minute ventilation (V;) was calculated as the product of
fp and V. Calibrated gas analysers were used to monitor
end-tidal oxygen (Pgr,0,) and carbon dioxide (Pgr.co,)
(S-3A/T and CD-3A, Applied Electrochemistry, Pittsburg,
PA, USA). Heart rate was determined from a standard
bipolar limb lead electrocardiogram (ADInstruments,
ML110, 5303, Colorado Springs, CO, USA). Arterial
oxyhaemoglobin saturation was measured at the finger
using a pulse oximeter (Ohmeda 3740, Louisville,
CO, USA). Beat-by-beat blood pressure was obtained
using noninvasive photoplethysmography at the finger
and calibrated according to manufacturer specifications
(Finometer, Finapres Medical System, Arnhem, the
Netherlands). Automated cuff measurements of blood
pressure (BPM-100, VSM Medtech Ltd, Vancouver,
Canada) were taken from the arm every 2min and
used to normalize the beat-by-beat values. Mean arterial
blood pressure (MAP) was calculated from systolic blood
pressure (SBP) and diastolic blood pressure (DBP) values.
All data was acquired using an analog-to-digital converter
(Powerlab/16SP ML 795, ADInstruments) and sampled at
1 kHz. Data were stored on a computer for offline analysis
(Chart v5.02, ADInstruments).

Hypoxic ventilatory response

We assessed the hypoxic ventilatory response (HVR)
using previously described methods (Guenette ef al. 2004;
Koehle et al. 2005; Foster et al. 2006). Subjects breathed
room air from a mixing chamber and 100% N, was added
to the inspiratory circuit to evoke a gradual drop in S,0,
to 75% over an approximate 5 min period. Isocapnia was
maintained during the test by the manual addition of
CO; to the inspiratory circuit. The Fj o, was determined
by analysing gas sampled from the proximal side of the
inspiratory valve. Minute ventilation was plotted as a
function of S,0, and the slope of the linear regression
was taken to represent the HVR. The relationship between
Vi and S,o, was considered acceptable when linearity was
demonstrated.
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Sympathetic nerve activity

Direct intraneural recordings of multiunit postganglionic
MSNA were acquired from the peroneal nerve using
microneurography (Vallbo et al. 1979). Briefly, the
technique involved inserting a recording needle into the
common peroneal nerve to record electrical nerve activity.
After location by surface and subcutaneous stimulation,
a tungsten microelectrode was inserted for recording
purposes (tip diameter 10 um, 35 mm long, Fredrick
Haer, Bowdoinham, ME, USA). Nerve signals were
rectified, amplified (total gain 50 000; custom-built micro-
neurography preamplifier and amplifier, Yale University,
New Haven, CT, USA), band pass filtered (300-5000 Hz),
and integrated (time constant 100 ms; Integrator model
B937C, Bioengineering, University of lowa, lowa City, IA,
USA). Signals were monitored via audio representation
of burst activity (Audio Monitor, model AMS8, Grass
Product Group, Warwick, RI, USA) and visual inspection
of the mean voltage neurogram. The accuracy of the
recording site was confirmed (pre and post) using the
following criteria: (i) demonstration of pulse synchronous
bursts occurring 1.2-1.4s after a QRS complex; (ii)
activation with breath hold or Valsalva manoeuvre; (iii)
no activation upon pinch, stroking of the skin, or
startle stimuli; and (iv) a signal to noise ratio of > 3: 1.
Offline, the integrated neurogram was time shifted to
align each burst with its corresponding R-wave and
high pass filtered to set the noise threshold to zero.
For the purposes of quantification, MSNA was expressed
as burst frequency (bursts min~!) and total activity
(product of burst frequency and peak amplitude; arbitrary
units).

Data and statistical analyses

Ventilatory, cardiovascular and MSNA values were
averaged over 5min sections during baseline, hypoxic
exposure and recovery. Values for MSNA are reported
as percentage change from baseline. Repeated measures
analysis of variance procedures (Statistica v.6.1, Statsoft
Inc., Tulsa, OK, USA) were performed to determine: (i)
the difference between periods of baseline, the hypoxic
exposure and recovery; and (ii) the differences between
pre-and post-10days of hypoxic exposure. When
significant F ratios were detected, Tukey’s post hoc analysis
was applied to determine where the differences resided.
Linear correlation analysis was used to examine the
relationship between the change in HVR and the change
in maximum burst frequency obtained in the last 5 min
of the hypoxic exposure for both pre- and post-IH trials.
Student’s paired ftest was preformed to analyse the
difference between pre- and post-IH values of HVR. The
level of significance was set at P < 0.05 for all statistical
comparisons. Data are expressed as means =+ s.E.M.
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Results
Effects of IH on MSNA

Pre- and post-IH measures of MSNA were successfully
acquired from six subjects. Figure2 is a representative
trace of MSNA and the corresponding variables from one
subject (post-IH trial). Although ventilation, MAP and
S.0, all returned to baseline values during normoxic
recovery, there was a long-lasting elevation in MSNA. This
was a consistent observation in all subjects for all trials.
Figure 3 displays the percentage increases from baseline for
each 5 min period for MSNA during the pre- and post-IH
trials. For each trial, burst frequency and amplitude
increased significantly within the first 5min of the
hypoxic exposure and remained elevated throughout the
hypoxicexposure and during the entire period of normoxic
recovery (P < 0.001). The increase in burst frequency was
higher post-IH compared to pre-IH (P < 0.001) whereas
no significant difference between pre- and post-IH was
observed for burst amplitude (P > 0.05). Total MSNA
increased significantly during the pre- and post-IH
hypoxic exposures (P < 0.001). There was a trend for total
MSNA to be higher during the post-IH trial (P = 0.06).

Effects of IH on cardiovascular and ventilatory
measurements

Cardiovascular and ventilatory measurements were
acquired from all subjects (n=11) and are presented
in Table 1. Compared to baseline, the 20 min hypoxic
exposure resulted in significant increases in HR, SBP

Baseline
V;=0511
Sa02 =97%
MAP = 97

Hypoxia exposure
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and MAP (P < 0.001) and there was no change in DBP
(P > 0.05). These variables quickly returned to baseline
values upon termination of the hypoxic exposure. There
was no effect of IH on cardiovascular variables (P > 0.05).
For both pre- and post-IH, significant increases in V;
and Vr (P < 0.001) were observed during the first 5 min
of the hypoxic exposure and returned to baseline values
during recovery. During the hypoxic exposure, there was
no difference between pre- and post-IH values for V;
or V1 (P> 0.05). During the pre-IH trial, f;, increased
from baseline within the first 5min of the hypoxic
exposure (P < 0.001) and remained elevated for 15 min
into recovery (P < 0.05), eventually returning to baseline
values during the last 5 min. Post-IH, increases in f}, were
observed (P < 0.01) in the same time course as seen in the
pre-IH trial but returned to baseline values 15 min into the
hypoxic exposure.

Association of HVR with MSNA

Exposure to IH caused mean values for HVR to increase
from 0.30 4 0.07 t0 0.61 4= 0.29 I min~! %Sa_ol2 (P <0.01).
All subjects showed an increase in HVR. Figure 4A displays
individual and mean HVR data for all subjects (n=11)
and Fig. 4B those for subjects who completed MSNA
trials (n = 6). Figure 5 shows the relationship between the
change in HVR and MSNA burst frequency. The burst
frequency value was taken from the last 5min of the
hypoxic exposure from each trial (pre- and post-IH) and
is expressed as the percentage change from baseline. There
was a significant positive correlation between post-IH
values for MSNA and the HVR (r = 0.79; P < 0.05).

20 min after exposure

V;=0.961 V; =050
Sy0, = 80% Sa0,= 97%
MAP = 98 MAP = 93

40
P co,
mmHg
0

Mean
Voltage
Neurogram

15 sec

Figure 2. Effects of isocapnic hypoxia on muscle sympathetic nerve activity

Representative trace for one subject during the post-experimental trial. Traces represent 30 s of data obtained
from baseline, hypoxic exposure, and normoxic recovery. Although respiratory (tidal volume, V1), cardiovascular
(mean arterial pressure, MAP), and oxyhaemoglobin saturation (Sa0,) values all returned to baseline values during
recovery, muscle sympathetic nerve activity remained elevated. The persistent sympathoexcitation was observed in
all subjects for all trials. Note that the partial pressure of carbon dioxide (Pco,) was maintained at baseline levels

throughout experimentation.
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Discussion

The present study provides a novel human model of
long-term sympathetic overactivity in response to inter-
mittent hypoxia. It also provides an opportunity to study
the mechanisms involved in long-term neural control of
the circulation. The major findings are twofold. First,
10 days of intermittent hypoxia resulted in significant
increases in sympathetic vasomotor outflow to skeletal
muscle during isocapnic hypoxia that was mediated by

Effects of hypoxia on MSNA
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increases in burst frequency rather than burst amplitude.
We interpret this observation to indicate that both
components of MSNA are regulated independently in
response to intermittent hypoxia. Second, following
intermittent hypoxia the rise in MSNA burst frequency
was strongly related to the change in hypoxic ventilatory
response. This unique observation can be explained by
two potential points of modulation within the central
nervous system: (i) concurrent changes of separate regions
controlling the sympathetic and ventilatory systems, or
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Table 1. Cardiovascular and ventilatory measures pre and post exposure to intermittent hypoxia (IH)

Baseline Hypoxia Recovery
eupnoea 5 min 10 min 15 min 20 min 25 min 30 min 35 min 40 min
Pre-IH
SBP (mmHg) 1M11+3 118 + 3* 117 + 3* 120 + 3* 120 + 3* 112+3 114 +3 114+3 113+3
DBP (mmHg) 67 +3 67 +3 66 + 4 66 + 2 65+ 3 69 +2 67 £3 69+ 4 67 +3
MAP (mmHg) 89+t2 98 + 4* 97 + 4* 101 + 4* 99 + 4* 90 +3 91+2 91+2 91+t2
HR (beats min~") 57+3 68 + 4* 68 + 4* 67 + 4* 67 + 4* 56 + 3 57 +3 57+3 60 + 3
Vi (I min—") 73+1.0 10.9 £+ 1.4* 10.6 £ 1.5* 10.3 £ 1.4* 9.8 +1.4* 74+11 74+1.1 75+1.2 75+1.2
fp (breaths min=")  12.6 + 1.2 14.6 £ 1.1* 149 £ 1.1* 14.7 £ 0.9* 15.2 + 1.0* 14.6 £ 1.1* 148+1.18 144+1.1* 135+1.2
V() 0.81+£0.12 1.10+0.08* 0.99+0.11* 0.92+0.90* 0.92+0.13* 0.79+0.12* 0.75+0.13* 0.74+0.09 0.80+0.15
Pet.co, (MmHg) 41.4+08 420+1.1 41.2+£1.2 41.1+£1.4 41.3+£1.2 415+0.38 41.2+1.0 413+ 1.1 416 +13
Sa0, (%) 97.3+£0.3 80.9 + 1.0* 80.8 + 1.0* 80.5 + 0.8* 80.4 + 1.0* 94.4+04 97.4+0.2 97.4+02 974+0.2
Post-IH

SBP (mmHg) 113+ 4 119 + 4* 121 + 4* 117 + 3* 120 + 4* 116 £ 3 114+ 4 115+ 3 116+ 3
DBP (mmHg) 71+2 71+3 70+ 3 70+ 3 69 + 2 68 £ 3 69 +2 69 + 2 70£3
MAP (mmHg) 90 + 3 96 + 3* 98 + 3* 94 + 2% 97 + 4* 94 + 3* 92+3 92+3 92+2
HR (beats min~") 59+ 4 69 + 5* 67 + 4* 68 + 4* 67 + 4* 57 +3 58 +4 58 + 3 58 + 3
Vi (Il min~1) 6.4+ 1.2 9.8 +1.7* 9.7 + 1.8* 9.3+ 1.7* 8.9 + 1.6* 6.3+ 1.1 6.4+ 1.2 6.5+ 1.2 6.6 + 1.2
fp (breaths min=")  12.94+ 1.0 142 +£1.1* 14.0 £ 1.2* 13.8+£1.1 13.2+£11 127 £ 1.0 127 £ 1.1 126 £ 0.9 122+0.9
V() 0.75+0.07 1.00 +0.06* 1.00 +0.07* 1.00 +0.07* 0.96 +0.07* 0.71 +£0.04 0.72+0.03 0.75+0.03 0.75+0.05
Pet.co, (MmHg) 41.2+09 41.7+£1.2 416+1.4 41.2+£15 413 +£1.7 417 +1.2 409 +1.2 41.0+13 414+1.2
Sa0, (%) 97.4 £ 0.1 79.7 £ 0.5 80.5+ 0.5 80.2 £0.7 79.9+0.3 94.6 +£ 0.3 97.6 £ 04 97.7+03 97.7+0.1

SBP = systolic blood pressure; DBP = diastolic blood pressure; MAP = mean arterial pressure; HR = heart rate; V| = minute ventilation;
f, = breathing frequency; V1 = tidal volume; Per co, = end-tidal partial pressure of carbon dioxide; S,0, = oxyhaemoglobin saturation.

*Significantly different from baseline (P < 0.05).
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Figure 4. The effect of IH on the hypoxic ventilatory response
(HVR)

Data are given as individual (0) and the group mean (®) values. Top,
HVR data for all subjects (n = 11). Bottom, HVR data for subjects from
whom MSNA data was collected (n = 6). *Significantly different from
pre-IH.

(ii) an alteration of one region that has common control
over both the sympathetic and ventilatory systems.

Effect of IH on MSNA

Pre-IH, 20 min ofisocapnic hypoxia significantly increased
burst frequency, amplitude and total MSNA which
was observable within the first 5min and remained
elevated for the entirety of the exposure. Post-IH, MSNA
responses to the 20 min of isocapnic hypoxia followed
an identical pattern over time, but significant increases
in burst frequency (P <0.01), a trend towards higher
total MSNA (P = 0.06), and no effect on burst amplitude
(P =0.82) were demonstrated (Fig. 3). Hypoxia mediated
sympathoexcitation is commonly expressed as burst
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Figure 5. Relationship between the change (post-IH - pre-IH) in
hypoxic ventilatory response (AHVR) and muscle sympathetic
nerve activity (A burst frequency)

Burst frequency values were obtained from the final 5 min of the
hypoxic exposures.
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frequency and our results are in good agreement with
the findings of others (Morgan et al. 1995; Xie et al.
2001). Mechanisms for hypoxia-mediated sympathetic
overactivity are complex and not fully understood. Patients
with obstructive sleep apnoea show higher MSNA burst
frequency values compared to matched controls during
daytime periods of normoxia (Narkiewicz et al. 1998).
After 4 weeks of sustained high altitude, sea level burst
frequency remains increased by 300% of baseline in
healthy subjects (Hansen & Sander, 2003). Collectively,
it appears that sympathetic overactivation occurs with
long-term exposure to hypoxia and our data support
these observations. We did not demonstrate significant
changes in MSNA during baseline normoxic conditions;
however, our intervention did show an increase during
acute hypoxia and the ensuing normoxic recovery period.
The most obvious explanation for the discrepancy between
our study and the above-mentioned investigations is
the hypoxic protocols employed have used different
total exposure time and severity of hypoxia. The larger
increases in MSNA burst frequency in obstructive sleep
apnoea or at high altitude could be attributable to the
additional sympathoexcitatory effects related to coexisting
complications associated with pathology, changes in the
partial pressure of arterial CO,, hypobaria and anxiety
associated with travel to altitude.

There are relatively few studies that have examined
sympathoexcitatory stimulation on burst amplitude
values obtained from multiunit recordings in humans.
Controversy exists with regards to what burst amplitude
represents physiologically. It has been suggested that
changes in burst amplitude reflect either an alteration in
the total number of neurons recruited or an alteration in
the population of neurons recruited (Ninomiya et al. 1993;
Malpas, 1998). In addition, there have been conflicting
reports of alterations to burst amplitude in the literature.
Xie et al. (2001) cited no change in burst amplitude
after 20 min of isocapnic hypoxia (mean S,o, = 80%)
whereas others have reported a 210% increase in total
amplitude after 25-30 min of hypoxia (mean S,0, = 75%)
(Leuenberger et al. 1991). In our study we found that burst
amplitude was increased acutely with 20 min of hypoxia
but unlike burst frequency, burst amplitude was not
additionally augmented with IH. Our data suggest that
sympathetic outflow is enhanced by an increased neuronal
firing rate with no effect on the type or number of
neurons recruited. To date, no other study has examined
the long-term effects of hypoxia on burst amplitude in
humans but results obtained from experimental animals
provide some insight into the selective responsiveness of
each component of the MSNA signal in the current study.
In anaesthetized cats hypoxia increased burst amplitude,
but not burst frequency of renal sympathetic nerve
activity (Malpas & Ninomiya, 1992a). This agrees with
the present study and suggests that burst amplitude and
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frequency are independently activated in response to
afferent stimulation.

Mechanisms controlling the sympathoexcitation

In humans exposed to acute hypoxia, sympathoexcitation
is initiated at the carotid bodies (Ryan et al. 1995) and
the peripheral chemoreflex is likely to be the primary
pathway activated. In rats, direct activation of central
chemoreceptors can independently generate increases in
sympathetic outflow (Guyenet, 2000); however, this is
only achieved with severe levels of hypoxia (Fio, =
0.10) (Sun & Reis, 1994). In our study, to maintain
S0, at 80% the Fjo, ranged between 0.12 and 0.15.
Consequently, it is unlikely that direct central chemo-
reception made a major contribution to the observed
sympathoexcitation in our study. We are confident that
the observed sympathoexcitation in our study is the
result of hypoxia alone as baseline values for cardio-
respiratory variables were identical between experimental
days, and Pgr.co, was kept constant throughout all trials
(see Table 1).

The mechanisms underlying the sustained elevation in
MSNA after acute hypoxia are unknown. We considered
the possibility that sympathetic outflow remained elevated
because of persistent chemical stimuli. It is possible that
that there were persistent changes in the intracellular
milieu of the carotid body and/or central chemoreceptors.
However, Pgr,0,, Si0, and ventilation all quickly returned
to baseline values upon cessation of breathing the hypoxic
inspirate, which argues that there was normalization at the
receptor sites.

Increases in ventilation and sympathoexcitation are
both mediated by input from carotid body afferents.
Therefore it is not surprising that they respond in parallel
with exposure to hypoxia, but it is curious that the
return to normoxia does not yield a similar pattern in
ventilation and MSNA; three possible mechanisms exist.
First, neurotransmitter release and/or neural synapses
in areas of the central nervous system that control
sympathetic outflow may take a considerablelength of time
to normalize (Neubauer & Sunderram, 2004). Second,
there may be retention of endogenous peripheral vaso-
dilatory substances maintaining baroreceptor engagement
and consequently sympathetic outflow (Tamisier et al.
2004a,b). Production of endogenous vasodilatatory
substances, such as prostaglandins, adenosine and nitric
oxide (Marshall, 2000) have been reported during acute
hypoxia and have been implicated in initiating a cascade
of events leading to a reduction in blood pressure,
unloading the baroreflex and resulting in enhanced
sympathetic vasomotor outflow in an attempt to restore
blood pressure (Halliwill & Minson, 2002). Indeed, several
studies have examined chemoreceptor and baroreceptor
reflexes under acute hypoxic conditions but the results of
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these investigations have been contradictory with some
showing reduced baroreflex sensitivity (Bhattacharva et al.
1973; Halliwill & Minson, 2002; Halliwill et al. 2003) and
others reporting no change in sensitivity (Cooper et al.
2005; Spicuzza et al. 2005). It has also been reported
that rather than a change in baroreflex sensitivity there
is a resetting of baroreflex control of both heart rate
and sympathetic activity to higher levels (Halliwill &
Minson, 2002; Halliwill et al. 2003). Germane to the
present study is the observation that upon return to sea
level following prolonged high altitude exposure (4 weeks;
5250 m) persistent sympathoexcitation is not related to
baroreflex activity (Hansen & Sander, 2003). The relative
contribution of baroreflex activity was not measured in
our study and we cannot completely rule out its potential
influence, but based on the above we would predict that it
would likely play a minor role. Third, it may simply be that
the gain in the chemoreflex control of sympathetic activity
is greater than for ventilatory activity in humans (Morgan
et al. 1995).

Effects of IH on ventilation

Increase in HVR following IH is a well documented
phenomenon (Garcia et al. 2000; Foster et al. 2005;
Katayama et al. 2005). Three hours of daily hypoxia
(F1.0, = 12%) has been shown to cause HVR to increase
38-44% (Katayama et al. 2005). In the present study, HVR
increased by 49%. We interpret this to mean that our IH
protocol elicited a significant alteration in the hypoxic
ventilatory control system. The increases in HVR can be
attributed to enhanced carotid sinus nerve afferent activity
(Nielsen et al. 1988) and may be the result of changes in
cellular mechanisms in the carotid body, such as oxygen
free radicals, haeme proteins and ion channels (Prabhakar
& Overholt, 2000). It should be noted that carotid body
sensitivity in rats can be affected differently depending on
the hypoxic protocol used and is dependent on duration,
pattern and severity (Peng & Prabhakar, 2004). Using a
human model, we previously found no difference in HVR
after short duration IH (12% O, separated by 5 min of
normoxia for 1 h) compared to long duration IH (30 min
of 12% O,) (Foster et al. 2005). The disparity between
these two studies may be due to differences between species
and the total time exposed to hypoxia. Within the central
nervous system, dopamine, an inhibitory transmitter,
has been shown to respond to carotid sinus afferents
and with chronic hypoxia, time-dependent reductions
in the dopamine-2 receptor are observed in ventilatory
control centres in the brain which could lead to increases
in excitatory activity in these regions (Dwinell et al.
2000). It has also been proposed that central nervous
system plasticity following IH is related to brain-derived
neurotrophic factor synthesis and serotonin-dependent
mechanisms (Mitchell et al. 2001). However, these putative
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possibilities have not been established in humans and a
greater extrapolation to our findings is beyond the scope
of our data.

Effects of IH on concurrent sympathetic and
ventilatory activity

After the IH intervention we showed a significant
relationship between the maximum change in burst
frequency and HVR (Fig. 5). Coupled alterations in the
ventilatory and sympathetic system have been previously
shown after long-term exposure to hypoxia where changes
in noradrenaline and tidal volume are correlated (Asano
et al. 1997). Furthermore, in patients with sleep apnoea,
hypoxia causes a greater increase in ventilation and MSNA
(after the sympathetic-inhibitory influence of breathing
was eliminated) compared to controls (Narkiewicz et al.
1999). Plasticity, or a persistent change in the neural
control system, is a fundamental property of neural
systems. In our study we have shown that the respiratory
system demonstrates plasticity as does the sysmpathetic
nervous system in response to IH. The plasticity can
be attributed to enhanced central neural integration of
chemoafferent inputs and/or carotid body plasticity. We
favour the concept that enhanced integration occurred
centrally where two specific explanations can account
for the observed linkage between the sympathetic and
ventilatory systems. First,acommon central control region
may undergo modulation with IH, such as the nucleus
tractus solitarii (Guyenet, 2000). Second, overlapping
neural structures or separate control centres for each
system may be modulated to a similar degree with ITH,
such as cell groups in the medulla oblongata. While we
believe our interpretation is justified we acknowledge the
correlative nature of these findings and further studies are
required to answer questions of cause and effect.

Effects of IH on cardiovascular measurements

During the 20 min exposure to hypoxia MAP, SBP and
heart rate increased and returned to baseline values within
5 min of normoxic recovery. DBP was not significantly
altered during the hypoxic exposure or recovery. There
was no effect of IH on blood pressure at any stage of
the experimental protocol. We have previously shown
that 12 days of short duration, but not long duration,
IH increase SBP and DBP sensitivity to progressive
hypoxia with no effect on heart rate sensitivity (Foster
et al. 2005). We postulated that a unique engagement
of the carotid body with the short duration IH leads to
a greater degree of sympathetic stimulation and down-
stream cardiovascular consequences. This is supported by
other studies where rats subjected to intermittent hypoxia
(F1,0, & 3—5%) every 30s, 7 h per day for 35 days show
increases in resting blood pressure that are dependent on
the carotid body afferents and sympathetic innervation of
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the kidney (Fletcher ef al. 1992a,b). The fact that we did
not see significant changes in cardiovascular measures may
either be the result of an IH intervention that was too mild
or brief to cause cardiovascular alterations, or measures of
cardiovascular activity during sustained hypoxia not being
effective in detecting changes in cardiovascular sensitivity.
We did not show a parallel change in heart and MSNA
in the present study. It does not appear that IH changes
heart rate sensitivity as we (Foster et al. 2005) and others
(Katayama et al. 2001) have shown. Our study was not
designed to examine this relationship but our finding is
suggestive of differential sympathetic and vagal responses
to IH.

Methodological considerations

Data were obtained on two separate days and are therefore
subject to day-to-day variability. We have previously
shown that HVR values show a day-to-day coefficient
of variation of 27% (Koehle ef al. 2005). In the present
study, our IH intervention exceeded this (Fig.4) and
we believe it to be unlikely that the increase in HVR
we observed was due to day-to-day variation. Multiunit
recordings of MSNA on separate days will be comprised
of a different subset of neurons during each trial as
electrode placement is never identical. However, MSNA
burst frequency shows ~15-20% variability between days
(Sundlof & Wallin, 1977; Vallbo et al. 1979; Hansen &
Sander, 2003). This is consistent with the present study
were the average within-subject coefficient of variation
for MSNA burst frequency was 16.2 £ 5.6%. In response
to IH we observed significant increases in MSNA burst
frequency in each subject without exception. This argues
that it is unlikely that the effect we observed was simply
due to normal day-to-day variability. Nonetheless, to mini-
mize the influence of day-to-day variability on our findings
we employed four specific strategies. First, our primary
analysis of muscle sympathetic activity was based on burst
frequency values. Second, we normalized the exposure
and recovery data as a percentage of each individual’s
baseline (Xie et al. 2001). Third, baseline shifts in the
mean voltage neurogram were excluded from analysis.
Fourth, we ensured that baseline conditions were identical
between days for ventilatory and cardiovascular variables
(Table 1). Interpretation of our burst amplitude data must
be made with caution as there is relatively little information
regarding the predictability of burst amplitude (Malpas,
1998).

Summary

This is the first study to show that 10 daily exposures to
isocapnic hypoxia in humans can increase sympathetic
outflow during acute hypoxia and recovery. The primary
new findings are that (i) 10 days of IH caused a significant
increase in MSNA burst frequency during acute hypoxia,
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and (ii) the increases in burst frequency showed a
strong relationship with the increase in HVR. Since burst
frequency and HVR were modulated concurrently after
our intervention this suggests that these physiological
responses may have common central control. We also
observed an increase in burst amplitude with exposure
to acute hypoxia which is maintained during normoxic
recovery. However, the increase in burst amplitude was not
augmented with our intervention whereas burst frequency
was. This implies that IH may differentially affect each
component of the MSNA signal or that each component
is under separate central control.
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