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Firing probability and mean firing rates of human muscle
vasoconstrictor neurones are elevated during chronic
asphyxia
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Elevated muscle sympathetic nerve activity (MSNA) features in many cardiovascular diseases,
but how this sympathoexcitation is brought about differs across pathologies. Unitary recordings
from post-ganglionic muscle vasoconstrictor neurones in human subjects have shown that the
augmented MSNA in the obstructive sleep apnoea syndrome (OSAS) is associated with an
increase in firing probability and mean firing rate, and an increase in multiple within-burst
firing. Here we characterize the firing properties of muscle vasoconstrictor neurones in patients
with chronic obstructive pulmonary disease (COPD), who are chronically asphyxic. We tested
the hypothesis that this elevated chemical drive would shift the firing pattern from that seen in
healthy subjects to that seen in OSAS. The mean firing probability (52%) and mean firing rate
(0.92 Hz) of 17 muscle vasoconstrictor neurones recorded in COPD were comparable to those
previously recorded in OSAS (51% and 0.96 Hz), but significantly higher than those recorded in
a group of healthy subjects with high levels of resting MSNA (35% and 0.33 Hz). In COPD single
neurones fired once in 63% of cardiac intervals, comparable to OSAS (59%), but significantly
lower than in the healthy group (78%). Conversely, single neurones fired twice in 25% of
cardiac intervals, similar to OSAS (27%), but significantly higher than in the healthy group
(18%). We conclude that the chronic asphyxia associated with COPD results in an increase
in the firing probability and mean firing frequency of muscle vasoconstrictor neurones and
causes a shift towards multiple firing, reflecting an increase in central muscle vasoconstrictor
drive.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a
disease characterized by marked airflow limitation,
particularly in expiration, and compromised gas exchange.
Clinically, COPD patients have been described classically
as one of two types: ‘pink puffers’ exhibit breathlessness
and hyperinflation, and typically present with mild hypo-
xaemia and a normal PCO2 , whereas ‘blue bloaters’ are
cyanotic, with marked hypoxaemia, polycythaemia and
hypercapnia; the latter also develop pulmonary hyper-

tension and cor pulmonale (Flenley, 1988; Howard, 1990;
Ryu & Scanlon, 2001). However, there is significant over-
lap in these two phenotypes and the predominant limiting
symptom of moderate to severe COPD is shortness of
breath on activity and chronic hypoxaemia, which tends
to be worse in sleep, and results in increasing pulmonary
artery pressures (McKenzie et al. 2003). COPD is often
associated with co-morbidities such as cardiovascular
disease, diabetes and hypertension, which contribute
importantly to a higher risk of mortality (Sin & Man,
2003; Sin et al. 2006; Mannino et al. 2008). There are many
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cardiac manifestations of COPD, with right ventricular
dysfunction and pulmonary vascular disease being known
to complicate the clinical course of COPD and correlate
inversely with survival; coronary artery disease and cardio-
vascular disease also occurs commonly in people with
COPD (Sin & Man, 2003; Sin et al. 2006; Falk et al. 2008).
Moreover, COPD can often occur with the obstructive
sleep apnoea syndrome (OSAS), the so-called overlap
syndrome, in which affected individuals have a greater
risk for pulmonary hypertension, right heart failure, and
hypercapnia than patients who have either disorder alone
(Hiestand & Phillips, 2008). As in patients with OSAS,
treatment of overlap patients with continuous positive
airway pressure is beneficial, with supplemental oxygen
added for selected patients (Zamarrón et al. 2008).

While it is known that sustained hypoxaemia causes
a long-lasting increase in muscle sympathetic nerve
activity (MSNA) and blood pressure, that largely persists
following the return to normoxia (Morgan et al. 1995;
Hansen & Sander, 2003; Tamisier et al. 2005), to our
knowledge there have been only two studies that have
investigated whether muscle vasoconstrictor drive is
elevated in COPD. Heindl and colleagues (Heindl et al.
2001) studied a mixed group of patients with COPD or
restrictive lung disease (pulmonary fibrosis). Compared
to a small group of age- and sex-matched healthy sub-
jects MSNA was significantly increased in the patients:
mean burst frequency was elevated from 34 ± 2 (S.E.M.) to
61 ± 5 bursts min−1. In a more recent study of 15 COPD
patients, Raupach et al. (2008) reported a comparable
elevation of mean burst frequency: 39 ± 3 bursts min−1

in the controls to 61 ± 5 bursts min−1 in the patients. This
level of sympathoexcitation is comparable to that seen in
the obstructive sleep apnoea syndrome, in which episodes
of airway obstruction in sleep cause repeated bouts of
hypoxaemia and an increase in MSNA that persists in the
awake state (Hedner et al. 1988; Carlsson et al. 1993, 1996;
Narkiewicz et al. 1998, 1999; Elam et al. 2002).

The purpose of the present study was to characterize
the sympathoexcitation in COPD by recording from
single muscle vasoconstrictor neurones, so as to increase
our understanding of the physiological mechanisms by
which the sympathetic nervous system grades its output
in health and disease. Unitary recordings provide a
more sensitive measure of central sympathetic drive
than standard multi-unit recordings (Macefield et al.
1994, 2002; Macefield, 2009). In multi-unit recordings
the absolute strength (intensity) of the recorded activity
cannot be determined because of the dependence on the
proximity of the electrode tip to the active nerve fibres,
but this is not a limitation with single-unit recordings.
Differences in the strength of multi-unit sympathetic
activity (i.e. the number and the intensity of multi-unit
bursts) may be brought about either by differences in (i)
the number of active neurones or (ii) the mean firing

frequency of the neurones (or a combination of both). A
difference in mean firing frequency may, in turn, be due to
either (i) a difference in firing probability of active neuro-
nes, i.e. the percentage of heart beats in which the neurones
are active, or (ii) a difference in the number of spikes the
neurones discharge within the bursts (or a combination
of both). Using this reductionist approach we can tease
out the mechanisms by which the sympathoexcitation
is brought about in different pathophysiological states.
There is increasing interest in the single-unit approach to
identify patterns of central sympathetic drive, as evidenced
by a recent paper on the greater increases in firing
probability and multiple firing of muscle vasoconstrictor
neurones during hand-grip exercise in congestive heart
failure (CHF) (Murai et al. 2009; see Macefield, 2009).
In the present study we tested the hypothesis that the
elevated chemical drive resulting from the chronic hypo-
xaemia and hypercapnia associated with COPD would
increase the firing probability and mean firing rates of
individual muscle vasoconstrictor neurones, and cause
a shift towards multiple firing, similar to that seen in
OSAS. We also characterized sympathetic outflow in
bronchiectasis associated with chronic airflow limitation,
in which the airways are dilated and inflamed but blood
gases are only compromised in severe stages of the disease
(Ilowite et al. 2008; Lazarus et al. 2008).

Methods

Subjects

Data were obtained from 11 female and 7 male
COPD patients ranging in age from 61 to 84 years
(mean ± S.E.M. = 72 ± 2 years), and 4 female and 1 male
bronchiectasis patients ranging in age from 63 to
75 years (70 ± 3 years), recruited from the Department
of Respiratory Medicine. All patients remained on
their scheduled pharmacological and physiotherapeutic
treatment. Each patient provided informed written
consent to the procedures, which were conducted under
the approval of the Human Research Ethics Committee of
the University of New South Wales and conformed to the
standards set by the Declaration of Helsinki.

General procedures

All studies were performed in the morning. Patients lay
semi-recumbent in a chair with their backs at 45 deg
and their legs supported horizontally. Continuous
blood pressure was recorded using radial arterial
tonometry (Colin 7000 NIBP, Colin Corp., Japan). Muscle
sympathetic nerve activity was recorded from fascicles
of the common peroneal nerve supplying the ankle
and toe extensor and foot everter muscles via tungsten
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microelectrodes (FHC, Bowdoinham, ME, USA) inserted
percutaneously at the level of the fibular head. A nearby
subdermal electrode with a larger uninsulated tip served as
the reference electrode. Neural activity was amplified (gain
20 000, bandpass 0.3–5.0 kHz) using an isolated amplifier
(DAM 80i, World Precision Instruments, Sarasota, FL,
USA) and stored on a computer (20 kHz sampling)
using a computer-based data acquisition and analysis
system (PowerLab 16SP hardware and Chart 5 software;
ADInstruments, Sydney, Australia). ECG (0.3 Hz to
1.0 kHz) was recorded with Ag–AgCl surface electrodes
on the chest and sampled at 2 kHz. Respiration (DC
to 100 Hz) was recorded using a strain-gauge trans-
ducer (Pneumotrace, UFI, Morro Bay, CA, USA) wrapped
around the chest. Resting multi-unit bursts and heart rate
were recorded during 5 min of quiet breathing, so as to
allow measurement of burst incidence (bursts per 100
heart beats) and burst frequency (bursts per minute). The
microelectrode was then manipulated until large unitary
discharges appeared out of the multi-unit sympathetic
bursts and a stable unitary site was obtained.

Data acquisition and analysis

During off-line analysis a copy of the nerve signal was
RMS processed to emulate a leaky integrator (time
constant 100 ms). The morphology of every spike of
a candidate unit was carefully checked using spike
recognition software (Spike Histogram, ADInstruments).
The computer measured all interspike intervals and the
number of spikes a unit fired in each cardiac interval. For
each unit the following parameters were determined: (i)
probability of firing (the percentage of heart beats during
which one or more spikes occurred), (ii) the numbers of
cardiac intervals in which a unit generated 1, 2, 3 or 4
spikes (in %), and (iii) mean firing frequency (the mean
of the inverse of all interspike intervals).

Statistics

All values are expressed as means and standard error of
the mean (S.E.M.). All statistical evaluation of the data was
performed using Prism 5 (GraphPad Software, Inc., USA)
using ANOVA, Tukey’s HSD test and linear regression
analysis. P < 0.05 was considered statistically significant.

Results

Patient details

Typical of the profiles of disease progression, all COPD
and bronchiectasis (BE) patients included in the study
were elderly. Secondary diagnoses included ischaemic
heart disease, peptic ulcer disease, osteoporosis and

Table 1. Clinical details of the patients with obstructive
pulmonary disease (COPD) or bronchiectasis (BE)

COPD (n = 18) BE (n = 5)

Age (years) 71 ± 2 70 ± 3
BMI (kg m−2) 24.8 ± 0.8 28.7 ± 2.3
FVC (l) 1.80 ± 0.15 1.89 ± 0.22
FEV1 (l) 0.82 ± 0.07 1.03 ± 0.15
FEV1 (%) 46.7 ± 2.6 54.7 ± 3.2∗

SaO2 (%) 88.3 ± 3.2 97.6 ± 0.7∗

PaO2 (mmHg) 69.3 ± 5.3 93.5 ± 8.6∗

PaCO2 (mmHg) 59.0 ± 3.3 38.5 ± 1.5∗∗∗

pH 7.37 ± 0.01 7.41 ± 0.02
Systolic BP (mmHg) 138 ± 4 131 ± 4
Diastolic BP (mmHg) 73 ± 3 64 ± 2∗

Heart rate (beats min−1) 70 ± 2 76 ± 8

Values presented are mean ± S.E.M. BMI, body mass index;
FVC, forced vital capacity; FEV1, forced expiratory volume in 1 s;
FEV1 as a percentage of FVC; SaO2 , O2 saturation; PaO2 , partial
pressure of arterial O2; PaCO2 , partial pressure of arterial CO2.
Parameters for which COPD and BE significantly differed are
indicated by asterisks: ∗P < 0.05; ∗∗∗P < 0.001.

gastro-oesophageal reflux disease. Two COPD patients
had undergone lung volume reduction surgery at least
2 years prior to the study, but nevertheless still suffered
from respiratory insufficiency. Respiratory medications
included salbutamol, ipatropium, fluticasone propionate,
salmeterol, and beclomethasone dipropionate. One COPD
patient was also on long-term oxygen therapy (2 l min−1);
this was withdrawn 1 h prior to the experimental
procedures.

Clinical details of the patients are provided in Table 1.
Both sets of patients had clear evidence of severe
respiratory insufficiency: forced vital capacity (FVC)
ranged from 0.78 to 3.22 l (1.80 ± 0.15 l) and 1.43 to 2.60 l
(1.89 ± 0.22 l) for the COPD and BE patients, respectively.
On average, the forced expiratory volume in 1 s (FEV1) was
0.82 ± 0.07 l in the COPD patients and 1.03 ± 0.15 l in the
BE patients. Expressed as a percentage of FVC, expiratory
airflow limitation was significantly lower in COPD than
in BE. Laboratory blood gas analysis revealed evidence
of significant hypoxaemia and hypercapnia in the patients
with COPD, but not in those with bronchiectasis (Table 1).
Mean heart rates were normal in both COPD and BE, and
neither group showed evidence of systemic hypertension.
However, diastolic pressure was significantly higher in
COPD than in BE (Table 1).

Muscle sympathetic nerve activity: multi-unit
recordings

Multi-unit recordings of muscle sympathetic nerve activity
(MSNA) were obtained in all patients. Experimental
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records are shown for one female COPD patient in Fig. 1.
As can be seen in the RMS-processed signal, overall
muscle sympathetic nerve activity (MSNA) was high, with
sympathetic bursts occurring in 83% of cardiac inter-
vals in this patient (68 bursts min−1). Across the COPD
patients, burst incidence ranged from 71 to 97 bursts (100
heart beats)−1 (mean ± S.E.M., 85.1 ± 1.9%). Measured as
burst frequency, MSNA ranged from 53 to 72 bursts min−1

(mean ± S.E.M., 61.8 ± 1.3 min−1). The five bronchiectasis
patients also exhibited high levels of MSNA that were
slightly lower than those observed in COPD: 77.6 ± 4.3
(range 69–91) bursts (100 heart beats)−1 and 58.4 ± 2.0
(55–66) bursts min−1. Correlation analyses revealed no
significant relationships between burst incidence (or
burst frequency) and FVC, FEV1 or FEV1%; given
the consistently severe respiratory insufficiency, and the
uniformly high levels of MSNA, this is perhaps not
surprising.

Muscle sympathetic nerve activity: single-unit
recordings

Stable unitary recordings were made from 17 muscle
vasoconstrictor neurones, obtained from nine COPD
patients. As shown in Fig. 2, individual neurones

generated a low level of spontaneous activity. Average
firing rates, calculated as the inverse of the mean
of all interspike intervals for each unit, ranged from
0.31 to 2.10 Hz (0.92 ± 0.11 Hz). Moreover, individual
units never discharged in every cardiac interval; firing
probability (the percentage of cardiac intervals in which a
neurone was active) ranged from only 21% to a maximum
of 69% (52.2 ± 4.9%). Finally, multiple within-burst firing
was rare: measured from those cardiac intervals in which
the neurones were active, solitary spikes were generated
in 63.4 ± 3.3% of intervals. This prevalence for solitary
firing, despite the evidently high level of sympathetic
activity, can readily be seen in Fig. 2.

All units showed overt cardiac rhythmicity, consistent
with their identification as muscle vasoconstrictor
neurones. Examples of cross-correlation histograms
between unit firing and ECG are shown for three units
recorded in COPD in Fig. 3A–C; similar histograms are
shown for one unit recorded in bronchiectasis in Fig. 3D.

Mean firing properties of these 17 neurones, and of 6
recorded from four BE patients, are shown graphically in
Fig. 4. Numerical data, including data previously obtained
in healthy subjects with high levels of MSNA, and from
patients with obstructive sleep apnoea syndrome (OSAS),
are provided in Table 2. It can be seen that the COPD

Figure 1
Multi-unit recording from a muscle fascicle of the common peroneal nerve in an awake female patient with COPD,
showing a high incidence of muscle sympathetic nerve activity. Sympathetic bursts occurred in almost every cardiac
interval in this patient.
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patients had comparable levels of multi-unit MSNA to the
OSAS and BE patients, as well as to the healthy subjects,
but that unitary firing probabilities in BE were no different
to those in healthy subjects. However, patients with COPD,
OSAS and BE all shared a significant tendency to generate
more double spikes – and fewer solitary spikes – within a
burst, and to generate higher mean firing rates, than the
healthy subjects.

Discussion

The present study has documented for the first time
the firing properties of individual muscle vasoconstrictor
neurones in awake patients with chronic obstructive
pulmonary disease. We have shown that mean firing
rates are high, mean firing probability is high and there

is a significant shift away from firing only once per
sympathetic burst to firing more often. We believe each of
these changes reflects an increase in central muscle vaso-
constrictor drive, brought about by the chronic asphyxia
of COPD.

Chemoreceptor drive and muscle sympathetic
outflow

It is known that both hypoxia and hypercapnia cause an
increase in muscle sympathetic nerve activity (MSNA),
and that the muscle vasoconstrictor response is greater
to asphyxia than to either hypoxia or hypercapnia alone
(Somers et al. 1989). However, it is also recognized that
chronic hypoxia causes a sustained increase in MSNA
that outlasts the stimulus (Morgan et al. 1995; Hansen

Figure 2
Unitary recording from a single muscle vasoconstrictor neurone (negative-going spikes) in an awake male patient
with COPD. This unit generally fired only one spike (indicated by asterisks) per cardiac interval, but occasionally
fired multiple spikes per cardiac interval. A spontaneously active muscle spindle (positive-going spikes) can be seen
in the background. Because the sympathetic recording was so focal in this case, the RMS nerve signal does not
adequately represent the population discharge.
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& Sander, 2003; Tamisier et al. 2005). It is the repeated
bouts of nocturnal hypoxaemia that are believed to be
responsible for the elevated MSNA seen in the awake state
in patients with the obstructive sleep apnoea syndrome
(Hedner et al. 1988; Carlsson et al. 1993; Somers et al.
1995), and an increase in sensitivity of the peripheral
chemoreceptors has been show to increase MSNA in
OSAS (Narkiewicz et al. 1998, 1999). Unlike COPD, OSAS
patients are not hypoxaemic in the awake state, but it is
highly likely that the ongoing hypoxaemia (and hyper-
capnia) in COPD is (are) responsible for the augmented

MSNA. Indeed, oxygen administration has been shown
to lower MSNA in COPD patients, supporting the idea
that peripheral chemoreceptors contribute to the elevated
MSNA (Heindl et al. 2001), and slow, deep breathing
(which may improve gas exchange) has also been shown
to be effective in reducing MSNA (Raupach et al. 2008).
It is known that the elevated chemical drive causes an
increase in central respiratory drive in COPD, as evidenced
by the increased firing rates of single motor units recorded
from the diaphragm (De Troyer et al. 1997) or from the
inspiratory scalene and parasternal muscles (Gandevia

Figure 3
Cross-correlation histograms between unit firing and ECG, and autocorrelation histograms for ECG. Data from
three units recorded in COPD (A–C) and one unit recorded in bronchiectasis (D). n = number of spikes comprising
the histogram.
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et al. 1996). Moreover, lung volume reduction surgery
– which is effective in improving lung function, exercise
performance and quality of life in patients with COPD
– reduces central inspiratory drive to the diaphragm and
scalene muscles (Gorman et al. 2005); it is not known
whether this surgical treatment also reduces the elevated
MSNA.

Increases in MSNA in other pathophysiological states

Elevated levels of muscle sympathetic nerve activity feature
in many cardiovascular and cardiorespiratory diseases. As
noted above, MSNA is high in patients with congestive
heart failure (Leimbach et al. 1986; Grassi et al. 1995;
Macefield et al. 1999; Murai et al. 2009) and the obstructive
sleep apnoea syndrome (Hedner et al. 1988; Carlsson et al.
1993; Somers et al. 1995; Narkiewicz et al. 1999; Elam
et al. 2002). There is also evidence that MSNA is increased
in essential hypertension (Grassi et al. 1998; Schlaich
et al. 2004), pregnancy-induced hypertension (Schobel
et al. 1996; Fischer et al. 2004), renovascular hypertension

(Johansson et al. 1999; Miyajima et al. 2001) and the hyper-
tension associated with chronic kidney disease (Tuncel
et al. 2002; Hausberg et al. 2002; Schlaich et al. 2009).
However, a high level of MSNA does not necessarily
mean there is any underlying pathology. Indeed, many
healthy young individuals have high MSNA at rest yet
normal blood pressures and no evidence of cardiovascular
disease (Macefield & Wallin, 1999). The major advantage
of single-unit recordings is that they can contribute more
information than multi-unit recordings: by looking for
increases in firing probability, mean firing rate or multiple
firing we can see whether an elevated level of MSNA
reflects any underlying pathology (Macefield et al. 1994,
2002; Macefield, 2009). We have already shown that
individual muscle vasoconstrictor neurones in healthy
subjects with elevated resting levels of MSNA have low
firing probabilities, low firing rates and a low incidence of
multiple firing (Macefield & Wallin, 1999). We have also
shown that these parameters change with pathology, but
that the nature of the changes differs according to the type
of pathology.

Figure 4
Single-unit data from 17 muscle vasoconstrictor neurones recorded in chronic obstructive pulmonary disease
(COPD) and from 6 neurones recorded in bronchiectasis (BE). Histograms showing pooled data on the percentage
of cardiac intervals (mean ± S.E.M.) in which units were quiescent, fired a single spike or multiple spikes. In the
top panels, all cardiac intervals have been included: the open columns represent those cardiac intervals in which
the neurones were quiescent. The lower panels show data in which only those cardiac intervals were included in
which a unit was active.
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Table 2. Firing properties (mean ± S.E.M.) of muscle vasoconstrictor neurones in healthy subjects with high resting levels of MSNA
(Macefield & Wallin, 1999), and patients with bronchiectasis (BE), obstructive sleep apnoea syndrome (OSAS; Elam et al. 2002) or
chronic obstructive pulmonary disease (COPD)

Burst Firing Mean One Two Three Four
Units incidence probability frequency spike spikes spikes spikes

(n) (%) (%) (Hz) (%) (%) (%) (%)

Healthy 19 74.9 ± 0.5 34.9 ± 3.6 0.33 ± 0.04 77.6 ± 3.8 18.1 ± 2.9 3.6 ± 1.1 0.5 ± 0.3
BE 6 77.6 ± 4.3 37.8 ± 6.8 0.72 ± 0.17∗ 60.0 ± 6.2∗ 23.2 ± 2.6∗ 10.6 ± 1.9∗ 1.5 ± 0.7
OSAS 12 77.2 ± 5.2 50.7 ± 4.4∗ 0.96 ± 0.11∗ 58.7 ± 2.8∗ 27.3 ± 1.3∗ 9.7 ± 1.5∗ 2.9 ± 0.7
COPD 17 85.1 ± 1.9∗ 52.2 ± 4.9∗ 0.92 ± 0.12∗ 63.4 ± 3.3∗ 24.8 ± 2.0∗ 8.7 ± 1.0∗ 2.2 ± 0.6

∗Significantly different (P < 0.05) from healthy subjects.

Firing properties in COPD vs. other forms
of cardiovascular and respiratory disease

In many respects, the firing properties of the single muscle
vasoconstrictor neurones recorded in our COPD patients
were similar to those seen in other pathophysiological
states of elevated muscle vasoconstrictor drive. Over-
all burst incidence in COPD (86%) was comparable
to that seen in moderate to severe heart failure (88%;
Macefield et al. 1999), but higher than that of patients
with either bronchiectasis (78%) or obstructive sleep
apnoea (77%; Elam et al. 2002), or of healthy subjects
with high levels of MSNA (75%; Macefield & Wallin,
1999). The firing probability of muscle vasoconstrictor
neurones was also as high in COPD (52%) as in CHF
(55%), but firing probability in OSAS was also high
(51%). The latter supports our contention that single-unit
firing properties can provide a more sensitive measure
of central sympathetic drive than multi-unit recordings
alone. Indeed, it is interesting that the firing probability
of single neurones recorded in the bronchiectasis patients
(38%) was no different from that of the healthy subjects
(35%); we know that hypoxaemia and hypercapnia are not
clinical features of bronchiectasis, so perhaps this accounts
for the low firing probabilities seen in this disease. It also
leads one to ask: if multi-MSNA is high, but single-unit
firing probability is not, can a multi-unit recording really
reflect an elevated sympathetic drive? Unless some other
unitary firing properties – indicative of an increase in
central sympathetic drive – have changed, we think
not.

Mean firing rates in our COPD patients (0.92 Hz)
were similar to those found in OSAS (0.96 Hz) and
CHF patients (0.98 Hz), but higher than those in the
bronchiectasis patients (0.72 Hz) and the healthy sub-
jects (0.33 Hz). However, unlike the CHF patients, who
showed no decrease in the proportion of solitary spikes
generated within a burst, the patients with COPD, OSAS
and BE each showed a significant trend towards multiple
firing. We had already demonstrated that a shift towards
multiple firing can occur in CHF, but only during the
prolonged cardiac intervals following ventricular ectopic

beats (Elam & Macefield, 2001). While the shift towards
multiple firing can be explained by the elevated chemical
drive in COPD and OSAS, it is difficult to account for the
increase seen in BE; perhaps it is related to the increased
work of breathing in BE. Another possible mechanism
is nitric oxide (NO), a potent vasodilator. Indeed, it is
known that alveolar NO production is reduced in OSAS,
and it has been suggested that this may contribute to the
systemic hypertension (Foresi et al. 2007), but whether NO
production is elevated in COPD is unknown. One piece of
evidence against this comes from the fact that stimulated
NO production is reduced in lung explants from patients
with COPD (Cremona et al. 1999).

Regardless of the underlying mechanisms by which
multiple within-burst firing occurs, it is reasonable to
posit that a shift towards multiple firing will increase
the liberation of noradrenaline (and co-localized neuro-
transmitters) from the vasoconstrictor nerve terminals,
thereby increasing the degree of neurally mediated vaso-
constriction. Such a mechanism has also been proposed
in hyperhidrosis: compared to sudomotor neurones active
in thermally induced sweating, those spontaneously active
in hyperhidrotic subjects show a significant shift towards
multiple firing which, it is argued, would be expected
to increase the release of acetylcholine from the nerve
terminals and hence the liberation of sweat from the skin
(Macefield et al. 2008).

Limitations

Perhaps the greatest limitation of this study is that
we did not withdraw pharmacological treatment from
our patients prior to the study, our aim being to
avoid rebound cardiovascular responses and associated
baroreceptor-mediated effects on sympathetic nerve
traffic. Nevertheless, given that all medications were
inhaled they should have limited systemic effects.
Moreover, optimal pharmacological treatment was
maintained in our previous studies of CHF and OSAS
patients, and despite this ongoing treatment MSNA
remained very high. Another important consideration,
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referred to in the Introduction, is the presence of
co-morbidities, such as obstructive sleep apnoea or
ischaemic heart disease, which are very common in this
population, as are most of the smoking-related diseases.
Nevertheless, the co-morbidities in this population were
not primary diagnoses. The patients all presented with
primary symptoms of respiratory insufficiency, detailed
clinical and laboratory assessments being used to diagnose
the research participants as suffering from either chronic
obstructive pulmonary disease or bronchiectasis. It should
be acknowledged that the number of bronchiectasis
patients was small, but despite this limitation we felt it
instructive to include their data.

Unlike the high incidence of OSAS with obesity – the
OSAS patients we had studied previously had a mean BMI
of 32 ± 2 (Elam et al. 2002) – our COPD subjects had, on
average, a normal BMI; conversely, on this criterion the BE
patients were defined as being overweight, but not obese.
It is known that a BMI above 30 (obese) itself increases the
resting level of MSNA, but the levels typically encountered
(burst incidence 53%) are much lower than those we
see in COPD, OSAS, BE or CHF; moreover, individual
muscle vasoconstrictor neurones do not show an increased
incidence of multiple firing in obesity (Lambert et al.
2007), so we do not believe that the firing characteristics
observed in our BE (or COPD) patients can be accounted
for by their body weight.

In addition, unlike the healthy subjects with high
levels of resting MSNA, whose ages ranged from 24 to
61 years (mean 36 years; Macefield & Wallin, 1999), all
of our COPD and BE patients were elderly. It is known
that MSNA increases with age, particularly after the
age of 60 (Sverrisdóttir et al. 2001; Hart et al. 2009).
However, the overall burst incidence we found in these
pathophysiological conditions was considerably higher
than that found in healthy elderly male subjects (e.g.
64%; Hart et al. 2009). Moreover, that the average firing
probability of the units recorded in COPD was higher
than that found in BE, despite their similar ages, would
argue against an age-related increase in MSNA as being
the primary determinant of the firing pattern we report.

Finally, despite the elevated levels of central sympathetic
drive evident in COPD and BE, none of our patients were
hypertensive, with blood pressures being what one would
expect in older individuals (e.g. Hart et al. 2009 found
a mean value of 136/71 mmHg). Still, diastolic pressures
were significantly higher in COPD than in BE, suggesting
a tendency towards hypertension. By comparison, in our
study of obstructive sleep apnoea average blood pressure
was 145/96; these individuals were clearly hypertensive
(Elam et al. 2002). Given that asphyxia causes vaso-
dilatation and hypotension in brain-dead patients (Lahana
et al. 2005), who have no sympathetic vasoconstrictor
drive, we may be seeing the direct effects of hypoxia and
hypercapnia on blood vessels; the increase in muscle vaso-

constrictor drive, via the baroreflex, serves to offset this
local vasodilatation.

Conclusions

In conclusion, we have shown that the increase in resting
levels of muscle sympathetic nerve activity in patients with
COPD is characterized by an increase in firing probability,
mean firing rates and incidence of multiple firing of
individual muscle vasoconstrictor neurones. While the
overall level of sympathoexcitation, as measured from
multi-unit burst incidence, is comparable to that seen
in CHF, the unitary firing properties observed in COPD
align with those seen in OSAS. We believe that the
chronic hypoxaemia associated with COPD is responsible
for the elevated levels of muscle vasoconstrictor drive
seen in this disease. Moreover, we believe that the shift
towards multiple firing in COPD and OSAS would pre-
sumably cause greater neurotransmitter release from the
sympathetic nerve terminals and hence a greater vaso-
constriction. However, as noted above, our patients were
not hypertensive, so other – presumably vascular – factors
must be tempering any tendency towards the neurogenic
hypertension one sees in OSAS.
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