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Abstract
Aims: Arterial baroreceptors are located in vessels which are subject to atherosclerotic changes. Using a rabbit model, we investigated effects of 

atherosclerosis on arterial baroreceptors, arterial baroreϐlex regulation and control of Mean Arterial Pressure (MAP).

Methods and results: Seven-week-old male New Zealand White rabbits were placed on an atherogenic diet for 14 weeks (treatment). Treatment 
produced signiϐicant atherosclerosis along the aorta, but spared the carotid bifurcation. Treated animals had higher MAP: conscious–(treated: 80.1 [77.3, 
82.9] versus control: 70.9 [69.9, 71.9] mmHg; N = 7 and 9 respectively; p = < 0.001) (mean [90% conϐidence interval]), anaesthetized–(treated: 99.9 [97.2, 
102.7] versus control: 95.6 [93.5, 97.7] mmHg, N = 24 for each group; p = 0.050). In anaesthetized animals Pulse Wave Velocity (PWV) along the aorta was 
higher in treated animals (5.64 [5.54, 5.74] versus 5.07 [4.98, 5.16] m/s in control, N = 24 for each group; p < 0.0001). MAP was ramped (from 40 to 140 
mmHg) using inϐlatable cuffs around the descending aorta and posterior vena cava. Treatment did not affect the activity of individual A-ϐibre baroreceptors 
in the ADN. Multiϐibre records of activity in the left Aortic Depressor Nerve (ADN) and left Carotid Sinus Nerve (CSN), showed that treatment reduced 
C-ϐibre baroreceptor activity in the ADN; there was ~16.5% less integrated activity at MAP >100 mmHg in treated animals (4650 [4174, 4988] versus 5570 
[5220, 5919] au in control; N = 22 and 20, respectively; p < 0.001). Treatment had no effect on multiϐibre recordings from the CSN.

In conscious animals, baroreϐlex curves describing control of Renal Sympathetic Activity (RSNA) were obtained using i.v. phenylephrine and 
nitroprusside to modify MAP. Treatment shifted the mid-point of the curve to a higher MAP (72.4 [69.9, 74.8] versus 63.6 [61.3, 65.8] mmHg in control; N = 
5 and 8, respectively; p = 0.02. In anaesthetized animals, baroreϐlex curves for RSNA were obtained using inϐlatable cuffs to control MAP. When input from 
the CSN was kept low and steady by common carotid artery occlusion, a high level of MAP was unable to fully inhibit RSNA (12.5 [8.4, 16.6] and 3.9 ([2.6, 
5.2] n.u. at saturation in 5 treated and 7 control animals, respectively; p = 0.01).

Conclusions: The loss of aortic C-ϐibre baroreceptor activity that occurs in this model of atherosclerosis may reset MAP to a higher value, since C-ϐibre 
input is likely a controller of MAP.
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Introduction 

Atherosclerosis is a chronic progressive inϐlammatory 
disease that affects the walls of larger systemic arteries 
(> 0.2 mm diameter), affecting both conduit and muscular 
arteries [1]. It involves gradual stiffening of the artery with 
the development of plaques in the intimal layer of the artery 
through uptake and incorporation of lipids into the arterial 
wall, ϐibrosis, and eventual calciϐication of the plaques.

Risk factors for atherosclerosis include inϐlammation, 
elevated circulating levels of cholesterol (low density 
lipoproteins) and triglyceride (and high saturated fat diet), 
elevated blood pressure (hypertension), smoking, Types 1 and 
2 diabetes, obesity (and metabolic syndrome), and physical 
inactivity [2,3]. Risk factors are identiϐied based on the 
coincidence/correlation of the risk factor with the incidence 

of atherosclerosis. Current thinking is that dysfunction of the 
endothelium with inϐlammation and elevated blood lipids is 
necessary for initiation and development of atherosclerosis 
[4]. While hypertension may not be present in all individuals 
suffering atherosclerosis–and is therefore not essential for 
the development of the disease–its presence appears to 
promote and accelerate the disease process. It has become 
clear that even very modest elevations in arterial pressure 
may contribute to the development of atherosclerosis [5-7]. 
Atherosclerotic lesions rarely occur in systemic veins or in the 
pulmonary circulation, even when these vessels are exposed 
to the same inϐlammatory and blood lipid proϐiles as systemic 
arteries. However, when they are subject to unusually high 
pressure, they too may develop atherosclerotic lesions; 
atherosclerosis has been observed in saphenous veins used 
as graft vessels in coronary artery bypass surgery [8] and in 
pulmonary arteries of individuals suffering from pulmonary 
hypertension [9,10].
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The association of atherosclerosis and hypertension 
may also reϐlect reverse causation, meaning that while 
hypertension can promote atherosclerosis, the reverse can 
occur–that atherosclerosis may promote hypertension. An 
example of this is the secondary hypertension that develops 
when atherosclerotic lesions cause severe narrowing of the 
renal arteries [11].

Systemic Arterial Pressure (AP) is normally tightly regulated 
and, to a lesser extent, controlled by the arterial baroreceptor 
reϐlex. While the primary role of the baroreϐlex lies in the 
moment-to-moment regulation of arterial pressure [12], there 
is evidence that it may also play a role in the long-term setting 
of the absolute value of AP [13-15].  Sensory components of 
this reϐlex, the arterial baroreceptors, are located in conduit 
arteries (aortic arch, the origin of the subclavian artery, and 
the carotid sinus). Baroreceptors respond to the distortion of 
the vessel wall that accompanies each pressure pulse. Vessels 
bearing baroreceptors are affected early in the development 
of atherosclerosis, and atherosclerotic changes–increased 
vessel wall stiffness and the production of inϐlammatory 
products and free radicals–may reduce baroreceptor input at 
any given pressure [16]. In humans, reϐlex baroreϐlex control 
of HR is reduced in individuals suffering from atherosclerosis 
[17,18]. Three studies have investigated the effect of 
atherosclerosis on arterial baroreϐlex function in animal 
models. (hyperlipidemic greyhound model of atherosclerosis 
[19], the Watanabe Heritable Hyperlipidemic (WHHL) rabbit 
model of atherosclerosis [20,21]. These studies found that 
atherosclerotic lesions in the carotid sinus and aortic arch 
were associated with reduced ability of the baroreϐlex to 
regulate arterial pressure, and control heart rate and Renal 
Sympathetic Nerve Activity (RSNA). In each paper, it was 
implied that reduced baroreϐlex function was a consequence 
of reduced responsiveness of arterial baroreceptors. Whether 
other components of the arterial baroreϐlex–central and 
autonomic nervous control of effector mechanisms (heart rate 
and contractility; arterial resistance and capacitance)–are 
affected by atherosclerosis has not yet been established (for 
example, [22]), but, clearly, arterial baroreceptor input is an 
important component affected by atherosclerosis.

Angell-James (1974) examined aortic baroreceptor activity 
in rabbits fed a diet designed to produce atherosclerosis 
(1% cholesterol, 6% sunϐlower oil for up to 67 weeks) 
[23]. Compared with control, there was lower aortic arch 
distensibility in animals with atherosclerotic lesions, and 
single baroreceptor units from atherosclerotic animals 
demonstrated less sensitivity to non-pulsatile pressure ramps 
applied to the isolated aortic arch. Li and colleagues (1966) 
recorded carotid baroreceptor activity from the whole carotid 
sinus nerve in rabbits after 7-8 months on a high cholesterol 
diet, and found a reduction in the increase in activity in 
response to ramps of non-pulsatile pressure relative to 

responses from untreated animals [16]. Despite the presence 
of atherosclerotic lesions, carotid bifurcation distensibility in 
treated animals was not signiϐicantly different from that of 
controls, which ruled out a reduction in strain as the cause 
of lower baroreceptor activity. Acute exposure of the carotid 
bifurcation to catalase increased maximum baroreceptor 
activity of treated animals by 25%, with no effect on controls. 
They concluded that reactive oxygen species produced by 
atherosclerotic lesions may have reduced the activity of 
carotid baroreceptors in atherosclerotic animals. While these 
two studies both found that atherosclerosis affected arterial 
baroreceptors, they proposed quite different mechanisms for 
its effect: one mechanical, the other chemical. In these studies, 
baroreceptor responses were examined under unnatural 
conditions: baroreceptor regions were isolated from the 
general circulation, and they were exposed to physiological 
saline solution with non-pulsatile pressure ramps applied. 
Any speciϐic effects of pulsatile pressure and ϐlow or blood-
borne substances on the arterial baroreceptors could not have 
occurred.

As far as we are aware, no one has examined the effects 
of atherosclerosis on both arterial baroreceptors and the 
baroreϐlex control of arterial pressure, HR, and SNA, in the 
same animal or animal model. In the study reported here, 
we addressed several outstanding questions in young male 
New Zealand White rabbits fed an atherogenic diet for 14 
weeks. We started with the hypothesis that the development 
of atherosclerosis would result in lesions in the aortic arch, 
reductions in aortic arch distensibility, aortic baroreceptor 
activity, and baroreϐlex control of HR and RSNA. The 
questions we asked were: (i) How does the development of 
atherosclerosis affect responses of aortic baroreceptors in situ 
exposed to natural pulsatile blood ϐlow and pressure? (2) If 
changes in aortic baroreceptor behaviour do occur, do they 
reϐlect the extent of atherosclerotic lesions and/or changes in 
aortic distensibility, and are they accompanied by alterations 
in baroreϐlex control of HR and RSNA?

The working hypothesis for this study was that treatment 
will produce atherosclerotic lesions in the larger conduit 
arteries (including the aortic arch and carotid sinus), an 
increase in Mean Arterial Pressure (MAP) and Pulse Wave 
Velocity (PWV), reduce the discharge of arterial baroreceptors, 
and inϐluence the baroreϐlex control of HR and RSNA such that 
the range of baroreϐlex control is reduced and the response 
curve is right-shifted.

Methods

Ethical approval

This study conformed with the Guide for the Care and Use 
of Laboratory Animals published by the US National Institutes 
of Health (NIH publication No. 85-23, revised 1996), and was 
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approved by the University of Otago Committee on Ethics in 
the Care and Use of Laboratory Animals.

Animal model of atherosclerosis

From one week after weaning, 7-week-old male New 
Zealand White rabbits (1.5–2 kg) were placed on one of two 
isocaloric diets for 14 weeks: standard rabbit pellet chow 
(control group; n = 24); a custom rabbit chow containing 0.5% 
cholesterol, 3% peanut oil, and 3% coconut oil (treated group; 
n = 24). Water was available ad libitum. Animals were housed 
individually at a constant temperature (~20°C) and 12-hour 
light/dark cycle. Blood samples (1 mL) were taken from a 
central ear artery at the beginning of the feeding program and 
weeks 7 and 14 for plasma lipid proϐiles (see Supplemental 
material online).

Before the study on which this report is based, a pilot 
study was performed, which looked for the presence of 
atherosclerosis in 5 groups of animals (4 animals/group): 
treated animals after 6, 10, and 14 weeks on the atherogenic 
diet, and control animals at the 6 and 14-week timepoints 
(see Supplemental material online). Based on the 
histological data from the pilot study, a 14-week period of 
dietary treatment was selected.

Blood lipid analysis

Blood lipid analysis was performed on animals in a pilot 
study (12 treated and 8 control animals).  Every 2 weeks, 
blood (1 mL) was taken from a central ear artery, centrifuged 
for ten minutes at 2000 g and plasma separated. High-
Density Lipoprotein (HDL), total cholesterol, and triglyceride 
concentrations were measured in the plasma using 
commercial enzymatic kits (Roche/Boehringer, Mannheim, 
Germany) and automated methods. Low-Density Lipoprotein 
(LDL) concentration was calculated using the Friedewald 
equation [23a].

Outline of experimental approach

We investigated several components of the arterial 
baroreϐlex. In Experiment 1 relationships between multi-ϐibre 
(Expt. 1a) or single-ϐibre aortic baroreceptor activity (Expt. 
1b), and aortic pressure were examined in the anaesthetised 
animal. Aortic distensibility was calculated from data obtained 
during these experiments. In Experiment 2 we analysed the 
baroreϐlex control of HR and RSNA in the conscious (Expt. 
2a) and anaesthetised (Expt. 2b) animal. Observations on 
multiϐibre preparations of the ADN (as in Expt. 1a) were also 
made in many animals used in Expts 1a and 2b. In addition 
to experiments in the living animal, histological examination 
of the aortic arch and left ADN was performed (Expts 1a, 1b 
and 2b).

General preparation for experiments 1a, 1b and 2b

Animals were anaesthetised with α-chloralose (50 mg kg-1)

and urethane (1 g kg-1) administered through a marginal 
ear vein. During the experiment, limb withdrawal and blink 
responses were monitored and further anaesthetic infused 
as required (~5% of the initial dose). For measurement of 
aortic pressure, a 3F catheter-tip manometer (SPR-249, Millar 
Instruments, Houston, TX, USA) was advanced to the apex 
of the aortic arch via the right femoral artery. The chest was 
opened between the fourth and ϐifth ribs, and end-expiratory 
pressure was set at 3-5 cmH2O. Perivascular cuffs (5 mm 
diameter, In Vivo Metric, Healdsburg, CA, USA) were secured 
around the inferior vena cava and descending thoracic aorta 
just rostral to the diaphragm. To maintain cardiac ϐilling 
pressure 10 mL of dextran solution (50 g L-1; MW 100,000–
200,000, Sigma-Aldrich Corp. St. Louis, MO, USA) was injected 
intravenously. Ultrasonic crystals (5 MHz, 2 mm diameter; 
Triton Technology, San Diego, CA, USA) were ϐixed to the 
thoracic aorta 4-5 cm caudal to the apex of the aortic arch; 
aortic diameter was measured using a sonomicrometer 
(Model 6, Triton Technology).

A preliminary set of descriptive data was obtained 30 
minutes after surgery and basic instrumentation had been 
completed, but before the chest was opened. First, aortic 
pressure was recorded for 10 minutes to obtain a value for 
Mean Arterial Pressure (MAP). Next, velocity of the Pulse 
Wave (PWV) between the aortic arch and iliac arteries was 
measured (see Supplemental material online).

Experiment 1a response of multifibre preparations of 
the left ADN to a pressure ramp

The left ADN was exposed after the neck had been opened 
widely through an incision from the chin to the top of the 
sternum. The ADN was cut at its junction with the superior 
laryngeal nerve, then placed over a pair of platinum electrodes 
for recording multiϐibre action potentials (see Supplemental 
material online).

To examine baroreceptor responses to a full range of 
arterial pressure, arterial pressure ramps that rose by ~2 
mmHg s-1 from ~25 to ~140 mmHg were produced by 
inϐlation, then deϐlation, of the inferior vena cava cuff, followed 
by inϐlation of the aortic cuff. Three or more pressure ramps 
were applied and the data from these were pooled.

Multi-ϐibre ADN baroreceptor activity was quantiϐied by 
integration (1-s time constant decay). Baroreceptor response 
curves relating integrated activity to aortic pressure were 
ϐitted with a third-order polynomial equation. Initial inspection 
of the response curves suggested that, in the treated animals, 
there was less integrated activity at higher values of MAP. To 
quantify this, activity was normalised for each curve using the 
level of activity recorded at the ramp pressure of 90 mmHg as 
a reference value (100 units).  Next, the Area Under the Curve 
(AUC) between 90 and 140 mmHg was measured.

https://www.igminresearch.com/articles/supplementary_files/igmin340-Supplemental-Material.zip
https://www.igminresearch.com/articles/supplementary_files/igmin340-Supplemental-Material.zip
https://www.igminresearch.com/articles/supplementary_files/igmin340-Supplemental-Material.zip
https://www.igminresearch.com/articles/supplementary_files/igmin340-Supplemental-Material.zip
https://www.igminresearch.com/articles/supplementary_files/igmin340-Supplemental-Material.zip
https://www.igminresearch.com/articles/supplementary_files/igmin340-Supplemental-Material.zip
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Experiment 1b. response of single preparations of the 
left ADN to a pressure ramp

Preparation for this experiment was the same as for Expt. 
1a. To record single-ϐibre baroreceptor activity, the ADN was 
split repeatedly into small ϐilaments, until a signal from a 
single afferent ϐibre could be clearly discriminated. Responses 
to pressure ramps were obtained and recorded as described 
for Expt. 1a.

Frequency of single-ϐibre baroreceptor activity was 
obtained using the cyclic variable software in Chart v5.5.6. 
Single ϐibre baroreceptor response curves relating action 
potential frequency to aortic pressure were ϐitted with a 
four-parameter logistic curve. To characterise and compare 
baroreceptor response curves, values for several parameters 
were extracted (threshold pressure, threshold activity, BP50, 
BP50 activity, saturation pressure, activity at saturation 
pressure, and gain).

Experiment 2a. Baroreflex responses in the conscious 
animal

To record RSNA, an electrode was implanted around the 
left renal nerve. Animals were sedated with ketamine and 
medetomidine injected s.c. (Ketalar, 15 mg kg-1; Dormitor, 
0.25 mg kg-1). After intubation, animals were maintained on 
3% halothane in O2, while respiratory rate and blink reϐlex 
were monitored. The electrode cable was brought through 
a subcutaneous tunnel to the back of the neck where it was 
retained in a subcutaneous pocket (see Supplemental 
material online for full details).

Five days of recovery elapsed before Expt. 2a was 
conducted. For the duration of the experiment, the animal was 
gently restrained in a box that prevented excessive movement 
that would interfere with procedures and data collection. 
Under local anaesthesia (lignocaine hydrochloride, Paraderm 
Plus, New Zealand), a central ear artery and a marginal ear 
vein were catheterised (24G and 22G catheters, respectively, 
BD Insyte-N, Becton Dickinson Pty Ltd., NSW, Australia). 
Dead space was ϐilled with heparinised saline (2 units mL-1, 
David Bull Laboratories, New Zealand). Arterial pressure was 
measured using a pressure transducer (P23ID, Statham, Hato 
Rey, Puerto Rico). To record RSNA the electrode cable was 
retrieved from its pocket after local anaesthetic was applied 
(Lignocaine, 2% Xylocaine). Signals from the renal nerve 
were ampliϐied and ϐiltered using a differential preampliϐier 
(DAM80), with high and low pass ϐilters set at 100 Hz and 
10 kHz. RSNA was sampled, digitised and recorded using the 
same parameters described for ADN activity.

Arterial pressure was recorded for 10 minutes to obtain 
conscious MAP. Next, baroreϐlex responses of HR and RSNA 
were obtained. A slow infusion of sodium nitroprusside (1 
mg mL-1) reduced MAP to ~40 mmHg, then a slow infusion of 

phenylephrine (1 mg mL-1) raised MAP to 140 mmHg at a rate 
of 2 to 5 mmHg s-1. This procedure (SNP+PE) was performed 
three times, with a 10-min interval between tests.

HR was calculated from the arterial pressure signal using 
cyclic variable software in Chart v5.5.6.

Experiment 2b. Baroreflex response in the anaesthe-
tised animal

Expt. 2b was conducted 1-2 days after Expt. 2a. The animal 
was anaesthetised, and the surgical and technical preparations 
described for Expt. 1a were completed. Electrode terminals 
from the renal nerve preparation were retrieved and set up 
for recording of RNSA as described for Expt. 2a.

Following instrumentation, aortic pressure and renal 
sympathetic nerve activity were recorded for 10 minutes 
to establish baseline aortic pressure, heart rate, and RSNA 
values. Two methods were used to examine baroreϐlex control 
of RSNA in the anaesthetised animal. In the ϐirst, baroreϐlex 
control of RSNA was determined from responses to infusion 
of sodium nitroprusside and phenylephrine as described 
previously. To investigate the contribution of the aortic 
baroreceptors alone to baroreϐlex control of RSNA, the drug 
procedure was performed with both common carotid arteries 
temporarily occluded (BCCA) which effectively eliminated 
responses from the carotid sinus baroreceptors.

In the second method, perivascular cuffs were placed 
around the inferior vena cava and descending thoracic aorta 
(described in detail for Expt. 1). Measurements of baroreϐlex 
control of RSNA in response to ramp changes in arterial 
pressure were obtained both before and during BCCA.

Data were analysed after ϐitting with a four-parameter 
logistic curve (see Expt. 2a).

Histological analysis of the aortic arch

Histology was performed on the aortic arch (n = 24 
from each group). At the end of Expts. 1a, 2b, and 2b, the 
animal received 2 mL heparinised saline (1000 units mL-1 
intravenously) and euthanized 5 min later with an overdose 
of α–chloralose and urethane. A catheter was inserted just 
distal to the aortic arch for retrograde perfusion of ϐluids to 
achieve tissue ϐixation (see Supplemental material online), 
with ϐluid drained by a catheter in the right atrium.

The aortic arch was embedded, orientated longitudinally 
in parafϐin, and serial sections (4-μm thick) were obtained 
at the point of maximum luminal diameter, processed 
and examined (see Supplemental material online). The 
thickness of the intima along the inner curvature of the aortic 
arch - from the ascending aorta to the ligamentum arteriosum 
- was quantiϐied28 using calibrated image analysis software 
(ImageJ, ImageJ.org).

https://www.igminresearch.com/articles/supplementary_files/igmin340-Supplemental-Material.zip
https://www.igminresearch.com/articles/supplementary_files/igmin340-Supplemental-Material.zip
https://www.igminresearch.com/articles/supplementary_files/igmin340-Supplemental-Material.zip
https://www.igminresearch.com/articles/supplementary_files/igmin340-Supplemental-Material.zip
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Histological analysis of the left ADN

The left ADN was retrieved from 9 control and 9 treated 
animals at the completion of Experiment 2b. Before removing 
the ADN, the anaesthetised animal was administered 2 mL 
heparinized 0.9% saline i.v. (1000 units mL-1). Five minutes 
later, the animal was euthanized with intravenous chloralose 
and urethane. Fixation was carried out as described above 
(section 2.09).

The ADN was cut close to its junction with the superior 
laryngeal nerve and separated from surrounding tissue, 
and a portion prepared for histology (see Supplemental 
material online). A ~2-cm length of the ADN was removed 
and immersion ϐixed in 2% glutaraldehyde in 0.1 M cacodylate 
buffer (3 x 10 minute washes in 0.1 M cacodylate buffer), 
followed by 2 x 10-minute washes in 0.1 M cacodylate buffer. 
The nerve was refrigerated in 0.1 M cacodylate buffer until 
dehydration and inϐiltration (see Supplementary material 
online).

ADN sections were viewed using a Phillips CM100 
transmission electron microscope (Phillips/FEI Corporation, 
Eindhoven, Holland), and images were photographed with a 
MegaView III digital camera (Olympus Soft Imaging Solutions 
GmbH, Munster, Germany). Images were taken at 4200x 
magniϐication to ensure that each ϐibre type could be clearly 
delineated. Adobe Photoshop CS was used to construct a 
photomontage from the multiple images.

Fibre populations were counted using Counter 4 (Paz 
Software, details). Each photomontage was counted at least 
twice to conϐirm reliability of the counting procedure. For 100 
randomly selected A- and C-ϐibres, ϐibre diameter was recorded 
as the mean of the longest and shortest axes. Histograms 
of the size distribution of the myelinated (A-ϐibres) and 
unmyelinated (C-ϐibres) ϐibres were constructed by pooling 
axons, by mean diameter, into bins at intervals of 0.5-μm and 
0.1-μm, respectively.

Diameter and distensibility of the thoracic aorta

Diameter and distensibility of the descending thoracic 
aorta were obtained from data collected during pressure 
ramps in Experiment 2.6. Measurements of diameter and 
distensibility were made at diastolic aortic pressures of 40, 
80, 90, and 140 mmHg (see Supplemental material online 
and Supplemental Figure SC). Subsequently, diameter and 
distensibility data were normalised using the diameter and 
distensibility of the aorta recorded at a diastolic pressure of 
40 mmHg (reference pressure). At 40 mmHg, the aortic wall 
should be at, or close to its unstressed state.

We also examined values for diameter and distensibility 
after they were normalised to take into account: ϐirst, 
variability in aortic diameter as a consequence of variability 

in body mass, and, secondly, the deviation of a measurement 
from the true diameter. Any deviation from an exact 
placement of ultrasonic crystals would report the length of 
a chord that was close to, but slightly shorter than the true 
diameter. Subsequently, diameter and distensibility data 
were normalised using the diameter and distensibility of the 
aorta recorded at a diastolic pressure of 40 mmHg (reference 
pressure). At 40 mmHg the aortic wall should be at, or close 
to, its unstressed state.

Statistical analysis

In all ϐigures, data are presented as group means ± 1 
standard deviation. In the text, mean values are shown with 
the [90% conϐidence interval].

Between-group differences were examined using Student’s 
t-test. For comparisons where an a priori hypothesis had 
been made, a single-tailed t-test was applied. In baroreϐlex 
experiments carried out in anaesthetised animals, repeated 
measures analysis (paired t-test) was used on data collected 
before and after common carotid artery occlusion [24-28].

Results

Effects of the atherogenic diet on body mass, the aortic 
arch, and basic cardiovascular variables

For 21-week-old animals, body mass of the treated group 
(3.58 [3.52, 3.63] kg, N = 24) was similar to values for the 
control group (3.64 [3.57, 3.71] kg, N = 24]); p = 0.58).

There were extensive atherosclerotic lesions along the 
inner curvature of the aortic arch of all treated animals (see 
Supplemental material online, Figure R1), while the intima 
of control animals remained normal. Xanthoma lesions, 
present in all treated animals, ranged from small focal foam 
cell accumulations–forming fatty streaks–to large advanced 
lesions that contained abundant ϐibrous extracellular material, 
covering a substantial portion of the aortic arch. Lesions 
varied in both extent and thickness (see Supplemental 
material online, Figure R2), covering 65 ± 25% (mean ± 
SD) of standardised length (range, 11–100%). Mean intimal 
thickness was 46 ± 34% (range, 4–123%). Lesions were 
also observed in the outer curvature of the arch (location of 
aortic baroreceptors with afferent ϐibres running in the left 
ADN) and the origin of the brachiocephalic artery (location of 
baroreceptor ϐibres with afferents running in the right ADN) 
[29]. There were no atherosclerotic lesions in the carotid 
sinus of treated animals.

Under anaesthesia, MAP was higher in the treated group 
compared with the control (99.9 [97.2, 102.7] versus 95.6 
[93.5, 97.7], respectively, N = 24 for each group; p = 0.050). 
Pulse wave velocity was about 10% higher in the treated 
group (5.64 [5.54, 5.74] versus 5.07 [4.98, 5.16] m/s in control, 

https://www.igminresearch.com/articles/supplementary_files/igmin340-Supplemental-Material.zip
https://www.igminresearch.com/articles/supplementary_files/igmin340-Supplemental-Material.zip
https://www.igminresearch.com/articles/supplementary_files/igmin340-Supplemental-Material.zip
https://www.igminresearch.com/articles/supplementary_files/igmin340-Supplemental-Material.zip
https://www.igminresearch.com/articles/supplementary_files/igmin340-Supplemental-Material.zip
https://www.igminresearch.com/articles/supplementary_files/igmin340-Supplemental-Material.zip
https://www.igminresearch.com/articles/supplementary_files/igmin340-Supplemental-Material.zip
https://www.igminresearch.com/articles/supplementary_files/igmin340-Supplemental-Material.zip
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N = 24 for each group; p < 0.0001). In the treated animals, 
PWV correlated with the intimal thickness of the aortic arch 
(see Supplemental material online, Figure R3).

Plasma lipids

The atherogenic had no overt effects on the health and 
well-being of animals, and no signs of anorexia or weight loss 
attributable to cholesterol toxicity.

In treated animals, total plasma cholesterol, LDL, and 
triglycerides increased over the ϐirst 6 weeks of the study, 
then levelled off. In 12 treated and 8 control animals, total 
cholesterol, LDL, and triglyceride concentrations were, 
respectively: 34.2 [28.9,39.4] vs. 1.5 [1.3,1.7] mmol L-1, 
p < 0.0001; 32.6 [27.4,37.8] vs. 1.0 [0.5,1.5] mmol L-1, 
p <  0.0001; and 1.9 [1.6,2.2] vs. 0.5 [0.3,0.8] mmol L-1, p < 
0.0001. Plasma HDL values remained stable throughout 
treatment: 0.83 [0.6,0.9] vs. 0.77 [0.7,1.0] mmol L-1, in treated 
and control animals, respectively, p = 0.72. The degree 
of hypercholesterolemia seen in this study was similar 
to that seen in previous studies utilising a diet-induced 
hypercholesterolemic rabbit model of atherosclerosis [29a].

Characteristics of the baroreceptor response curves

Multi ibre baroreceptor recordings: Multiϐibre 
baroreceptor response curves recorded from the left CSN of 
treated and control animals were similar (Figure 3.1A). At 
140 mmHg, normalised integrated activity was 137 [129,144] 
and 141 [133,149], in 10 treated and 10 control animals, 
respectively, p = 0.29.

In recordings from the ADN, at pressures above 90 
mmHg, the curve for mean activity in treated preparations 
diverged from the control curve (Figure 3.1B). At 140 mmHg, 

normalised integrated activity was 183 [173, 194] and 201 
[192, 210], in 22 treated and 20 control animals, respectively, 
p = 0.027. The mean Area Under the Curve (AUC) was smaller 
in treated than in control animals (4650 [4174, 4988] versus 
5570 [5220, 5919] au; N = 22 and 20, respectively, p < 0.001). 
In treated animals, the size of the AUC correlated negatively 
with intimal thickness (see Supplemental material online, 
Figure R4).

Single fibre baroreceptor recordings from the aortic 
depressor nerve

The means of responses from single baroreceptor ϐibres 
of the left ADN are shown in Figure 3.2. Single ϐibre activity 
from treated and control animals was similar over the full 
pressure ramp and reached similar maximum ϐiring rates at 
140 mmHg (76.2 [72.0, 80.5] and 73.9 [70.8, 77.0] Hz; N = 52 
and 73, respectively, p = 0.98). Based on the maximum ϐiring 
frequency of these recordings, we concluded that they were 
taken from myelinated A baroreceptor ϐibres [30].

Since there were no atherosclerotic changes to the carotid 
bifurcation in treated animals, and because the multiϐibre 
baroreceptor responses from carotid sinus baroreceptors 
were similar in treated and control groups, we chose not to 
obtain single ϐibre recordings from the CSN.

Arterial baroreflex responses

The four-parameter logistic curve ϐit the HR and RSNA 
data well; R2 exceeded 0.99 over the full pressure range for 
all individual curves.

Baroreflex responses in the conscious animal

At rest, before reϐlex testing, MAP was substantially higher 
in the treated group (80.1 [77.3,82.9] versus 70.9 [69.9, 71.9]; 
N = 7 and 9, respectively, p < 0.001), while HR and RSNA were 
similar (see Supplemental material online, Table R1). The 
baroreϐlex curve for RSNA, but not for HR, was right-shifted 
in treated animals (Figure 3.3 and Supplemental Table R1).

A B 

  

Figure 3.1: Integrated baroreceptor activity during a pressure ramp. Lines show 
the normalised mean activity from treated (dashed) and control (solid) animals. 
Representative error bars show 1SD.
(A.) Mean of normalised integrated CSN activity from 10 treated and 10 control 
animals. (B) Mean of normalised integrated ADN activity from 22 treated and 20 
control animals. The mean area under the curve at pressures above 90 mmHg was 
smaller in treated than in control animals (4650 [4174, 4988] versus 5570 [5220, 
5919] au; p < 0.001, single-tailed t-test.

 

Figure 3.2: Frequency of action potentials in single baroreceptor ϐibres from the 
ADN during a pressure ramp. Data from treated (dashed) and control (solid) animals. 
Representative error bars show 1SD.

https://www.igminresearch.com/articles/supplementary_files/igmin340-Supplemental-Material.zip
https://www.igminresearch.com/articles/supplementary_files/igmin340-Supplemental-Material.zip
https://www.igminresearch.com/articles/supplementary_files/igmin340-Supplemental-Material.zip
https://www.igminresearch.com/articles/supplementary_files/igmin340-Supplemental-Material.zip
https://www.igminresearch.com/articles/supplementary_files/igmin340-Supplemental-Material.zip


April 29, 2026 - Volume 4 Issue 4

DOI: 10.61927/igmin3402995-8067ISSN

147Cardiovascular & Vascular DiseasesSection of

Baroreflex response in the anaesthetised animal

The reϐlex response of RSNA was examined using both drug 
and cuff methods. Before examining the baroreϐlex, resting 
MAP and RSNA were similar in treated and control animals 
(see Supplemental material online, Table R2).

Baroreϐlex responses obtained with the drug method 
(Figure 3.4 A and B, Supplemental Table R2) were similar for 
the treated and control groups. During BCCO, the curves for 
both treated and control animals were right-shifted (Figure 
3.4 and Supplemental Table R2).

Using the cuff method, the value of RSNA at threshold was 
about 75% the value seen in the drug method (Figure 3.5 A 
and B, and Supplemental Table R3). This may be a result 
of opening the chest to place vascular occlusion cuffs and 
the consequent removal of negative intrapleural pressure. 
Nevertheless, the form of the response curves obtained 
with the cuff method resembled those obtained using the 
drug procedure. Arterial pressure at threshold, mid-point, 
and saturation before BCCO were similar in treated and 
control animals. During BCCO, both curves were right-shifted 
(Table R3).

An interesting feature of response curves obtained by the 
cuff method during BCCO was a weaker restraint of RSNA at 
the higher pressures in treated animals. RSNA at saturation 
was 12.5 [8.4, 16.6] and 3.9 [2.6, 5.2] n.u. in 5 treated and 7 
control animals, respectively, p = 0.01. This contrasts with 
the complete inhibition of RSNA at higher pressures in all 
reϐlex tests conducted in this study, including tests on control 
animals during BCCO.

Nerve fibre composition of the ADN

The dimensions of the left ADN and a description of the 
populations of A- and C-ϐibre afferent ϐibres from 9 treated 
and 9 control animals are shown in Table 3.1. The values for 
all 6 variables were similar in treated and control animals. 
The populations of both A- and C-ϐibres had a unimodal size 
distribution (see Supplemental material online, Figure R5).

A-ϐibres had similar diameters in treated and control animals 
(2.44 [2.36, 2.52] and 2.43 [2.36, 2.50] μm; N = 900 from each 
group; p = 0.94). Likewise, C ϐibre diameter was similar in 
treated and control animals (0.63 [0.60, 0.66] and 0.66 [0.63, 
0.69] μm, respectively; N = 900 from each group; p = 0.18).

Diameter and compliance of the thoracic aorta

For reasons stated in Methods, we examined these data 
in both absolute and normalized units using the diameter at 
40 mmHg (See Supplemental material online, Figure R6 
and Table R4). The mean diameter of the thoracic aorta at 
40 mmHg was similar in treated animals and control animals. 
Normalised diameters at 80, 100, and 140 mmHg were smaller 
in treated versus control animals. Aortic compliance was lower 
at 80 and 100 mmHg, but not at 140 mmHg, in treated versus 
control animals.
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Figure 3.3: Baroreϐlex curves in the conscious animal. Symbols identify the location 
of mean values for threshold, mid-point, and saturation of the baroreϐlex. (A) RSNA: 
the mean of ϐitted curves obtained from 5 treated (dashed line) and 8 control animals 
(solid line). The baroreϐlex curve for RSNA was right-shifted in treated animals; at 
threshold p = 0.01, at mid-point p = 0.02, single-tailed t-test. (B) HR: the mean of ϐitted 
curves obtained from 7 treated and 8 control animals.
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Figure 3.4: Baroreϐlex response curves for RSNA in the anaesthetised animal obtained 
with the drug method, (A) before and (B) during BCCO. Lines drawn through the 
means of ϐitted curves from 5 treated (dashed line) and 8 control animals (solid 
line). To illustrate the effect of BCCO on these curves, the lighter grey lines in panel A 
reproduce the lines drawn in panel B.
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Figure 3.5: Baroreϐlex response curves for RSNA in the anaesthetised animal obtained 
with the cuff method, (A) before and (B) during BCCO. Lines drawn through the means 
of ϐitted curves from 5 treated (dashed line) and 7 control animals (solid line). To 
illustrate the effect of BCCO on these curves, the lighter grey lines in panel A reproduce 
the lines drawn in panel B. During BCCO, RSNA at saturation was greater in treated 
animals; p = 0.01, single-tailed t-test.

Table 3.1: Diameter, area, and ϐibre composition of the left AND.
Left ADN Treated Control P

Diameter (μm) 178 [170, 187] 175 [164, 186] 0.72
Area (μm2) 24080 [21450, 26710] 24557 [22543, 26570] 0.83
Fibre Type

A ϐibre number 665 [571, 759] 731 [643, 820] 0.46
C ϐibre number 1844 [1420, 2267] 1683 [1451, 1915] 0.63

Total A + C 2509 [2029, 2988] 2414 [2116, 2712] 0.81
C ϐibres % of total 71.7 [67.2, 76.2)] 69.5 [67.0, 71.9] 0.72
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Discussion

Young male rabbits placed on an atherogenic diet for 
14 weeks developed substantial atherosclerotic lesions 
in the aortic arch, and lipid deposits appeared at all aortic 
ϐlow dividers. Relative to measurements in control animals, 
compliance of the thoracic aorta 5 cm below the arch was 
lower in treated animals, while PWV along the aorta was 
higher. Furthermore, PWV was uniform along the full length 
of the aorta, suggesting that aortic wall compliance was lower 
throughout its length, not just at segments that exhibited 
gross atherosclerotic lesions.

The extent of atherosclerotic lesions in the aortic arch 
showed modest associations with PWV. However, these 
lesions, together with lipid deposits at aortic ϐlow dividers, 
cannot entirely account for the higher PWV. It appears that 
the dietary treatment either directly, or secondarily in 
response to these gross atherosclerotic changes, resulted in 
arteriosclerosis along the full length of the aorta [31]. Whether 
the variability of PWV in treated animals depended directly 
on the extent of the atherosclerotic lesions or reϐlected a 
more general variability in the animals’ responses to dietary 
treatment cannot be determined from our data. Inϐlammation 
may have been the common driver for the coincident 
development of atherosclerotic and arteriosclerotic changes 
in the treated animals [32,33].

In the conscious animal prepared for baroreϐlex study, 
mean control values for MAP (71 mmHg) were similar to 
those reported in other studies [34,35], while MAP in the 
treated group was ~10% higher. In the larger group of 
animals studied under chloralose-urethane anaesthesia, the 
mean value for MAP was 96 mmHg for the control group, 
similar to that reported by Dorward, et al. [24], and was 
~4% higher in the treated group. Arterial hypertension 
generated by atherosclerosis may be attributed to reduced 
renal function [36,37]. This could be a result of structural 
changes - a narrowing of renal arteries that requires a higher 
driving pressure [11], or an increase in RSNA [38,39]. We did 
not examine the renal vasculature, but it seems unlikely that 
a substantial narrowing of renal arteries would have occurred 
over the 14-week treatment period. On the other hand, RSNA 
may have been increased in response to changes in the arterial 
baroreϐlex or in central generations of peripheral sympathetic 
activity [22]. In the current study, treatment shifted the mid-
point of the baroreϐlex curve for RSNA to a higher arterial 
pressure.

Our observations on ADN baroreceptor activity suggest a 
mechanism for elevated MAP and altered baroreϐlex control 
in treated animals. At MAPs above 100 mmHg, total integrated 
multiϐibre baroceptor activity (AUC) was lower in treated 
animals, and we attributed this to a substantial reduction in 

C-ϐibre activity in treated animals. While pressure-activity 
curves recorded from single myelinated baroreceptor 
afferents (presumptive A-ϐibre baroreceptor afferents) were 
similar in treated and control animals over the full range of 
MAP examined (40-100 mmHg), C-ϐibre baroreceptors have 
a higher pressure threshold (70-140 mmHg versus 35-90 
mmHg) and will contribute much less to integrated activity 
recorded at a MAP lower than 100mmHg [40].

In treated animals, integrated ADN activity at a MAP of 140 
mmHg was ~10% less than control values. This represents 
a large effect of treatment on C-ϐibre activity since C-ϐibre 
activity contributes considerably less than A-ϐibre activity to 
total integrated activity. First, extracellular action potentials 
produced by C-ϐibres are smaller than by A-ϐibres, and will 
make a smaller contribution to the total integrated signal40. 
Secondly, maximum ϐiring rates for C-ϐibres are ~15% of those 
for A-ϐibres [41]. The number and size of C-ϐibre afferents in 
the ADN were not affected by the treatment, so it’s unlikely 
that conduction of action potentials generated by the C-ϐibre 
sensory terminals in treated animals was compromised.

A lower C ϐibre activity in treated animals could result 
from reduced mechanical stimulation or from inϐlammation of 
the vessel wall. Sensory endings of C ϐibres are located in the 
media of the aortic wall [28,42], and are thought to be activated 
by compression rather than by circumferential strain [30]. 
Consistent with this, the AUC was negatively associated with 
the extent of atherosclerotic lesions in the arch - the thicker 
the aortic wall, the lower the baroreceptor C-ϐibre discharge. 
Reactive oxygen species produced by atherosclerotic lesions 
[43,44] may tonically suppress baroreceptor discharge [16]. 
Again, AUC may be expected to correlate negatively with the 
severity of atherosclerotic lesions.

Altered baroreϐlex regulation of RSNA in treated animals 
is consistent with the lower ADN baroreceptor activity 
recorded at higher arterial pressures; baroreϐlex curves for 
RSNA were right-shifted. When BCCO was applied to minimise 
input from the carotid sinus baroceptors, high pressure was 
unable to fully silence RSNA in treated animals, indicating that 
at very high pressures, aortic baroreceptor input was now 
insufϐicient to fully inhibit RSNA. In the rabbit, a normally 
functioning baroreϐlex from the carotid sinus baroreceptors 
may compensate completely for any deϐicit in control by aortic 
baroreceptors [45]. Nervous input to the CNS from the four 
primary arterial baroreceptor areas operates in an occlusive 
fashion to determine the baroreϐlex response, and elimination 
of carotid sinus baroreceptor input (which appeared to be 
unaffected by treatment) unmasked the aortic baroreceptor 
deϐicit [46]. Since we found that baroreceptor A-ϐibre activity 
at high MAP was unaltered by treatment, a lower baroreceptor 
C-ϐibre activity at high MAP in treated animals appears the most 
likely cause of incomplete reϐlex inhibition of RSNA at high 
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MAP. While an effect of the treatment on central integration of 
the reϐlex cannot be ruled out, it seems less likely since, in the 
absence of BCCO, high MAP fully suppressed RSNA in treated 
animals.

While the atherosclerotic diet always produced lesions 
in the aorta, the extent of these lesions showed considerable 
variation between treated animals. Substantial associations 
between the extent of the lesions and aortic PWV and aortic 
C-ϐibre activity were observed. In our interpretations of 
these associations, we have treated the aortic lesions as the 
independent variable. Thus, while the experimental model 
has a single independent variable applied at a single level, in 
practice, it can produce variable degrees of atherosclerotic 
change, which may be useful in determining causation.

Limitations

The time-frame over which atherosclerotic changes were 
developed in the rabbit model is much shorter than the 
progression of atherosclerosis in humans. While results from 
this study indicate that atherosclerotic lesions in the aortic 
arch are associated with altered aortic baroreceptor activity 
and reϐlex control of RSNA, it is not possible to state that 
atherosclerosis in humans would be accompanied by similar 
changes in the arterial baroreceptor mechanism.

The effects of manipulations used to examine the arterial 
baroreϐlex are not limited to alterations in MAP to which 
the arterial baroreceptors are subjected, and which is 
subsequently treated as the independent variable.  First, the 
cardiovascular effects of both the drug and cuff methods also 
affect the level of stimulation of other vascular and cardiac 
receptors that can inϐluence RSNA, and the two different 
methods differ in these effects [27]. Secondly, the drug method 
can cause pressure-independent changes in baroreceptor 
activity [47]. SNP can relax, and PE can contract smooth 
muscle in the media, modifying the mechanical strain sensed 
by A-ϐibre baroreceptors. Meanwhile, changes in smooth 
muscle tension may alter compressive forces that activate 
C-ϐibre baroreceptors. There is also the possibility that PE can 
directly activate C-ϐibre baroreceptors. Some differences in 
the reϐlex curves obtained during BCCO from treated animals 
using the drug and cuff methods may reϐlect the inϐluence 
of these confounding factors; the lack of full suppression of 
activity at high MAP was strong only for the cuff method; the 
value of RSNA at threshold with the cuff method was about 
75% the value seen in the drug method.

Conclusions

Fourteen weeks on a diet that produced atherosclerotic 
changes to the walls of the rabbit aorta were sufϐicient to 
cause modest hypertension, modify both the activity from and 
the reϐlex responses produced by the aortic baroreceptors. 

This was attributed to a reduction in the responsiveness of the 
unmyelinated C-ϐibre baroreceptors. 

Translational perspective

It is well established that hypertension, even at modest 
levels, acts as one of the primary drivers for atherosclerosis. 
Now we have found that atherosclerosis interferes with 
unmyelinated baroreceptor activity which, reϐlexively, may 
raise arterial pressure. Thus there may be a vicious cycle, 
with bidirectional causality between hypertension and 
atherosclerosis. The literature includes data suggesting that 
even modest values for arterial pressure (starting at or below 
120/80) should be considered as hypertensive, [48], and 
may be associated with atherosclerosis. This stresses the 
need for identiϐication and treatment of atherosclerosis and 
hypertension early in life.
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