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Acute intermittent hypoxia in rat in vivo elicits a robust
increase in tonic sympathetic nerve activity that is
independent of respiratory drive

Tao Xing ( ) and Paul M. Pilowsky

Australian School of Advanced Medicine, Macquarie University, NSW 2109, Australia

Acute intermittent hypoxia (AIH) elicits long-term increases in respiratory and sympathetic
outflow (long-term facilitation, LTF). It is still unclear whether sympathetic LTF is totally
dependent on changes in respiration, even though respiratory drive modulates sympathetic
nerve activity (SNA). In urethane-anaesthetized, vagotomized mechanically ventilated
Sprague–Dawley rats, we investigated the effect of ten 45 s episodes of 10% O2–90% N2 on
splanchnic sympathetic nerve activity (sSNA) and phrenic nerve activity (PNA). We then
tested whether or not hypoxic sympathetic chemoreceptor and baroreceptor reflexes were
changed 60 min after AIH. We found that 17 animals manifested a sustained increase of sSNA
(+51.2 ± 4.7%) 60 min after AIH, but only 10 of these rats also expressed phrenic LTF compared
with the time controls (rats not exposed to hypoxia, n = 5). Inspiratory triggered averages of
integrated sSNA showed respiratory modulation of SNA regardless of whether or not phrenic LTF
had developed. The hypoxic chemoreceptor reflex was enhanced by 60 min after the development
of AIH (peak change from 76.9 ± 13.9 to 159.5 ± 24.9%). Finally, sympathetic baroreceptor
reflex sensitivity increased after sympathetic LTF was established (Gainmax from 1.79 ± 0.18
to 2.60 ± 0.28% mmHg−1). Our findings indicate that respiratory–sympathetic coupling does
contribute to sympathetic LTF, but that an additional tonic increase of sympathetic tone is also
present that is independent of the level of PNA. Sympathetic LTF is not linked to the change in
baroreflex function, since the baroreflex appears to be enhanced rather than impaired, but does
play an important role in the enhancement of the hypoxic chemoreflex.
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Introduction

Obstructive sleep apnoea (OSA) is associated with
repeated episodes of apnoea and hypoxaemia, causing
marked increases in muscle sympathetic nerve activity
(MSNA) primarily due to stimulation of carotid body and
central chemoreceptors (Dempsey et al. 2010). Patients
with OSA also present with impaired baroreflex function
(Carlson et al. 1996) and cardiorespiratory sensitivity to
hypoxia (Imadojemu et al. 2007). These changes in auto-
nomic control may reflect the central nerve plasticity
analogous to those previously described for respiratory
control (Mitchell & Johnson, 2003). Several approaches

have been used to mimic the neurocirculatory changes
associated with sleep apnoea in the laboratory. One
of the most frequently studied experimental models is
acute intermittent hypoxia (AIH) (Mahamed & Mitchell,
2007).

AIH is capable of inducing phrenic long-term
facilitation (pLTF) (Mitchell & Johnson, 2003), expressed
as a ‘progressive and sustained increase in phrenic
motor output that is independent of changes in chemo-
afferent input’ (Mitchell et al. 2001). Phrenic LTF is
thought to be serotonin dependent, because pretreatment
with methysergide, a serotonergic antagonist, blocks its
development (Bach & Mitchell, 1996). It is well known
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that respiration markedly modulates the sympathetic
nervous system (Adrian & Bronk, 1932; Miyawaki et al.
2002b), leading to the idea that respiratory LTF can induce
sympathetic LTF (sLTF) (Zoccal et al. 2008). Dick et al.
(2007) were the first to report that AIH can elicit both
phrenic LTF and sympathetic LTF and that the SNA
was not simply tonic, but correlated with respiratory
bursts. They concluded that the AIH-induced increase in
sympathetic activity is co-ordinated and caused by inter-
actions between the respiratory and sympathetic control
systems. However, the exact mechanism of AIH induced
sympathoexcitation remains poorly understood.

Previous research has demonstrated that arterial
chemoreflex abnormalities contribute to the development
of hypertension in general, and numerous studies have
hypothesized that altered chemoreflex control of SNA
contributes to the development of hypertension in OSA
patients (Narkiewicz et al. 1999). Leuenberger et al.
(2007) demonstrated that short-term intermittent hypo-
xia enhances sympathetic responses to hypoxia in humans.
They concluded that alteration of peripheral chemoreflex
function is a potential mechanism leading to AIH-induced
sympathoexcitation. Animal studies revealed that chronic
intermittent hypoxia (CIH) can elicit chemosensory
plasticity, which is expressed as increased basal discharge,
hypoxic sensitivity and the capacity to express sensory
long-term facilitation (Peng et al. 2003). However, it is
not clear whether the hypoxic sympathetic chemoreflex is
enhanced after AIH in animals.

Baroreflex impairment is associated with hypertension
(Vitela et al. 2005), and baroreflex control appears to be
impaired in OSA (Bonsignore et al. 2002). Treatment of
OSA with continuous night-time positive airway pressure
increases cardiovagal baroreflex function during sleep
and wakefulness (Bonsignore et al. 2002). Some animal
studies suggest that the impairment of baroreflex control
is accompanied by an increase in blood pressure and
sympathetic nerve activity after CIH exposure (Lai et al.
2006). Others indicated that the sympathetic-mediated
hypertension observed in rats exposed to CIH is not
secondary to a reduction in baroreflex gain (Zoccal et al.
2009). Evidence of the modulation of baroreflex function
after AIH is scarce. It is still unclear if modulation of
baroreflex contributes to the sympathetic LTF.

Therefore, the purpose of the present study is to
address the following questions. (1) Does AIH elicit
a sustained increase in resting sympathetic tone (i.e.
sympathetic long-term facilitation)? (2) Does the increase
in sympathetic tone rely on an alteration of respiratory
drive or is it solely due to a change in tonic activity? (3)
Is baroreflex and hypoxic chemoreflex function altered
in the presence of AIH? To answer these questions, we
recorded splanchnic sympathetic nerve activity (sSNA),
phrenic nerve activity (PNA), mean arterial pressure
(MPA) and heart rate (HR) during and 60 min after

AIH. We also evaluated the peripheral chemoreflex and
baroreflex function before and 60 min after AIH. We
hypothesized that AIH would elicit a robust increase in
tonic sympathetic resting tone, which is modulated by the
respiratory drive but not dependent on it.

Methods

Ethical approval

This study was approved by the Animal Care and Ethics
Committee of Macquarie University. Experiments were
conducted on adult male Sprague–Dawley rats (350–600 g;
Animal Resource Centre, Canning Vale, WA, Australia) in
accordance with the Australian Code of Practice for the
Care and Use of Animals as endorsed by the National
Health and Medical Research Council of Australia.

General preparation

General surgical preparation was carried out as pre-
viously described (Abbott & Pilowsky, 2009). Briefly, rats
were initially anaesthetized with a bolus of 10% urethane
(10% w/v in saline, 1.1–1.3 g kg−1 I.P.). Additional doses
of urethane (30 mg in a 10% solution) were delivered
intravenously as required to maintain adequate levels of
anaesthesia. Depth of anaesthesia was assessed by checking
for an absence of the withdrawal reflex and/or arterial
blood pressure changes after a hindpaw pinch. The left
and right femoral arteries and the right femoral vein
were cannulated for arterial blood gas sampling (VetStat,
IDEXX, Westbrook, ME, USA), measurement of arterial
blood pressure, and administration of drugs and fluids,
respectively. Heart rate (HR) was derived from ECG. The
left phrenic nerve was approached dorsolaterally, isolated,
tied with 5/0 silk thread, cut and recorded. The left greater
splanchnic nerve was dissected using a retro-peritoneal
approach. Animals were bilaterally vagotomized. Neuro-
grams were amplified (×2000 for PNA; ×5000 for
sSNA, CWE Inc., Ardmore, PA, USA), band pass filtered
(0.2–3 kHz), sampled at 5 kHz (1401plus, CED Ltd,
Cambridge, UK) and recorded on computer using Spike2
software (v. 7, CED Ltd). The trachea was cannulated,
and the animals were subject to neuromuscular block
(pancuronium; 0.8 mg I.V. induction, then 0.4 mg h−1

I.V. maintenance, Astra Pharmaceuticals Pty Ltd, Sydney,
NSW, Australia). Mechanical ventilation was instituted,
with room air enriched with 100% oxygen throughout
the experiment (pump frequency, 65–90 min−1; tidal
volume, 2.5–4 ml; Ugo Basile, Italy). Core temperature
was measured with a rectal probe and maintained at
∼37◦C with a homeothermic blanket (Harvard Apparatus,
Holliston, MA, USA). Animals were infused with a 50:50
mixture of lactated Ringer solution and 5% glucose
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(5 ml kg−1 h−1). At the end of experiments, animals were
euthanatized with injection of 10% KCl.

Experimental protocol

To established baseline nerve activity, the PaCO2 level was
corrected to 40 ± 2 mmHg by adjusting the ventilator
pump frequency and tidal volume; arterial blood
pH was corrected to 7.35–7.45 by bolus injection
of 5% sodium bicarbonate if metabolic acidosis was
apparent. Sympathetic baroreflex function curves (n = 8)
were generated by sequential intravenous injection of
sodium nitroprusside (10 μg kg−1) and phenylephrine
(10 μg kg−1) 30 min after stabilization at baseline. The
animals were then stabilized for at least 10 min and
then exposed to acute intermittent hypoxia (AIH),
consisting of 10 exposures to a hypoxic gas mixture
(10% O2 in N2, 45 s per episode) separated by 5 min
intervals of ventilation with 100% O2. Arterial blood
gas measurements were made at baseline and at 15,
30, 45 and 60 min post-hypoxia to ensure that values
remained constant (PaO2 > 140 mmHg, PaCO2 ± 1 mmHg
from baseline value). Arterial PaCO2 was corrected to the
target range by adjusting ventilator frequency as necessary.
After recording for more than 60 min following the last
hypoxic episode, the sympathetic baroreflex function
was assessed again and peripheral chemoreceptors were
stimulated by ventilating the animal with 10% O2 in N2

for 45 s. Another group of animals that were not exposed
to AIH (n = 5) served as time controls.

Data analysis

For averaging purposes, sSNA was rectified and smoothed
(t = 2 s); sSNA was normalized against baseline as 100%
and death level as zero. PNA was rectified and smoothed
(t = 0.1 s). Variables determined include the amplitude
of integrated phrenic activity (μV), phrenic nerve burst
frequency (cycles min−1) and minute phrenic activity
(amplitude × burst frequency). For phrenic LTF, changes
of phrenic amplitude and minute phrenic activity were
normalized as a percentage of the baseline (%baseline).
Changes from baseline in burst frequency used absolute
units (cycles min−1). PNA and sSNA were analysed over a
1 min period after the blood sampling. To evaluate cardio-
respiratory coupling, cycle-triggered averages (CTA) of
sSNA were triggered from the onset of the inspiration of
the phrenic cycle. The phrenic cycle, and corresponding
sSNA, was divided into three phases: inspiratory (I),
post-inspiratory (PI), and expiratory (E) (Fig. 1). The
amplitude of sSNA from −200 ms to 0 ms before the onset
of the phrenic nerve discharge, which shows the most
constant amplitude during the respiratory cycle, was taken
as the basal level (Miyawaki et al. 2002a). The PI-peak and

amplitude of the PI-peak of sSNA were expressed as a
percentage change from the baseline.

To analyse the data from the baroreflex function tests,
mean arterial blood pressure (MAP) was divided into 1 s
consecutive bins and the average sSNA during each bin was
determined; successive values were tabulated and graphed,
with MAP as the abscissa and sSNA as the ordinate. Each
data set was then analysed using GraphPad Prism (v. 5.0;
GraphPad Software Inc., La Jolla, CA, USA) to determine
the sigmoidal curve of best fit (Kent et al. 1972), which is
described by the following equation:

y = A 1/(1 + exp(A 2(x − A 3))) + A 4

where y is sSNA, A1 is the y range (y at the top plateau –
y at the bottom plateau), A2 is the gain coefficient, A3 is
the value of x at the midpoint (which is also the point of
maximum gain), and A4 is y at the bottom plateau. The
peak gain of each curve was determined by obtaining the
maximal value of the first derivative across the full range of
MAP. The range of sSNA was calculated as the difference
between the values at the upper and lower plateaus of the
curve. The threshold and saturation values for MAP were

0.5 s
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Figure 1. Data analysis of cycle triggered average of sSNA
(lower) based on PNA (upper)
Typically, the predominant patterns include a peak in sSNA coincident
with the phrenic burst (inspiratory peak, I-peak) and another peak
immediately before the cessation of phrenic burst (post-inspiratory
peak, PI-peak). The value of sSNA from −200 ms to 0 ms before the
onset of the phrenic nerve discharge was taken as the basal level. The
value of sSNA at the apex in the post-inspiratory phase was taken as
PI-peak. The PI-peak amplitude is the difference of PI-peak and basal
value. The basal level, PI-peak and amplitude of PI-peak of sSNA were
expressed as a percentage change from the baseline. The change of
the I-peak of sSNA was not included in the analysis.
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defined as the values of MAP that corresponded to the
points where y was 5% (of the y range) below and above
the upper and lower plateaus, respectively. Only curves
where the correlation coefficient (R2) was greater than 0.9
were included in the analysis.

Since the increase in PNA is progressive, phrenic LTF
in this study was defined as an increase in the average
amplitude of phrenic output from 45 to 60 min that is
more than 20% compared with the 15 min before AIH.
For LTF, both the change from baseline and the differences
between groups in the post-hypoxic phrenic amplitude
(also burst frequency and minute phrenic activity) and
sSNA were statistically analysed using a two-way ANOVA
with repeated measures, followed by post hoc analysis
using multiple comparisons and Bonferroni’s correction
(Graphpad Prism, v. 5.0). Student’s t test for paired data
was used to analyse the comparative results of baroreflex
and peripheral chemoreflex before and 60 min after AIH.
For blood gas values, one-way ANOVA was used to
determine if there were differences between and within
groups. P < 0.05 was considered significant. All values are
expressed as mean ± S.E.M.

Results

Effects of AIH on phrenic nerve and splanchnic
sympathetic nerve activity

Following AIH all 17 animals exhibited enhancement of
sSNA (Fig. 2), while 10 out of 17 exhibited both phrenic
(pLTF) and sympathetic LTF (sLTF) after AIH (Fig. 2A).
Therefore, the animals were further divided into two
groups according to whether the pLTF was induced or not
(‘pLTF+sLTF’ group, n = 10 Fig. 2A; ‘Only sLTF’ group,
n = 7 Fig. 2B; also Fig. 3A and B and Supplementary
figure).

Blood gases. Baseline PaCO2 was not significantly
different (P = 0.2) between the three groups:
‘pLTF+sLTF’ (40.3 ± 1.2 mmHg, n = 10), ‘only sLTF’
group (39.6 ± 0.5 mmHg, n = 7) and the time control
group (41.2 ± 0.4, n = 5). The baseline pH was slightly
higher in the ‘only sLTF’ group than in the ‘pLTF+sLTF’
group (7.40 ± 0.01 vs. 7.36 ± 0.01, P < 0.05), but there
was no difference in the HCO3

− levels between the groups
(22.4 ± 0.5 vs. 21.3 ± 0.7 mmol l−1, P = 0.2). The baseline
pH levels of all animals were within the physiological
range (7.35–7.45) (Table 1). The mean PaCO2 values at 15,
30, 45 and 60 min post-hypoxia were not significantly
different from baseline (Table 1), indicating a consistent
isocapnic condition throughout the experiment. PaO2

remained above 140 mmHg in all samples examined
before and after AIH indicating a consistent hyperoxic
condition before and after AIH.

Hypoxic phrenic responses (HPRs). The mean HPRs,
measured as peak phrenic amplitude changes from base-
line during AIH, was not significantly different (P = 0.6)
between the ‘pLTF+sLTF’ group (68.0 ± 16.0% change
from baseline) and the ‘only sLTF’ group (78.7 ± 8.3%)
(Fig. 2). The mean HPRs in peak burst frequency
(‘pLTF+sLTF’ group, 64 ± 3 cycles min−1 vs. ‘only pLTF’
group, 68 ± 6 cycles min−1) and post-hypoxia frequency
decline (‘pLTF+sLTF’ group, 22 ± 2 cycles min−1 vs.
‘only sLTF’ group, 17 ± 3 cycles min−1) were also not
significantly different between groups (both P > 0.2).
These data suggested that no HPRs difference was detected
between the ‘pLTF+sLTF’ and ‘only sLTF’ groups.

Sympathetic long-term facilitation (sLTF). Two-way
ANOVA showed a significant interaction effect
(P < 0.001) between group factor (3 levels: ‘pLTF+sLTF’,
‘only sLTF’ and time control group) and time factor
(5 levels: baseline, 15, 30, 45, 60 min post-hypoxia) in
sSNA data. The post-hypoxia sSNA was significantly
increased in both the AIH groups from baseline at each
time point (all P < 0.05; Fig. 3A). In the ‘pLTF+sLTF’
group, the sSNA significantly increased at each time point
compared with time control (131 ± 8 vs. 103 ± 2% at
15 min post-hypoxia, P < 0.05; 146 ± 6 vs. 107 ± 4% at
30 min post-hypoxia, P < 0.001; 157 ± 7 vs. 100 ± 6%
at 45 min post-hypoxia, P < 0.001; 156 ± 7 vs. 101 ± 7%
at 60 min post-hypoxia, P < 0.001, Fig. 3A). Maximum
facilitation was generally achieved within 5–10 min
following AIH, and subsequently no difference was found
between each hypoxic time point until the termination
of the experiment after 60 min. In the ‘only sLTF’
group, the sSNA also significantly increased at each time
point compared with time control (139 ± 6% at 15 min
post-hypoxia, P < 0.01; 145 ± 6% at 30 min post-hypoxia,
P < 0.001; 144 ± 7% at 45 min post-hypoxia, P < 0.001;
144 ± 5% at 60 min post-hypoxia, P < 0.001, Fig. 3A).

Phrenic long-term facilitation (pLTF). Two-way ANOVA
showed a significant interaction effect (P < 0.001)
between group factor (3 levels: ‘pLTF+sLTF’, ‘only sLTF’
and time control group) and time factor (5 levels:
baseline, 15, 30, 45, 60 min post-hypoxia) in phrenic
amplitude data. As stated in Methods, the post-hypoxia
phrenic amplitude value was not different between the
time controls and in the AIH rats where pLTF did not
occur; phrenic amplitude did not rise more than 20%
from baseline in AIH/non-pLTF rats (Fig. 3B). In the
‘pLTF+sLTF’ group (n = 10), the AIH-induced LTF of
phrenic amplitude was significantly elevated at 30, 45 and
60 min, but not at 15 min when compared with the time
control group (all P < 0.001, Fig. 3B). In the ‘only sLTF’
group (n = 7), the post-hypoxia phrenic amplitude was
not different from time control group at any time point

C© 2010 The Authors. Journal compilation C© 2010 The Physiological Society



J Physiol 588.16 Acute intermittent hypoxia increases sympathetic tone 3079

200

150

100

5 min

5 min

∫P
N

A

10 Exposures 45s to 10% O2

s
S

N
A

 %

200

150

100

∫P
N

A
s
S

N
A

 %

PNA

∫PNA

sSNA

PNA

∫PNA

sSNA

10 Exposures 45s to 10% O2

A       AIH-induced both phrenic and splanchnic sympathetic LTF

B       AIH-induced only splanchnic sympathetic LTF

10 s 10 s

10 s 10 s

Figure 2. Representative neurograms
from rats exposed to AIH
A, acute intermittent hypoxia (10% O2 in N2

45 s × 10, grey bars) with 5 min 100% O2

intervals elicited a significant increase in
integrated phrenic nerve activity (phrenic
long-term facilitation, pLTF) as long as the
increase in normalized splanchnic
sympathetic nerve activity (sympathetic
long-term facilitation, sLTF) for at least
60 min post-hypoxia. Inset: expanded 30 s
traces of phrenic and sympathetic nerve
activity at baseline and 60 min following the
last hypoxic exposure. Traces from top to
bottom represent raw recording of PNA,
integrated PNA and rectified sSNA.
Normalized integrated sSNA (grey) is
superimposed over rectified sSNA. Both of
the PNA and sSNA fired more robustly after
the LTF is established. Note that the sSNA
showed a step-like increase after each
hypoxia exposure during the AIH. B, AIH
only elicited the sLTF without pLTF. Inset:
same as A, but only the sSNA was firing
more robustly 60 min after hypoxia. Note
that the fluctuation of integrated sSNA is
because of the arterial blood sampling and
arterial line flush. Arterial blood (see also
Table 1) was sampled and assessed for pH,
PaCO2 and HCO3

− at baseline and 15, 30,
45 and 60 min after the last hypoxic
exposure. Also note that during exposure to
intermittent hypoxia sSNA gradually
increased from the initial hypoxic episode to
the final hypoxic episode, referred to as
progressive augmentation.
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Figure 3. The effect of AIH on phrenic (pLTF) and sympathetic
(sLTF) long-term facilitation
A, average value of integrated and normalized splanchnic sympathetic
nerve activity. B, average changes from baseline in peak amplitude of
integrated phrenic nerve activity, normalized as a percentage of the
baseline (%baseline). C, changes from baseline in minute phrenic
nerve activity, normalized as a percentage of the baseline (%baseline).
Data are expressed as means ± S.E.M. ∗P < 0.05, ∗∗P < 0.001.

(Fig. 3B). The minute phrenic activity in the ‘pLTF+sLTF’
group was also increased at 30, 45 and 60 min time
points compared with the time control group (all P < 0.05,
Fig. 3C). No LTF of phrenic burst frequency was induced
in the current AIH protocol.

Effects of AIH on cardiorespiratory coupling change

Two-way ANOVA showed significant interaction effects in
basal level (P < 0.001) and PI-peaks (P < 0.001) between
groups (3 levels: ‘pLTF+sLTF’, ‘only sLTF’ and time control
group) and over time (5 levels: baseline, 15, 30, 45, 60 min
post-hypoxia). Both the basal level and PI-peak present
in sSNA were increased 60 min post-hypoxia regardless of
the presence or absence of phrenic LTF (Fig. 4A and B).
In the ‘pLTF+sLTF’ group, the basal value and PI-peak
increased to 28.0 ± 4.2% and 43.9 ± 6.2% from base-
line, respectively, 60 min after the last hypoxic exposure
compared with time control (Fig. 4C; both P < 0.001).
In the ‘only sLTF’ group, the basal value and PI-peak
increased to 23.1 ± 2.60% and 31.4 ± 4.4%, respectively
(Fig. 4C; both P < 0.05). In the two-way ANOVA, there
was a significant interaction factor (P < 0.05) and time
factor (P < 0.001) in amplitude of PI-peak, but there
was no significance in group factor (P > 0.05). The
increase in amplitude of PI-peak was only observed
in ‘pLTF+sLTF’ group at 45 and 60 min post hypoxia
(81.4 ± 18.3% and 88.3 ± 16.1%, P < 0.05). These results
suggest that the central respiratory drive continued to
modulate the sympathetic activity after the establishment
of the sympathetic LTF.

Effects of AIH on cardiovascular response to hypoxia

After the establishment of sympathetic LTF, a subgroup
of animals were exposed again to brief isocapnic hypoxia
(10% O2–90% N2 for 45 s) to assess if there was any change
in the peripheral chemoreflex change following AIH. In
eight animals in the ‘pLTF+sLTF’ group, isocapnic hypo-
xia increased the amplitude of the sympathetic response
by 202% (from 92 ± 22% to 186 ± 38%, P < 0.05;
Fig. 5A and B). The hypotensive response during the
hypoxia exposure was not changed (−30 ± 6 mmHg to
−35 ± 13 mmHg, P > 0.05; Fig. 5A and B). No change in
HR was observed (Fig. 5A and B). The sympathetic chemo-
reflex was also enhanced in the ‘only sLTF’ group by 217%
(n = 6; from 57 ± 8% to 125 ± 18%, P < 0.05), but no
changes in MAP or HR were found (Fig. 5D and E). The
peak amplitude of PNA, but not the peak phrenic discharge
frequency (PNF), during hypoxia 60 min after AIH, was
increased in the ‘pLTF+sLTF’ group (PNA: 168 ± 16 vs.
217 ± 20% of control baseline, P < 0.001; PNF: 63 ± 3
vs. 64 ± 3 cycles min−1, P = 0.9; Fig. 5C). Similarly in
the ‘only sLTF’ group the peak amplitude of PNA, but
not the peak phrenic discharge frequency, was increased
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Table 1. Blood gas values and mean blood pressure before (i.e. baseline) and 15, 30, 45 and 60 min after
acute intermittent hypoxia

Group pH PaCO2 (mmHg) HCO3
− (mmol l−1) MAP (mmHg)

Baseline pLTF+sLTF 7.36 ± 0.01 40.3 ± 1.2 21.3 ± 0.7 103 ± 7
Only sLTF 7.40 ± 0.01∗ 39.6 ± 0.5 22.4 ± 0.5 103 ± 7
Time control 7.38 ± 0.01 41.2 ± 0.4 22.3 ± 0.5 110 ± 6

15 min pLTF+sLTF 7.37 ± 0.01 40.7 ± 0.9 21.6 ± 0.1 99 ± 8
Only sLTF 7.40 ± 0.01 39.0 ± 0.7 22.3 ± 0.4 92 ± 7
Time control — — — 109 ± 6

30 min pLTF+sLTF 7.38 ± 0.01 40.0 ± 0.9 21.9 ± 0.4 99 ± 8
Only sLTF 7.39 ± 0.01 39.4 ± 0.9 22.1 ± 0.5 100 ± 8
Time control 7.37 ± 0.01 40.4 ± 0.8 21.6 ± 0.5 104 ± 6

45 min pLTF+sLTF 7.37 ± 0.01 40.1 ± 1.2 21.4 ± 0.4 100 ± 8
Only sLTF 7.38 ± 0.01 40.8 ± 0.5 22.5 ± 0.5 100 ± 10
Time control — — — 105 ± 5

60 min pLTF+sLTF 7.37 ± 0.01 40.0 ± 1.2 21.1 ± 0.4 99 ± 7
Only sLTF 7.39 ± 0.01 39.4 ± 0.6 22.1 ± 0.7 93 ± 7
Time control 7.38 ± 0.01 40.0 ± 1.7 21.3 ± 0.8 102 ± 7

�(60 min – baseline) pLTF+sLTF 0.01 −0.3 −0.14 −6
Only sLTF −0.01 −0.2 −0.3 −10
Time control −0.01 −0.2 −1.0 −8

Values are means ± S.E.M. There was no difference within or between groups in pH, PaCO2 , HCO3
− and MAP,

except the baseline of pH between the ‘pLTF+sLTF’ and ‘Only sLTF’ groups. Also provided is the calculated
mean difference between baseline and 60 min. ∗P < 0.05 compared with ‘pLTF+sLTF’ group.

(PNA: 179 ± 8 vs. 194 ± 7% of control baseline, P < 0.05;
PNF: 68 ± 6 vs. 70 ± 6 cycles min−1, P = 0.6; Fig. 5F). No
changes in post-hypoxia frequency decline (PHFD) were
observed (Fig. 5C and F). The results suggest that the peri-
pheral chemoreflex was facilitated after sympathetic and
phrenic LTF.

Effects of AIH on modulation of baroreceptors reflex

The MAP–sSNA function curves (n = 8) at 60 min after
AIH were not shifted vertically or horizontally compared
to baseline, but the range of sSNA was significantly
expanded (Fig. 6). The upper plateau, range of sSNA and
maximal gain of the MAP–sSNA curves were significantly
increased (Fig. 6); however, there were no changes in
lower plateau, threshold level, midpoint or saturation level
(Table 2). The R2 values for each of the baroreflex function
curves were identical before and after AIH (0.97 ± 0.01).

Discussion

The major novel findings of this study are as follows:
(1) acute intermittent hypoxia (ten 45 s hypoxic episodes)
induced sympathetic LTF that was independent of phrenic
LTF, indicating that the effect on sSNA can be independent
of the effect on PNA; (2) after the establishment of sLTF,
the PNA related modulation of sSNA is increased, whether
or not there is evidence for LTF of PNA; (3) the peripheral
chemoreflex (45 s of 10% O2 in nitrogen) responses in
both sSNA and PNA were enhanced following AIH, and

(4) baroreceptor reflex function was facilitated following
AIH.

Technical considerations

The baseline level of PNA and sSNA in this study was
established under hyperoxic and normocapnic conditions
(PaO2> 140 mmHg, PaCO2 40 ± 2 mmHg) by adjusting
ventilation (tidal volume and pump frequency), without
determination of apnoeic and recruitment threshold. This
is different from the approach used to establish base-
line PNA in other studies (Bach & Mitchell, 1996; Dick
et al. 2007). In early studies, it was suggested that hypo-
capnia might restrain the manifestation of LTF (Olson
et al. 2001). Consequently, the apnoeic threshold was
determined, and carbon dioxide elevated and maintained
just above this threshold during and following exposure
to AIH to ensure the manifestation of LTF. In a pre-
vious meta-analysis, Baker-Herman & Mitchell (2008)
found that phrenic amplitude LTF is correlated with
phrenic burst amplitude during hypoxia. Since arterial
blood gas values and short-term hypoxic responses at
baseline were not different between the ‘pLTF+sLTF’ and
‘only sLTF’ groups, it is unlikely that the different ways
of determination of baseline activity from other studies
will cause the absence of pLTF after AIH. The consistent
isocapnic and metabolic condition (Table 1) during all
the experiments indicates that no extra central chemo-
reflex or metabolic factors may cause alteration of central
respiratory and presympathetic drive. Since the animals
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were mechanically ventilated with room air enriched
with 100% oxygen, the PaO2 remains stable at well above
140 mmHg except for the hypoxia exposures, which is
sufficient to prevent the firing of carotid chemoreceptors
(Lopez-Barneo et al. 2001). Therefore, it is unlikely that the
sustained sympathetic activation after hypoxic exposure
was caused by persistent chemoreceptor stimulation.

Blood pressure tended to decrease slightly but not
significantly, rather than increasing during the study (Bach
& Mitchell, 1996; Dick et al. 2007). This may be due to
multiple arterial blood samplings and the long period
of recording. Hypotension can result in increased nerve
activity because of decreased brain blood flow, increasing
CNS tissue PaCO2 at a fixed level of PaCO2 , indirectly causing
the LTF following episodic hypoxia. Therefore, MAP was
maintained within 10 mmHg (Table 1) of baseline at all
times with continuous I.V. infusion of fluids.

Tonic sSNA excitation after AIH

We demonstrated in the present study that 10 episodes
of 45 s hypoxia are capable of eliciting a tonic sSNA
excitation that is not necessarily dependent on central
respiratory drive. Sustained elevation of sympathetic
nerve activity induced by short-term exposure to AIH
occurs in both animals (Dick et al. 2007) and humans
(Cutler et al. 2004; Leuenberger et al. 2005). Here, we
used the same AIH protocol and recorded from the
same sympathetic bed as Dick et al. (2007), while no
sLTF without pLTF was reported in their study. They
hypothesized that the sustained increase in sympathetic
activity is strongly influenced by respiratory LTF. We
speculated that the disparity between our data and theirs
is likely to be due to the frequency of adjustment
of arterial blood gas. In Dick et al.’s study, the
arterial blood gas was only adjusted 60 min post-hypoxia
when the data were analysed, so the possibility of
poikilocapnia during the period cannot be ruled out. It has
been proposed that strengthened respiratory–sympathetic
coupling contributes to sympathoexcitation after inter-
mittent hypoxia (Dick et al. 2007; Zoccal et al. 2008).
Nevertheless, in the same experimental protocol, the

Figure 4. Effect of AIH on respiratory modulation of sSNA
A, sSNA was modulated with respiration before AIH (left), and
was lowest during the inspiratory phase (I) and highest during the
post-inspiratory phase (PI). Sixty minutes after AIH, both PNA and sSNA
had increased, but sSNA remained correlated with respiration, reaching
its peak in PI phase. B, sSNA was modulated with respiration before AIH
(left) as shown in A. Sixty minutes after AIH, only sSNA had increased,
but the modulation stayed the same. C, grouped change in of sSNA
basal value, PI peak and PI amplitude (Fig. 1) at 15, 30, 45 and 60 min
after the last hypoxic exposure. ∗P < 0.05 compared with the time
control; ∗∗P < 0.001 compared with time control.
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frequency of sLFT is much higher than the pLTF (100%
vs. 65% of all the experiments) in the present study. Our
findings indicate that sympathetic LTF does not necessarily
require augmentation of phrenic motor output; in fact, the
augmentation of the respiratory modulation sSNA and the
enhanced sympathetic tone appear to be unrelated.

The mechanism for the tonic increase of sympathetic
tone is not well known. We speculate that the memory-like
effect of sLTF occurs at the level of the barosensitive
bulbospinal neurones in the rostral ventrolateral medulla
(RVLM) neurones, as well as the caudal ventrolateral
medulla (CVLM) neurones, which are responsible for

Figure 5. Response to brief hypoxia is enhanced following establishment of LTF
A, an experimental recording from an animal which exhibited both phrenic and sympathetic LTF after AIH. Left,
the first two 45 s hypoxic exposures during AIH. Right: another two 45 s hypoxic exposures 60 min after AIH.
Smoothed and normalized sSNA (grey) is superimposed over rectified sSNA. B, peak change from baseline in MAP,
HR and sSNA caused by hypoxia (n = 8) from the animals which exhibited both phrenic and sympathetic LTF after
AIH. C, grouped absolute values of peak PNF and peak PNA during hypoxia, and also post-hypoxia frequency
decline (PHFD). (n = 8). D, an experimental recording from an animal which only exhibited sympathetic LTF after
AIH. E, peak change from baseline in MAP, HR and sSNA caused by hypoxia (n = 6) from the animals which only
exhibited sympathetic LTF after AIH. F, grouped absolute values of peak PNF and peak PNA during hypoxia, along
with PHFD (n = 6). ∗P < 0.05, ∗∗P < 0.01.
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Table 2. Parameters describing baroreflex control of sSNA before and 60 min after AIH

Lower Upper plateau Rang of Threshold Midpoint Saturation Max gain
plateau (%) (%) sSNA (%) leve (mmHg) (mmHg) level (mmHg) (% mmHg−1)

Before 10 ± 6 138 ± 6 128 ± 6 78 ± 7 135 ± 4 191 ± 9 −1.79 ± 0.18
After 13 ± 7 198 ± 12∗∗ 185 ± 10∗∗ 85 ± 6 142 ± 5 198 ± 9 −2.60 ± 0.28∗

Values are means ± S.E.M. (n = 8). ∗P < 0.05, ∗∗P < 0.01 compared with before AIH exposure.

generating sympathetic ‘tone’ (Pilowsky & Goodchild,
2002; Pilowsky et al. 2009), and that it is caused by
modulation of central processing of afferent inputs from
peripheral chemoreceptors. First of all, chemoreceptor
information can reach the presympathetic RVLM neuro-
nes without an intervening relay within the respiratory
network. The sympathetic chemoreflex originates from
the caudal aspect of the nucleus tractus solitarius (NTS)
and requires the activation of RVLM barosensitive neuro-
nes (Guyenet, 2000). The peripheral chemoreceptor reflex
presumably involves a monosynaptic, and or polysynaptic,
pathway from the NTS to the RVLM barosensitive neuro-
nes, and indirect connections to these cells via the
respiratory pattern generator (Guyenet, 2000). Carotid
body denervation abrogates the reflex, preventing all
of the cardiorespiratory responses and the release of
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Figure 6. AIH enhances the gain and range of the sympathetic
baroreceptor reflex
Averaged sigmoidal function curves derived from baroreflex tests of
baseline (before AIH, dashed line) and 60 min after the last hypoxic
episode (after AIH, straight line). The gain of the curves was
determined by first derivative across the full range of MAP. For each
curve upper plateau, lower plateau and maximum gain represent
averages for 8 experiments. Error bars represent S.E.M. for upper
plateau, lower plateau and maximum gain for averaged baroreflex
function curves.

glutamate into the caudal NTS (Mizusawa et al. 1994).
In anaesthetized animals, elimination of all central
respiratory activity abolished respiratory drive but did
not attenuate the sympathetic response to stimulation of
peripheral chemoreceptors (Koshiya & Guyenet, 1996).
Increases in cervical preganglionic sympathetic nerve
activity can be elicited by peripheral chemoreceptor
stimulation even when PNA is abolished by hyper-
ventilation to hypocapnia (Huang et al. 1988). Secondly,
several Fos studies of presympathetic neurones in the
RVLM following hypoxia also support the idea that neuro-
nes in the RVLM are important mediators of the central
effects of hypoxia. Increased levels of Fos in RVLM were
observed after relatively brief (60 min) and longer term
(8 h day−1 for 30 days) exposures to hypoxia (Greenberg
et al. 1999b). Increased Fos expression in the RVLM was
also found after 10 min of electrical stimulation of the
carotid sinus nerves (Erickson & Millhorn, 1994). Similar
increases also occur following exposure to hypercapnia;
however, high levels of inspired CO2 fraction (13%) seem
to be required for Fos expression (Sato et al. 1992). Thirdly,
although neurones in the RVLM play a role in integrating
inputs to provide a final excitatory output to sympathetic
preganglionic neurones, the neurones in the CVLM
play an opposite but equally important role to inhibit
sympathetic discharge. Individual CVLM neurones have
basal patterns of respiratory-related activity (Mandel &
Schreihofer, 2006). Those that display peak activity during
expiration tend to be inhibited during hypoxia (Mandel
& Schreihofer, 2009). Thus it is plausible that the tonic
increase of SNA can be caused by disinhibition of RVLM
neurones resulting from the removal of excitatory input to
CVLM neural population. Last but not least, both animal
and human studies demonstrated that the enhancement
of chemoreflex induced by recurrent hypoxia contributed
to the sympathoexcitation. In CIH, bilateral carotid body
denervation abolished the increase in SNA and chemo-
reflex sensitivity (Fletcher et al. 1992). Intermittent hypo-
xia sensitizes the carotid body chemoreceptors to hypoxia
and causes the chemoreceptor afferents to be tonically
active even when the blood oxygen concentration is
normal (Prabhakar et al. 2005). The present study also
showed the enhancement of sympathetic chemoreflex
60 min after AIH (Fig. 5A and D). However, whether
carotid body denervation can prevent the effect remains to
be determined. Narkiewicz et al. (1999) demonstrated that
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untreated OSA is associated with selective potentiation of
peripheral chemoreflex sensitivity and MSNA decreased
in untreated OSA patients during administration of 100%
O2. In short, the role of RVLM presympathetic neurones
and modification of peripheral chemo-sensitivity requires
further investigation, but on the basis of the findings here,
is likely to be important.

Effect of AIH on the cardio-respiratory coupling

As expected, respiratory drive still modulated sympathetic
tone regardless of whether LTF was induced in PNA
or not; however both the resting sympathetic tone and
PI-peak were significantly elevated (Fig. 4). We found
no statistical difference in the amplitude of the PI-peak
between the ‘only sLTF’ and the time control group
(Fig. 4C). We speculate that the increase in both the
basal level of sSNA and the PI-peak may prevent the
increase of amplitude of PI-peak to a significant level.
Respiration is well known to modulate SNA (Adrian
& Bronk, 1932; Miyawaki et al. 2002b). Using the
working-heart–brainstem preparation (WHBP), Zoccal
et al. (2008) reported that rats submitted to CIH showed
an additional ramping pattern of sympathetic activity
coincident with the late expiratory phase and exhibited
enhanced/forced expiratory activity by abdominal motor
activity. Simms et al. (2009), also using the WHBP,
demonstrated that in juvenile spontaneously hypertensive
rats at an age prior to the development of hypertension
there was already an amplified respiratory modulation
of sympathetic activity. Our data support the proposal
that an enhanced respiratory–sympathetic coupling in rats
has the potential for sympathoexcitation, at least in the
‘pLTF+sLTF’ group of the present study. However, several
points need to be mentioned. (1) The mechanism by which
phrenic LTF occurs is considered to be strengthening
of the postsynaptic membrane of phrenic motoneurones
(Mahamed & Mitchell, 2007). It remains to be determined
if a similar mechanism is operating at the level of
sympathetic preganglionic neurones to cause the increase
in sympathetic tone observed here; possible effects on
presympathetic neurones in the RVLM also remain to
be evaluated. (2) Phrenic LTF can be abrogated by
treatments that affect phrenic motoneurones; however, to
our knowledge evidence for plasticity of central respiratory
output, with the exception of hypoglossal motoneurones,
is not available. (3) Although it is reported that neuro-
nes in the ventral and dorsal respiratory group and
raphé have increased firing rates by carotid chemo-
receptor stimulation, no phrenic LTF lasting over 1–2 h
was reported in these studies (Morris et al. 2000; Morris
et al. 2001). (4) Finally, although there are reports of
connections between neurones that generate respiration,
the precise nature of the connection between respiratory

rhythm and pattern generating neurones, and neurones
that regulate sympathetic outflow is unknown (Sun et al.
1997).

Modulation of cardiovascular and respiratory reflex
to hypoxia

The other principal finding of our study is that acute
intermittent hypoxia produced by 10 episodes of isocapnic
hypoxia results in enhanced respiratory and sympathetic
neural responses to acute hypoxia, whether pLTF occurs or
not. Our data show for the first time that the sympathetic
hypoxic chemoreflex is augmented following acute inter-
mittent hypoxia (Fig. 6). These findings agree with pre-
vious reports that CIH enhanced sympathetic responses
to hypoxia in anaesthetized rats (Greenberg et al. 1999a;
Braga et al. 2006), and conscious rats (Huang et al. 2009).
Data from human studies strongly supported the idea
that short-term intermittent exposure to hypoxia can
facilitate the reflex response to hypoxia (Cutler et al.
2004; Leuenberger et al. 2007). The enhancement of
phrenic amplitude chemoreflex was also observed. Inter-
estingly, with phrenic LTF, the peak phrenic amplitude
during hypoxia increased 129% after AIH (from 168 ± 16
to 217 ± 20% of control baseline, P < 0.001); but if
phrenic LTF had not occurred, the peak phrenic amplitude
increased by only 108% (from 179 ± 8.3 to 194 ± 7%
of control baseline, P < 0.05). It is unclear whether the
sensitization of the respiratory chemoreflex is associated
with pLTF. No phrenic frequency change during hypoxia
was found when comparing any of the groups at baseline to
any time after AIH. The finding that no frequency LTF is
elicited suggests that AIH has little effect on the central
respiratory generator. Our work agrees with previous
reports that the reflex response to hypoxia is sensitized
in animals after AIH (Fuller, 2005) and CIH (Ling et al.
2001), and in healthy human after AIH (Lusina et al. 2006).

The mechanism underlying the enhanced peripheral
chemoreflex responses following intermittent hypoxia is
not clear. Two main possibilities should be considered
and are likely to represent neural plasticity. First, inter-
mittent hypoxia may lead to altered activity of neuro-
chemical circuits at the level of the brainstem. The
caudal NTS (i.e. commissural NTS, SolC) is the central
site of termination of afferent neurones whose peri-
pheral axons are found in the carotid body, providing
important homeostatic feedback on the PaO2 (as well as
the CO2/pH) status of the arterial blood (Guyenet, 2000;
Lahiri et al. 2006). Plasticity in synaptic transmission
in SolC could occur on a short- and/or long-term time
scale. Mifflin (1997) demonstrated in intact rats that
2 min of 100–300 Hz stimulation of the carotid sinus,
aortic or vagus nerve augmented monosynaptic and poly-
synaptic EPSPs and action potential discharge. De Paula
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et al. (2007) also demonstrated that exposure to CIH for
7 days alters the responses of NTS neurones to exogenous
application of the inotropic excitatory amino acid agonists
AMPA and NMDA. The changes occur in NTS neuro-
nes receiving arterial chemoreceptor afferent inputs and
ATP-sensitive potassium channels may play an important
role in this long-term potentiation (Zhang et al. 2008).
Secondly, such an effect could be due to functional
alterations in arterial chemoreceptors. Peng et al. (2003)
reported that following (prolonged) intermittent but not
continuous hypoxia the discharge frequency of chemo-
receptor afferents is increased, an effect that is mediated by
reactive oxygen species formed during recurrent cycles of
hypoxia–reoxygenation (Prabhakar et al. 2005). However,
most of the studies were conducted in prolonged inter-
mittent hypoxic conditions. It is not clear whether the
functional or histological changes may already exist at an
early stage, following intermittent hypoxia.

Phrenic post-hypoxia frequency decline (PHFD) was
attenuated after repeated exposure to brief periods of
hypoxia, which were separated by 30 min or more (Bach
et al. 1999), while unexpectedly no changes in PHFD
were determined in any animals exposed to AIH. This
may be due to different durations and degrees of hypo-
xic exposure. Ilyinsky et al. (2003) demonstrated that
CIH abolished the PHFD, while the time of increased
phrenic burst frequency and amplitude after hypoxia was
prolonged because the inhibition of PHFD. The abolition
of PHFD was also reported by Ling et al. (2001). The
mechanism of PHFD is still unclear. It is reported that
the actions of inhibitory α2 receptors on both brain-
stem respiratory neurones (Bach et al. 1999) and pontine
respiratory group participate in the response (Dick &
Coles, 2000). It still remains to be determined if AIH
has any functional or histological effects on brainstem
or pontine respiratory neurones.

Modulation of baroreflex function after AIH

Baroreflex control of cardiovagal and sympathetic outflow
is reported to be impaired in OSA (Bonsignore et al.
2002). Moreover, in healthy humans, baroreflex function
is impaired acutely by exposure to hypoxia (Cooper et al.
2004). Our present results suggest that the baroreflex
function is sensitized, due to the increase of maximal
gain without change of the working range. Our data
are consistent with the findings of Soukhova-O’Hare
et al. (2006), who used a similar experimental approach,
and demonstrated that the gain of the baroreflex
sympatho-excitatory response increased approximately
twofold after AIH, while the gain of sympatho-inhibitory
responses to SNP was not affected by AIH. Interestingly,
the change of gain in baroreflex function could be
abolished by neonatal CIH exposure. Soukhova-O’Hare
et al. (2006) concluded that postnatal intermittent hypo-

xia causes a long-lasting impairment in chemoreceptor
and baroreceptor control of SNA. Therefore, we speculate
that the facilitation of the sympathetic baroreflex acts
to compensate for the sympathoexcitation that follows
AIH. This idea is supported by the finding in humans
that short-term exposure to hypoxic apnoea does not
impair cardiovagal or sympathetic baroreflex sensitivity
(Monahan et al. 2006).

The mechanism leading to sensitization of the
sympathetic baroreflex function is unknown. We post-
ulate that the synthesis of proteins induced by AIH
is essential to cause the change. Phrenic long-term
facilitation requires protein synthesis at the spinal level
(Baker-Herman & Mitchell, 2002). Intrathecal blockade of
brain-derived neurotrophic factor (BDNF) synthesis pre-
vents LTF evoked in PNA (Baker-Herman et al. 2004). It is
reported that BDNF is a target-derived survival factor for
arterial baroreceptors’ primary sensory neurones (Martin
et al. 2009). If AIH also evokes synthesis and release of
BDNF in the brainstem, then BDNF may play a similar role
at multiple levels of the neuraxis and mediate increased
short-term between raphé neurones. Further studies are
required to determine if BDNF or other neurotrophins
play a role in the modification of baroreflex function
during the establishment of AIH.

In conclusion, we find that acute intermittent hypo-
xia induces both phrenic and sympathetic long-term
facilitation and that an additional effect on sympathetic
tone is also present. Cardio-respiratory coupling may be a
potential mechanism contributing to the enhancement of
SNA, but the enhancement of the chemoreflex, especially
the peripheral chemoreflex, is likely to play a more
important role in the sympathoexcitation. Further work
is needed to elucidate the mechanisms and anatomical
substrates for this effect. Our findings provide important
insights into the acute adaptations of chemoreflex control
systems of both the respiratory and sympathetic responses
to AIH, and, perhaps more importantly, the early
pathophysiology of OSA. Furthermore, our findings reveal
an increase in baroreflex sensitivity following the increase
in resting sympathetic tone.
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