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However, we recently identified that heavy snoring in the ab-
sence of hypoxia is an independent risk factor for carotid athero-
sclerosis.7 A mechanism to explain this finding was first proposed 
by Hedner and Sullivan, who noted that the close proximity of the 
carotid artery to the pharyngeal wall may expose the artery wall 
to vibration during snoring.8 They hypothesized that during bouts 
of snoring, the carotid arteries would be subject to vibration en-
ergy levels that may induce carotid artery wall damage leading to 
atherosclerosis, a theory consistent with the “response-to-injury” 
model for atherogenesis.9 Indeed we have previously shown that 
snoring associated vibrations are transmitted to the carotid artery 
wall in an animal model,10,11 but it is not known whether these 
vibrations can result in carotid endothelial damage or dysfunction.

Endothelial dysfunction plays a pivotal role in the early patho-
genesis of atherosclerosis.12,13 It precedes the development of 
plaque, and is associated with vascular events related to athero-
sclerosis such as myocardial infarction.14 Endothelial dysfunction 
(as measured by brachial artery flow-mediated dilatation)15-17 has 
been demonstrated in patients with sleep-disordered breathing, 
but there is no established methodology for specific assessment of 
in vivo carotid artery endothelial function in humans. Therefore, 
we utilized a non-hypoxic, tracheostomized, anesthetized, rabbit 
model to examine whether delivery of a vibratory energy stimulus 
to the peri-carotid tissues (dosed matched to vibration energy lev-
els occurring during snoring) was capable of inducing localized 
carotid artery endothelial dysfunction.

MATERIALS AND METHODS
A detailed description of the methods is provided in the sup-

plemental material.

INTRODUCTION
A number of large epidemiological studies have shown a 

strong association between snoring and cerebral infarction.1,2 
However, in these studies, self-reported snoring was generally 
regarded as a surrogate for obstructive sleep apnea (OSA). Con-
sequently, the focus for research into cerebrovascular sequelae 
of sleep-disordered breathing has centered on the pathophysi-
ological consequences of acute obstructive events, including in-
termittent hypoxia and reoxygenation, hypercapnia, increased 
intrathoracic pressure swings, and cortical arousals. These 
physiological consequences may increase the risk of vascular 
disease via intermediary mechanisms including sympathetic 
activation, endothelial dysfunction, vascular oxidative stress, 
inflammatory pathways, hypercoagulable states, and metabolic 
dysregulation.3,4 Presently, snoring vibrations per se as a risk 
factor for vascular disease has largely been ignored. Indeed, in 
the absence of coexisting OSA, the prevailing view of snoring 
is that there is little evidence to support a pathophysiological 
role in the promotion of vascular disease.5,6
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of the oscillatory energy so that delivered tissue vibration en-
ergies detected by the RCA bifurcation catheter were targeted 
to vibration energy levels (~170 × 10-4 [cm H2O]2) previously 
reported for induced snoring in rabbits.10

Monitoring Physiological Parameters
Temperature, pulse, oxygen saturation, and end-tidal CO2 

(ETCO2) were continuously monitored. When required, supple-
mental oxygen ensured normoxia throughout the study and peak 
ETCO2 was maintained at 5% to 6%. Data were digitized (4 kHz 
sampling rate for pressure transducer tipped catheter signals, 0.1 
to 4 kHz for all other data signals) via a Powerlab 16/30 data ac-
quisition unit (ADInstruments, Sydney, Australia) and recorded 
using signal acquisition software (LabChart 7, ADInstruments).

Experimental Protocol
Following surgery, the RCA was exposed to continuous di-

rect mechanical vibration for 6 hours. Seventeen rabbits were 
exposed to the vibration stimulus, while the remaining 10 rab-
bits constituted an unvibrated sham operated control group. 
For each control rabbit, both the LCA and RCA were used as 
separate control specimens. After euthanasia, intravascular per-
fusion18 with either formaldehyde or saline was performed de-
pending on the specific requirements for the subsequent arterial 
specimen study. Both the LCA and RCA were then carefully 
excised. Where possible, carotid arteries were divided into 2 
samples of equal length, which allowed utilization for both bio-
chemical and functional studies.

Calculation of Vibration Energy
Data were analyzed in the frequency domain using the signal 

acquisition software’s power spectral function. A fast Fourier 
transform algorithm (2,048-point fast Fourier transform size, 
Hann window with 50% overlap) was performed on the tissue 
pressure signal data from the transducer tipped catheters at both 
the right and left carotid bifurcations across the entire 6-h study. 
Vibration energy was calculated by integrating power over the 
50 Hz-1 kHz frequency bandwidth as previously described.10

Absorbance Spectroscopy Studies
Absorbance spectroscopy studies were performed on 7 

vibrated RCA (vRCA) samples, 7 LCA samples from vibrated 
rabbits (vLCA) and 8 control carotid samples from unvibrated 
rabbits. Samples were homogenized and determinations of 
arterial cGMP with and without ACh stimulation (1 μM) were 
performed as previously described using a commercial ELISA 
kit and absorbance spectroscopy19 after normalization to total 
homogenate protein.20 Separately, 5 vRCA, 5 vLCA, and 6 
control samples were treated with 1 μM sodium nitroprusside, 
homogenized, and assayed for cGMP as above as a positive 
control.

Vascular Reactivity Studies
Vascular reactivity studies were performed on 5 vRCA, 5 

vLCA, and 5 control carotid samples. Isometric tension was 
recorded with a force transducer connected to a data acquisi-
tion unit (Powerlab 8/30 and Octal Bridge Amplifier, ADInstru-
ments), and ACh concentration-response curves were generated 
as described previously.19

Animal Experiments
Studies were performed on 27 adult, male, anesthetized, 

New Zealand white rabbits (weight 3.41 ± 0.62 kg, mean ± SD). 
Protocols were approved by the Sydney West Area Health Ser-
vice Animal Ethics Committee.

Anesthesia
Anesthesia was induced with intramuscular injection of ket-

amine (35 mg/kg) and xylazine (5 mg/kg) and maintained with 
a continuous intravenous infusion of ketamine (15 mg/kg/h) 
and xylazine (4.5/mg/kg/h). Bolus additions of sodium pento-
barbitone (6.5 mg per bolus) were used to maintain apnea in 
order to minimize ventilator dys-synchrony. All animals were 
euthanized at the completion of each study using an overdose 
of intravenous sodium pentobarbitone.

Surgery
Animals were mechanically ventilated via surgical trache-

ostomy (Figure 1). Pressure transducer-tipped catheters (SPR-
524, Millar Instruments, Houston, TX, USA) were surgically 
placed immediately adjacent to the left (LCA) and right carotid 
artery (RCA) bifurcations to quantify vibrations in the tissues 
surrounding the bifurcations. Arterial blood pressure was moni-
tored during the study via an intra-aortic catheter (SPR-524).

Delivery of Vibration Energy
The flat circular tip (diameter 7.5 mm) of a 10-cm plastic 

rod attached to a loudspeaker was placed in contact with tissues 
overlying the RCA 1.5 cm caudal to the right carotid bifurca-
tion (Figure 1). The speaker was attached to a signal generator 
producing square wave oscillations at 60 Hz frequency. Prior 
to commencement of each vibration exposure period, applied 
vibrations (< 5-sec duration) were used to adjust the amplitude 

Figure 1—Schematic diagram of experimental setup. An anesthetized, 
supine rabbit was mechanically ventilated via tracheostomy. Pressure-
transducer tipped catheters were surgically placed adjacent to the 
bifurcations of both right and left common carotid arteries. The flat 
circular tip (diameter 7.5 mm) of a plastic rod (10 cm length) attached to a 
loudspeaker (27 mm diameter) was placed on tissues overlying only the 
right carotid artery at a point 1.5 cm proximal to the right carotid artery 
bifurcation.

To ventilator
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either 2-sample t-tests (control vs vRCA; control vs vLCA) or 
paired t-tests (vRCA vs vLCA). Statistical analyses were per-
formed using the Prism 5 statistical program (GraphPad, San 
Diego, CA, USA) and SPSS version 16.0 (SPSS Inc, Chicago, 
IL, USA). P < 0.05 was considered significant.

RESULTS

Delivered Vibration Energy	
In the studies where the RCA was vibrated (vRCA, n = 17), 

the median 95% cumulative tissue vibration energy measured at 
the RCA was 192 × 10-4 (cm H2O)2, similar to the median value 
of 170 × 10-4 (cm H2O)2 previously reported during induced 
snoring in rabbits (Figure 2).10 Tissue vibrations were also de-
tected at the LCA in vibrated rabbits (vLCA; n = 17) but at a 
significantly lower energy level (38 × 10-4 [cm H2O]2; P < 0.001 
compared with vRCA). There were significantly higher deliv-
ered tissue vibration energy levels for both the vRCA and vLCA 
when compared with values recorded for unvibrated control ar-
teries (5 × 10-4 [cm H2O]2; n = 10; both P < 0.001).

Tissue Cyclic Guanosine Monophosphate (cGMP)
Baseline values for tissue cGMP tended to be lower in the 

vRCA samples (13.6 ± 4.8 ρmol/mg; n = 6) compared with 
vLCA (18.2 ± 4.6 ρmol/mg; n = 4) and control artery samples 
(18.5 ± 3.2 ρmol/mg; n = 7), but this difference failed to reach 
statistical significance (P = 0.11). However, following the addi-
tion of ACh, cGMP was significantly lower in vRCA samples 
(42.1 ± 4.6 ρmol/mg; n = 7) compared with both control arteries 
(58.3 ± 7.1 ρmol/mg; n = 5) and vLCA (63.9 ± 8.5 ρmol/mg; 
n = 7; all P < 0.01; Figure 3). With the addition of 1 µM sodi-

Endothelial Cell Viability Studies
Viability studies were performed using 3 vRCA, 2 vLCA, 

and 2 control carotid samples. Immunohistochemistry with 
smooth muscle actin identified smooth muscle cells and carotid 
endothelium under light microscopy. Cellular apoptosis was 
determined using the TUNEL method, and hydrated sections 
were prepared and stained21 using a commercial kit (Millipore, 
Temecula, CA, USA). A thymus section from an unvibrated 
rabbit served as a positive control in view of its increased cel-
lular turnover. Light microscopy slides were scanned, digitized, 
and images were analyzed (Imagescope software Version 10, 
Aperio), and the number of positive stained pixels (brown) as 
a percentage of the total pixels was determined (Positive Pixel 
Count Algorithm version 9, Aperio).22

Apoptosis was also independently quantified by measuring 
the activity of effector caspases 3 and 7 using Caspase-Glo 3/7 
Assay (Promega, Southampton, UK) according to the manufac-
turer’s protocol in homogenates obtained from vRCA, vLCA, 
and control carotid samples (n = 4 all groups) with luminescence 
results expressed as relative light units (RLU) as described.23

Statistical Analysis
Data were expressed as mean ± SD or median and inter-

quartile range as appropriate. For cGMP and caspase analyses, 
matched artery (i.e., within rabbit) comparisons were per-
formed using a paired Student t-test while unmatched (i.e., be-
tween rabbits) comparisons were performed using a 2-sample 
t-test. Bonferroni corrections were applied for multiple compar-
isons. cGMP versus cumulative vibration energy relationships 
were examined via linear regression. Vascular relaxation curves 
were fitted with exponential 2 phase association functions for 
between curve comparisons, or repeated measures ANOVA be-
tween groups (control, vRCA, vLCA) and ACh level followed 
by testing for significant differences at each ACh level using 

Figure 2—Six-hour median delivered vibration energy from 50-1000 
Hz bandwidth calculated from power spectral analysis of signals from 
pressure transducer-tipped catheters. Data plotted using a log scale. 
Control = unvibrated carotids; vRCA = directly vibrated right carotid 
arteries; vLCA = indirectly vibrated left carotid arteries. Horizontal line 
= median values; box = interquartile range, bars = 10th to 90th centile 
range. Energy at vRCA was significantly greater than that at both vLCA 
and control arteries, while energy at vLCA was greater than control 
background energy.
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Figure 3—Tissue cGMP was measured in directly vibrated RCA (vRCA), 
indirectly vibrated LCA (vLCA) and unvibrated carotid arteries (control) 
after exposure to 1 µM acetylcholine using a commercial kit. Data 
represent mean values +1 SD. Note that the cGMP content within vRCA 
was significantly less than that for control and vLCA but there was no 
dfference between vLCA and control arteries. (* P < 0.05).
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vLCA and control samples (2.50% ± 1.39% positive pixels; n = 
4 combined; P = 0.34), whereas values were much greater in the 
thymus control sample (7.3% positive pixels) [See Figure S2 in 
the supplemental material for TUNEL stains].

DISCUSSION
This study demonstrates that a single 6-hour period of ca-

rotid artery wall vibration, at a dose-rate matched to previously 
measured snoring in anesthetized rabbits, resulted in endothe-
lial dysfunction as evidenced by: (1) dose-related vibration en-
ergy reductions in cGMP response to ACh; and (2) impaired 
carotid artery vasorelaxation to ACh. Furthermore, an intact 
endothelium and absence of increased apoptosis in vibrated ca-
rotid arteries excluded gross morphological damage as a cause 
of the vascular dysfunction.12 These findings demonstrate vi-
bration-induced endothelial dysfunction, providing a plausible 
pathophysiological mechanism linking snoring and localized 
carotid atherosclerosis.

This is the first study to specifically measure carotid artery 
endothelial function in response to peri-carotid tissue vibration. 
It is important to note that the study was not intended to test 
the effect of snoring per se, but to probe the concept that even 
small, physiologically relevant vibrations can result in signifi-
cant carotid artery endothelial dysfunction. In contrast to stud-
ies of high-intensity vibrations on peripheral arteries in models 
of vibration-induced white finger,24-26 our study is the first mod-
el to specifically examine the effect of physiologically relevant 
vibrations, dose matched to induced snoring in rabbits,10 on ca-
rotid arterial endothelial function.

The quantification of arterial tissue cGMP27,28 and assess-
ment of vasorelaxation to ACh29,30 are validated measures of 
arterial nitric oxide bioavailability and markers of vascular 
function.13,31 The vasorelaxation response to ACh has been used 
to ascertain vascular function in human arteries28 as well as in 

um nitroprusside, there was no significant difference in cGMP 
between vRCA samples (73.2 ± 10.6 ρmol/mg; n = 5), vLCA 
(77.8 ± 7.2 ρmol/mg; n = 5) and control arteries (71.8 ± 7.1 
ρmol/mg; n = 7; P = 0.5).

There was a significant inverse linear relationship between 
measured tissue vibration energy dose and post ACh cGMP lev-
els for vRCA, vLCA, and control carotid arteries (r2 = 0.38; P < 
0.01; Figure 4) equivalent to a 6.8% fall in cGMP per 50 × 10-4 
(cm H2O)2 increase in tissue vibration energy.

Vascular Reactivity
vRCA segments demonstrated reduced vascular relaxation 

compared with vLCA segments and with control carotid artery 
segments at ACh concentrations above 10-7 mol/L (all P < 0.05; 
all groups n = 5; Figure 5). When the data were fitted with an 
exponential 2-phase association function (all r2 > 0.92), a signifi-
cant reduction in vascular relaxation to ACh in vRCA compared 
with both the vLCA and control carotid arteries was evident 
(P < 0.0001, F test; Figure 5). However, there was no significant 
difference in vascular relaxation between the vLCA and control 
carotid arteries at any concentration of ACh (P > 0.6).

Viability Assays
Under light microscopy, arterial endothelial cell integrity 

was preserved in both vRCA (n = 3) and control carotid artery 
samples (n = 2) with no evidence of endothelial denudation, 
disruption to the endothelial layer, or damage to the arterial 
smooth muscle cells (see Figure S1 in the supplemental ma-
terial). Assessment of caspase-3/7 activity did not reveal any 
difference between vRCA (1021 ± 44 RLU), vLCA (1020 ± 35 
RLU), or control carotid arteries (1030 ± 48 RLU; all groups 
n = 4; P = 0.95). In addition, assessment of TUNEL staining 
(quantified by positive pixel counting) demonstrated that vRCA 
values (3.42% ± 0.59% positive pixels; n = 3) were similar to 

Figure 4—cGMP for carotid arteries after the addition of ACh, plotted 
against cumulative vibration energy, for individual unvibrated carotid 
arteries (squares), indirectly vibrated LCA (circles), and directly vibrated 
RCA (triangles). Note the inverse linear relationship between cGMP and 
increasing vibration energy (solid line; r2 = 0.38; P < 0.01).
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The finding that small vibrations (with equivalent energy to that 
of snores) result in carotid endothelial dysfunction has crucial vas-
cular implications. Endothelial dysfunction precedes the develop-
ment of atherosclerosis,41 and is strongly associated with other 
vascular risk factors such as diabetes31,42 and smoking.43 Brachial 
artery endothelial dysfunction has been demonstrated in subjects 
with obstructive sleep apnea17,44 and, is improved following con-
tinuous positive airway pressure (CPAP).44,45 Other factors such 
as obesity, hypertension, hyperlipidemia, and hyperglycemia will 
contribute to endothelial dysfunction in these subjects; however, 
there has been very little investigation of the potential pathogenic 
role of snoring vibrations in the development of carotid artery dis-
ease, despite the clear association of heavy snoring with a higher 
prevalence of stroke in the population.1,2,46,47

This hypothesis was explored in a recent observational study 
from our laboratory involving the association between heavy 
snoring and carotid atherosclerosis in adults.7 Heavy snoring 
(occurring for more than 50% of the night) was significantly 
associated with carotid atherosclerosis, after adjustment for car-
diovascular risk factors. Importantly, this association was not 
seen for the femoral artery, suggestive of a site-specific effect 
of snoring localized to the carotid artery. The present study now 
suggests a plausible underlying mechanism for this finding.

Although we have tested for the presence of endothelial dys-
function by measuring the secondary messenger cGMP in carotid 
arterial tissue, and via endothelial-dependent vasorelaxation stud-
ies, we have not explored the biochemical pathways by which 
this dysfunction occurs. Reduced NO bioavailability may be due 
to decreased expression of eNOS,48 a reduction in cofactors and 
substrates that regulate eNOS,49 inappropriate activation of eNOS 
through alterations of cellular signalling,50 or an increased degra-
dation of NO via reaction of superoxide anion, forming peroxyni-
trite51 which can itself inhibit soluble guanylate cyclase activity52,53 
and mediate direct oxidative injury to the endothelium.54,55 One 
potential pathway was demonstrated in vibrated rat digital arter-
ies showing reduced NO activity with an increase in the reactive 
oxygen species, hydrogen peroxide (H2O2), suggestive of eNOS 
uncoupling leading to diminished NO production.56

The applied vibration frequency (60 Hz) was selected since 
it lies within the reported dominant frequency bandwidth (68 
± 15 Hz) of airflow oscillations for human snoring, including 
snores recorded from OSA patients,57 and has also been used in 
previous animal studies of vibration induced vascular damage 
and tissue inflammation24-26,58 and vibration transmission from 
the upper airway.11 Vibrations were applied continuously for 6 
hours instead of intermittently as occurs in snoring. However, 
it is likely that the total snoring vibration energy intermittently 
transmitted on a nightly basis for many years would substantial-
ly outweigh the effect of only 6 hours of continuous vibration 
energy. We also applied direct external vibration of the right ca-
rotid artery rather than internally via the airway as in previous 
studies.11,58 This method was chosen because it would not have 
been possible to simultaneously deliver airway vibrations, me-
chanically ventilate the animal for 6 hours, and create a stable 
operative environment including the elimination of hypoxemia, 
hypercapnia, and enhanced intra-pleural pressure swings. In-
deed, the stable physiological environment was one of the main 
strengths of our study design, which effectively eliminated po-
tential confounders related to alterations in gas exchange and 

rabbit arteries.29 Specifically, impairments in cGMP response 
and vasorelaxation to ACh are recognized as demonstrating ar-
terial endothelial dysfunction.31

Our findings of a reduction in tissue cGMP response to ACh 
of vibrated carotid arteries and functional impairment in vaso-
relaxation (compared to controls) support the presence of en-
dothelial dysfunction in vibrated carotid arteries. ACh induces 
vasorelaxation via an endothelial-dependent pathway32 through 
activation of endothelial nitric oxide synthase (eNOS) which 
in turn generates nitric oxide. Nitric oxide enters the vascular 
smooth muscle and converts GTP to cGMP, which results in 
vasorelaxation.32 In contrast, the absence of difference in the 
cGMP response of vibrated and non-vibrated carotid arteries to 
stimulation with sodium nitroprusside27 (an endothelium-inde-
pendent source of nitric oxide) demonstrates that the underly-
ing smooth muscle was unaffected by vibrations, and localizes 
the vascular dysfunction solely to the endothelium.

Measured tissue cGMP and functional arterial vasorelax-
ation within left carotid arteries (which were subjected to lower 
levels of vibration energy) and unvibrated carotid arteries were 
not different. However, small amplitude vibrations were de-
tected in the left carotid artery, implying that there may be a 
threshold effect for vibration energy induced endothelial dys-
function. If translated into snoring intensity, this suggests that 
lower intensity, or soft snoring has less potential for carotid en-
dothelial dysfunction than loud or heavy snoring. This concept 
is supported by the significant inverse dose-response relation-
ship between the amount of vibration energy detected in the 
peri-carotid tissues and carotid artery cGMP levels, with lower 
cGMP levels in arteries subjected to higher vibration energies.

In contrast to previous high intensity (“jackhammer model”) 
vascular vibration studies in rats’ tails, which have resulted in 
significant endothelial cell vacuolation and denudation of the 
endothelium,24 our endothelial viability investigations (immu-
nohistochemistry, TUNEL, and caspase studies) showed no 
morphological cellular damage or increased apoptosis com-
pared with control arteries, thus eliminating gross structural 
damage of cells as a cause of reduced cGMP and impaired va-
sorelaxation. The vascular significance of this is its consistency 
with the established “response-to-injury” model of atheroscle-
rosis in which initial injurious events do not necessarily lead 
to endothelial denudation or morphological damage, but still 
result in endothelial dysfunction and eventually, early athero-
sclerotic lesions.9,12,33

Heavy snoring has been postulated to have pathogenic ef-
fects on other peri-pharyngeal tissues. There is evidence of 
mucosal sensory nerve damage in OSA subjects,34,35 and his-
tological evidence of inflammatory changes within the upper 
airway mucosa and muscles,36-40 which have been attributed to 
trauma from snoring vibration and recurrent upper airway clo-
sure. Snoring vibrations can be detected distal to the upper air-
way mucosal tissues, in a rabbit model.10,11 Indeed, these models 
demonstrated amplification of energy within the carotid artery 
lumen for frequencies in the 75 to 275 Hz bandwidth,10 possi-
bly to be due to carotid artery wall resonance.11 Therefore, our 
results showing endothelial dysfunction from carotid vibration 
support the notion that heavy snoring vibrations in themselves 
cannot be considered a benign entity, and have the potential to 
exert pathogenic effects on the carotid endothelium.
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MATERIALS AND METHODS (IN DETAIL)
Studies were performed on 27 adult, male, anesthetised, 

New Zealand white rabbits (weight 3.41 ± 0.62 kg, mean ± SD). 
All protocols were approved by the Sydney West Area Health 
Service Animal Ethics Committee.

Anesthesia
Anesthesia was induced with intramuscular injection of ket-

amine (35 mg/kg) and xylazine (5 mg/kg) and maintained with 
a continuous intravenous infusion of ketamine (15 mg/kg/h) 
and xylazine (4.5 mg/kg/h). Bolus additions of sodium pento-
barbitone (6.5 mg per bolus) were used to maintain apnoea in 
order to minimise ventilator dys-synchrony. All animals were 
euthanized at the completion of each study using an overdose 
of intravenous sodium pentobarbitone.

Surgery
Studies were performed in the supine position with rabbits 

initially breathing spontaneously. A ventral neck skin incision 
was used to expose the cervical trachea and a tracheostomy can-
nula was inserted into the caudal tracheal lumen through an in-
cision made between the 3rd and 4th tracheal cartilage (Figure 
S1). The cannula, connected to an in-line pneumotachograph 
(8300A, Hans Rudolf, Kansas City, MO, USA) used to moni-
tor inspiratory/expiratory airflow, was attached to a pressure-
cycled ventilator (Infant Star, Infrasonics Inc., San Diego, CA, 
USA) allowing the animal to be mechanically ventilated (tidal 
volume: 20-25 mL; respiratory rate: 50-60 breaths/min; peak 
inspiratory pressure: 8-10 cm H2O; inspiratory to expiratory 
time ratio: 1:1.5). Both left and right common carotid arteries 
were identified via careful blunt dissection. The right femoral 
artery was surgically exposed in the mid thigh region and under 
direct vision a pressure transducer tipped catheter (SPR-524, 
Millar Instruments, Houston, TX, USA) was introduced into 
the femoral artery lumen and then advanced into the abdominal 
aorta to monitor blood pressure. The catheter was sutured in 
place with the femoral artery ligated distally.

Two pressure transducer-tipped catheters (Millar SPR-524) 
were placed in the tissues immediately adjacent to the left and 
right common carotid artery walls and positioned with the sen-
sor at the carotid bifurcation (angle of the mandible). These 
catheters were used to quantify vibrations in the tissues sur-
rounding the carotid artery bifurcation. Correct positioning and 
orientation of both transducers was verified at postmortem ex-
amination.

Delivery of Vibration Energy
The flat circular tip (diameter 7.5 mm) of a 10-cm plastic 

rod attached to a 27-mm diameter loudspeaker (C2208, Dick 
Smith Electronics, Australia) was placed in contact with the 
tissues overlying the right common carotid artery (RCA) at a 
point 1.5 cm caudal to the right carotid bifurcation (Figure S1). 
The speaker was attached to a signal generator (BWD 160A 
Function Generator, BWD Electronics, Melbourne, Australia) 
that produced square wave oscillations at a 60 Hz frequency. 
Prior to commencement of each vibration exposure study pe-
riod, short periods of applied vibration (< 5 sec) were used to 
adjust the amplitude of the oscillatory excitation signal so that 
delivered tissue vibration energies, as detected by the right ca-

rotid artery bifurcation catheter, were targeted to vibration en-
ergy levels (~170 × 10-4 [cm H2O]2) previously reported from 
our laboratory for induced snoring in rabbits.1

Monitoring Physiological Parameters
Core body temperature was continuously monitored with a 

rectal probe (YSI 400 series, Yellow Springs Instrument Co., 
Yellow Springs, OH, USA), while a 3 lead ECG was used to re-
cord heart rate and rhythm. Oxygen saturation was measured by 
pulse oximetry (Ohmeda Biox 3700e, Ohmeda, Boulder, CO, 
USA) with the probe placed on the left thigh, and with supple-
mental oxygen added to ensure normoxia throughout the study. 
End-tidal CO2 (ETCO2) was measured with a carbon dioxide 
analyser (Exerstress CO21, Sydney, Australia). Ventilatory pa-
rameters were adjusted to maintain peak ETCO2 at 5% to 6%. 
Data were digitized (4 KHz sampling rate for pressure trans-
ducer tipped catheter signals, 0.1 to 4 KHz for all other data 
signals) via a Powerlab 16/30 data acquisition unit (ADInstru-
ments, Sydney, Australia) and recorded using signal acquisition 
software (LabChart 7, ADInstruments).

Experimental Protocol
Following surgery, the RCA was exposed to continuous di-

rect mechanical vibration for a period of 6 hours. Seventeen 
rabbits were exposed to the vibration stimulus, while the re-
maining 10 rabbits constituted an unvibrated sham operated 
control group. For each control rabbit, both the left carotid ar-
tery (LCA) and RCA were used as separate control specimens. 
At the end of the study period, animals were euthanized, a tho-
racotomy was performed, and the ascending aorta cannulated. 
Intravascular perfusion, at physiological pressure levels, was 
used to flush out the rabbit’s entire blood volume with either 
10% v/v neutral buffered formaldehyde for immunohistochem-
istry studies (n = 4) or Dulbecco’s phosphate buffered saline for 
absorbance spectroscopy, caspase assay and vascular reactivity 
studies (n = 23).2 An incision made in the left atrium allowed 
an outlet for blood and perfused fluid. After total intravascular 
perfusion, both LCA and RCA were carefully excised and ex-
traneous tissue adherent to the carotid arteries was removed via 
dissection. Where possible, carotid arteries were divided into 2 
equal length samples, thus allowing a single excised artery to be 
utilized for both biochemical and functional studies.

Calculation of Vibration Energy
Data were analysed in the frequency domain using the signal 

acquisition software’s power spectral function. A fast Fourier 
transform algorithm (2,048-point fast Fourier transform size, 
Hann window with 50% overlap) was performed on the tissue 
pressure signal data from the transducer tipped catheters at both 
the right and left carotid bifurcations across the entire 6-h study. 
Vibration energy was calculated by integrating power over the 
50 Hz-1 kHz frequency bandwidth as previously described.1

Absorbance Spectroscopy Studies
Absorbance spectroscopy studies were performed on 7 vi-

brated RCA (vRCA) samples, 7 LCA samples from vibrated 
rabbits (vLCA) and 8 control carotid artery samples from un-
vibrated rabbits. Samples were homogenized using a rotating 
piston and matching Teflon-lined tube as described previously.3 
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Determinations of arterial cGMP with and without ACh stimu-
lation (1 µM) in the presence of 100 µM Larginine and 200 µM 
3-isobutyl-1-methylxanthine (IBMX) were performed using a 
commercial kit (Cayman Chemical, Ann Arbor, MI, USA). Ab-
sorbance spectroscopy was performed using a multi-well plate 
reader (Victor3, Perkin Elmer, Waltham, MA, USA). Separate-
ly, 5 vRCA, 5 vLCA, and 6 control samples were treated with 1 
µM sodium nitroprusside (SNP) for 30 minutes, added to an IB-
MX-containing buffer and homogenized and assayed for cGMP 
as above. All cGMP data were normalized to total homogenate 
protein using the bicinchoninic acid protein assay4 and finally 
expressed in units as ρmol per mg of protein.

Vascular Reactivity Studies
Vascular reactivity studies were performed on 5 vRCA, 

5 vLCA, and 5 control carotid artery samples that were per-
fused in 50 mM phosphate buffered saline (vehicle control) at 
4°C for 1 h, cut into 3-mm ring segments and then mounted, 
via 2 metal pins passed through the lumen, in a double-jack-
eted tissue myobath system (World Precision Instruments, 

Inc., Sarasota, FL, USA). The rings were bathed in 20 mL 
of modified Krebs-Henseleit solution (in mM: 11 D-glucose, 
1.2 MgSO4, 12 KH2PO4, 4.7 KCl, 120 NaCl, 25 NaHCO3, and 
2.5 CaCl2·2H2O) at 37ºC and aerated with 5% CO2.

3 Isomet-
ric mechanical tension was recorded with a force transducer 
connected to a data acquisition unit (Powerlab 8/30 and Oc-
tal Bridge Amplifier, ADInstruments). After mounting, the 
rings were stretched to a resting tension of 2 g. Next, dur-
ing a 30-min equilibration period, the segments were washed 
once with modified Krebs-Henseleit solution, then contracted 
with 0.1 mM phenylephrine (Phe), following which the re-
sponse to consecutive addition of ACh (10-9-10-5 mol/L) was 
monitored.3 The % relaxation was calculated based on 100% 
contraction to 0.1 mM Phe, and ACh concentration-response 
curves were then generated.

Endothelial Cell Viability Studies
Viability studies were performed using 3 vRCA, 2 vLCA, 

and 2 control artery samples. Carotid artery sample sections 
were fixed in 10% v/v neutral buffered formaldehyde and em-

Figure S2—Light microscopy of representative sections with TUNEL staining of: (A) vibrated RCA; (B) unvibrated (control) carotid artery; and (C) a segment 
of thymus. Cells undergoing apoptosis stain brown. Apoptotic cells are also seen within the thymus (C; black arrow). Note the lack of positive TUNEL staining 
in either vibrated (A) or control carotid arteries (B). Bar = 50 µm for all sections.

A	 B	 C

Figure S1—Representative arterial sections stained with a smooth muscle actin antibody and viewed under light microscopy. Images obtained from a 
vibrated right carotid artery (A) and control carotid artery (B). No differences were seen between the vibrated and control arteries in the vascular smooth 
muscle (brown stain) or in the endothelial layer (arrows indicate the endothelium as a monolayer on the internal aortic surface). Bar = 100 µm for both panels.

A	 B
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bedded in paraffin, mounted onto superfrost slides, baked at 
60°C for 1 hour, cleared in xylene, and hydrated through a de-
scending alcohol series to distilled water. Immunohistochem-
istry was performed to image smooth muscle actin in order to 
identify the smooth muscle cells and carotid endothelium under 
light microscopy. Endothelial cell apoptosis was determined 
using the terminal deoxynucleotidyl transferase (dUTP) nick 
end labeling (TUNEL) method, and hydrated sections were 
prepared and stained essentially as described by Gavrieli et al.5 
using an ApopTag Peroxidase In Situ Apoptosis Detection Kit 
(Millipore, Temecula, CA, USA). In view of the increased cel-
lular turnover and apoptosis present in the thymus, a thymus 
section from an unvibrated rabbit served as a positive control. 
Light microscopy slides were scanned and digitised using a dig-
ital slide scanner (Scanscope CS system, Aperio Technologies, 
Vista, CA, USA) at magnification x40 with a resolution of 25 
μm/pixel. The digital images were analysed (Imagescope soft-
ware Version 10, Aperio), and the number of positive stained 
pixels (brown) as a percentage of the total (positive plus nega-
tive) pixels was determined (Positive Pixel Count Algorithm 
version 9, Aperio).

Apoptosis was also independently quantified by measuring 
the activity of effector caspases 3 and 7 using Caspase-Glo 
3/7 Assay (Promega, Southampton, UK) in homogenates ob-
tained from vRCA, vLCA, and control artery samples (n = 4 all 
groups) with luminescence results expressed as relative light 
units (RLU).

Chemicals
Chemicals were of the highest possible grade. ACh, Lar-

ginine, SNP, and Krebs-Henseleit powder were from Sigma 
(Australia). All buffers were prepared with Millipore Water and 
stored at 4°C prior to use.

Statistical Analysis
Data were expressed as mean ± SD or median and interquar-

tile range as appropriate. Vibration energy data were log trans-
formed to approximate normality prior to analysis. Matched 
artery (i.e., within rabbit) comparisons were performed using 
a paired Student t-test while unmatched (i.e., between rabbits) 
comparisons were performed using a 2-sample t-test with Bon-
ferroni corrections for multiple comparisons. The relationship 
between cGMP and cumulative vibration energy was examined 
via linear regression. Vascular relaxation curves were fitted 
with exponential two phase association functions followed by 
an extra sum-of-squares F test for between curve comparisons, 
or repeated measures ANOVA between groups and ACh level 
followed by testing for significant differences at each ACh lev-
el using either 2-sample t-tests (control vs vRCA; control vs 
vLCA) or paired t-tests (vRCA vs vLCA). Statistical analyses 
were performed using the Prism 5 statistical program (Graph-
Pad, San Diego, CA, USA) and SPSS version 16.0 (SPSS Inc, 
Chicago, IL, USA). P < 0.05 was considered significant.
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