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Baroreceptor reflex in heart failure
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Abstract: Congestive heart failure is a syndrome that is usually initiated by a reduction in pump function of the heart, i.¢. a decrease in
cardiac output. Initially, a reduction in cardiac output leads to unloading of baroreceptor reflex that, in turn, increases heart rate through
vago-sympathetic mechanisms and total peripheral resistance via an increase in sympathetic outflow to vascular beds. In this review we
are thinking on how baroreceptor reflex plays a role in the abnormal control of the circulation in heart failure. This review and our recent
studies suggest that: (1) baroreceptor reflex is blunted in heart failure; (2) central angiotensin I and reactive oxygen species play an
important role in blunted baroreceptor reflex; (3) cardiac synipathetic afferent stimulation and chemoreceptor reflex inhibit baroreceptor

reflex; and (4) exercise training normalizes abnormal reflexes in the heart failure state.

Key words: baroreceptor reflex; chemoreceptor reflex; heart failure; angiotensin Il ; reactive oxygen species; exercise training

A REHRE T BIEhBKIE 71 %528 Gt

I o123 KER? G 5L 08 L3, AR A4

VSR AR NN SR AEBE A A O AR BN AR R, B g, S [E,

PR IR ERLR A BB R, BT 210029; ° 75N BIFT 25

AR D, RN 21501 154 FHEIE T RSN A LA R

B O LLO TR I ThEE

TIREM RS, (2)EMBJI[L“*'%fK%H E AR R
HEE B AT, ) EHRE

KR H ) B B RO SR 88 IR, 0 Ty I
FEDHES: Q463; Q425

Under normal conditions, the nervous control of the
circulation takes place ai two different levels. There is al-
ways a tonic level of sympathetic and vagal activity keep-
ing the peripheral blood vessels in a state of mild constric-
tion as well as providing an inotropic support for the heart
and a suppression of heart rate. On the other hand, auto-
nomic influences regulate myocardial and peripheral he-
modynamics on a shori-term basis due to the action of
cardiac, arterial baro- and chemo-sensitive reflexes as well
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as pulmonary reflexes. This short term control is regulated
by a complex network of afferent nerve endings which
are located in the heart, lungs, and arteries and run in both
vagal and sympathetic pathways, of central integration at
the brain stem nuclei which regulate autonomic tone, and
of the effector tissues which respond to the release of the
neurotransmitters to evoke specific muscular or glandular
effects. We have known a good deal about the normal
function of each of these components from experimenta-
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tion performed on both animals and humans!". Unfortu-
nately, much less is known about the behavior of these
components of reflex functions in disease states.

Congestive heart failure is a syndrome that is usually
initiated by a reduction in pump function of the heart, i.e. a
decrease in cardiac output. Initially, a reduction in cardiac
output leads to unloading of baroreceptors that, in turn,
increases heart rate through vago-sympathetic mechanisms
and total peripheral resistance via an increase in sympa-
thetic outflow to vascular beds. This sympathoexcitation
is sustained tor the duration of the heart failure state.

It has been shown that the congestive heart failure state
is characterized by an elevated sympathetic tone and a de-
pressed cardiac vagal tone™?). In addition to the increased
sympathetic outflow, which can be documented by both
plasma norepinephrine measurements and by direct sym-
pathetic nerve activity recordings in animals and humans™
871 vasopressin, renin, angiotensin Il (Ang II), and al-
dosterone are all elevated in congestive heart failure®,
Increased sympathetic tone decreases survival in patients
with heart failurel'”).

The baroreceptor reflex, which is a sympatho-inhibi-
tory reflex, is blunted in the heart failure state!"!"'", The
blunted baroreceptor reflex are mediated by increased cen-
tral Ang I in heart failure!"'%%!, Tnterestingly, in the nor-
mal state, cardiac vagal afferent stimulation blunts the
baroreceptor reflex”***!. Tn addition, the sympatho-excita-
tory chemoreceptor reflex, is also enhanced in the heart
failure state®*!!. Is it possible that these sympatho-excita-
tory reflexes (cardiac sympathetic afferent reflex and
chemoreceptor reflex) blunt baroreceptor reflex in heart
failure?

1. Abnormal reflex control in heart failure

Cardiovascular reflexes may be playing a role in the
abnormal control of the circulation in heart failure.

It is now well established that the arterial baroretlex is
depressed in experimental and clinical heart failurel*>!3.1416.
182032341 This depression has been shown for the control
of heart rate and peripheral sympathetic nerve activity!>!®
3439, The arterial baroreflex is only one reflex involved in
these autonomic adjustments. Figure 1 shows that in rats
with coronary ligated heart failure, baroreceptor reflex was
determined by intravenous injection of phenylephrine (10
ug) following nitroglycerin (25 pg). Renal sympathetic
nerve activity (RSNA) vs. arterial pressure relationship sig-
nificantly blunted in rats with heart failure and barorecep-
tor reflex sensitive (Gain) was also decreased in heart failure.
Figure 1 shows that baroreceptor reflex is significantly
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blunted in rats with coronary ligated heart failure. Repre-
sentative recording shows renal sympathetic nerve activ-
ity (RSNA) decreases during mean arterial pressure (MAP)
increasing by intravenous injection of phenylephrine (Fig.
1A) and baroreceptor reflex sensitivity (Gain) significantly
decreased in rats with heart failure (Fig. 1B).

The mechanisms for arterial baroreceptor reflex de-
pression in heart failure also include afferent and target
organ sites!*14373! Baroreceptor reflex control of heart
rate is depressed because of poor baroreceptor function as
well as poor SA nodal responsiveness®”. It has been shown
that B receptor down-regulation occurs in low output heart
failure™!. In addition, it has also been reported that these
receptors become uncoupled from their regulatory pro-
teins in heart failure™*#!). Studies from our laboratory indi-
cate that a process ensues during the development of
chronic congestive heart failure which alters baroreceptor
membrane function''**. The mechanism of this depres-
sion involves increased Na*-K* ATPase activity. This find-
ing is based on the evidence that a low dose of ouabain
partially restores baroreceptor discharge sensitivity when
perfused through isolated carotid sinuses of dogs with ex-
perimental heart failure but not of normal dogs!"!. In
addition, the phenomenon of post excitatory depression,
which is related to Na*-K* ATPase activity™, is signifi-
cantly prolonged in carotid sinus baroreceptors from dogs
with heart failure. This also is reversed by low dose oua-
bain™*,

2. Central angiotensin I, reactive oxygen species and
abnormal baroreceptor reflex in heart failure

The brain renin-Ang II system is now recognized as
playing an important role in cardiovascular control, body
fluid homeostasis, and certain behaviors®#**!. It is well ac-
cepted that central Ang Il regulates, in part, sympathetic
outflow, facilitates sympathetic neurotransmission, and
modulates baroreceptor reflexes™ 8. Circulating Ang II is
increased in severe heart failure™-!, Increases in central
Ang II enhances sympathetic outflow and blunts the
baroreflex in the normal state®>**, In the heart failure state,
Ang II participates in several peripheral effects such as
myocardial remodeling®®', vasoconstriction, vasopressin®?,
and norepinephrine™ release. Ang II also has effects in
the CNS to stimulate sympathetic outflow™” and reset the
baroreflex® in the heart failure state. Ang I[ type 1 recep-
tor antagonism enhances baroreflex sensitivity and decreases
baseline sympathetic outflow. Furthermore, a recent study
from our laboratory has shown that the central gain of the
cardiac sympathetic afferent reflex is enhanced in dogs



WANG Wei et al: Baroreceptor Reflex in Heart Failure

A

271

S 1804 S 180
T ] I
E 1 " £
E 120M E 120
5 5
< a0 < &
5 1804 5 180
N :
£ 120] ———— E 12
= 603 = 60
< 150 | 150
E | g
g 0 # = 0
% 5}
150 & 150
5 =
P i MMWJ\MW
e he!
o 2
g g
3 - 8
£ 0 : . E o0
5 4 50 55 10 35 40 45
Phenylephrine Phenylephrine
Sham Heart failure
B 140
—_ 4
1 iy \ T3
120 '.‘ c
'." =)
L =
—~ 100 o o c 1
o
S &o
<z( 80 o
) 20 40 60 80 100 120 140 160 180
x " MAP (mmHg)
60 o
— Sham -
o --'
401 sesoaCHF il T
20 e - T v T .
20 40 60 80 100 120 140 160 180
MAP (mmHg)

Fig. 1. Baroreceptor reflex in heart failure. A: Original recording of arterial blood pressure (BP) changes induced by phenylephrine injection
(10 ugi.v.) and RSNA reflex responses in a normal rat (left panel) and a rat with heart failure (right panel). B: Baroreceptor reflex function curve

in normal and heart failure groups.

with pacing-induced heart failure and that central adminis-
tration of losartan normalizes this enhanced central gain®".
These data strongly suggest that central Ang II may be
responsible for the enhanced cardiac sympathetic afferent
reflex in the heart failure state.

Ang Il receptors are densely distributed in the
circumventricular organs, such as the subfornical organ
(SFO), the organum vasculosum of the lamina terminalis
(OVLT), the area postrema (AP) and several hypothalamic
and brainstem nuclei (the paraventricular nuclei (PVN),
the rostral ventrolateral medulla (RVLM), the caudal vent-
rolateral medulla (CVLM) and the nucleus tractus solitarius
(NTS)¥. In a recent study Kaprielian et al. showed that
the AT1 receptor mRNA is up-regulated in the atria of pa-
tients with end-stage heart failure™. This is consistent with

findings in animal models of heart failure®¢!\. Therefore,
one of the objectives of this proposal is to determine if
central Ang Il concentration, AT1 receptor binding and/or
AT1 receptor protein is elevated in the brain (especially in
the brainstem and hypothalamus) in rats with chronic heart
failure. The production of Ang II by the PVN results in a
tonic excitatory action and Ang 1l sensitive PVN neurons
receive convergent baroreceptor inputs which may modu-
late their downstream effects’®, In addition, the baseline
firing rate in Ang II sensitive PVN neurons was signifi-
cantly higher in rats with heart failure. This higher rate
could be normalized by intracarotid injection of losartan®®.
In rats with heart failure, anterior third ventricular lesions
attenuates sympathetic drive and improves baroreflex func-
tion[®*%, The latter studies suggest that Ang [ plays a role
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in modulation of sympathetic drive from the PVN in the
heart failure state.

The blunted baroreceptor reflex can be reversed by
AT1 receptor antagonism in rabbits with pacing induced
heart failure'®?”. The enhanced cardiac sympathetic af-
ferent reflex sensitivity is also decreased by losartan in dogs
and rats with heart failure®*%?¥, In addition, Ang II con-
centration in plasma® or CSF!'+* js increased in animals
with heart failure.

Central AT1 receptors have been found to be involved
in signal transduction pathways that rely on ROS®72. A
recent study has shown that the effects of central Ang II
on arterial pressure, heart rate and drinking were abolished
by pretreatment with adenoviral vectors encoding human
mitochondrial superoxide dismutase (AdMnSOD) in the
brain™¥. This suggests that central ROS mediates Ang II
regulated cellular processes” (most likely via activation
of NAD(P)H oxidase).

Our recent studies have shown that intra cerebroven-
tricular infusion of Ang II(10 ng in 1 pl,) significantly
blunts baroreceptor reflex (Fig. 2) in the anesthetized nor-
mal rat and this blunted baroreceptor reflex can be partially
restored by central ROS scavenging by tempol (10 ugin 1
ul, i.c.v).
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Fig. 2. Baroreceptor reflex function curve in normal state.

In rats with chronic heart failure, blunted baroreceptor
reflex was also restored by central ROS scavenging by
tempol (10 ug in 1 pl, i.c.v, Fig. 3).

3. Chemoreflex and cardiac sympathetic afferent re-
flex blunt baroreflex

While arterial baroreflex and atrial reflex abnormalities
have been studied extensively there has been much less
work examining ventricular reflexes in heart failure. Sand-
ers and Ferguson have reported that the cardiopulmonary
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Fig. 3. Baroreceptor reflex function curve in heart failure state.

mechanoreflex is impaired in patients with heart failure.™!.
The data from this laboratory have shown that the heart
rate and arterial pressure responses to intracoronary injec-
tions of veratridine and prostacyclin are normal or enhanced
in conscious dogs with pacing-induced heart failure,
Since veratridine stimulates cardiac vagal afferents with
both chemically sensitive and mechanically sensitive
endings, this experiment does not help to determine if car-
diac chemoreflexes or mechanoreflexes are impaired in heart
failure. In a study from this laboratory”®, the bradycardia
response to ascending aortic occlusion (mechanoreflex)
was significantly blunted in sino-aortic denervated (SAD)
dogs which were paced into heart failure, while the hy-
potensive and bradycardia responses to intracoronary in-
jection of PGI, (cardiac chemoreflex) were enhanced. In
another study from this laboratory it was shown that left
ventricular c-fiber chemosensitive vagal afferents were sig-
nificantly sensitized to intracoronary administration of brady-
kinin and capsaicin””, In addition to ventricular reflexes of
vagal origin, reflexes originating in cardiac sympathetic
afferents have been described and extensively studied™
1 A comprehensive review of cardiac sympathetic affer-
ent reflexes has been provided by Malliani®!. Stimulation
of these cardiac sympathetic afferents will elicit a sym-
patho-sympathetic excitatory reflex. Myocardial ischemia
may stimulate these sympathetic afferent fibers that, in
turn, increase sympathetic efferent outflow™* Tt has been
shown that cardiac sympathetic afferents can be stimu-
lated by a variety of substances that are released by the
myocardium during ischemia. These include potassium,
hydrogen ion, adenosine, bradykinin, and prostaglandins
75,8492 On the other hand, it has been shown that coro-
nary flow is decreased®*® and oxygen consumption is
increased in experimental heart failure which is most likely
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induced by increased wall tension®?"*8l, In the chronic
heart failure state, increased oxygen consumption may elicit
relative myocardial ischemia that, in turn, stimulates car-
diac sympathetic afferents to increase sympathetic outflow.
During the development of heart failure the extracellular
milieu may change in such a way that substances released
from the myocardium either sensitize or stimulate sympa-
thetic afferents. As indicated above, recent studies from
this laboratory have shown that the cardiac sympathetic
afferent reflex is augmented in dogs and rats with chronic
heart failure™*191 This enhanced cardiac sympathetic
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afferent reflex has been shown to possess two components;
one at the receptor level®! and one in the CNS?!. Recent
studies from Schultz and co-workers*31104105106,107-109 haya
shown that the sensitivity of the arterial chemoreflex is
augmented in rabbits with pacing-induced heart failure. This
is emerging as an important contributor to sympatho-exci-
tation in heart failure. Our recent data also confirm an aug-
mentation of the peripheral chemoreflex in the rat model of
heart failure. As was clearly shown by Schultz and
colleagues, this enhancement is mediated by increased dis-
charge of carotid body chemoreceptors in the heart failure
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Fig. 4. Cardiac sympathetic afferent stimulation blunts baroreceptor reflex in normal state. A: Composite arterial baroreflex curves generated
before and during epicardial application of capsaicin in normal rats. B: Baroreceptor reflex curve before and during capsaicin. Inset: Gain curves

of these mean baroreflex curves.
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state even when ambient PO, concentrations are normal.
The baroreflex and the chemoreflex interact in normal
and disease states!''""41. As far as we know there are no
studies that have examined the interaction between the car-
diac sympathetic afferent reflex and the baroreflex or be-
tween the cardiac sympathetic afferent reflex and the
chemoreflex in the heart failure state. In our recent studies,
cardiac sympathetic afferent stimulation inhibited barore-
ceptor reflex (Fig. 4) in normal rats. In addition, blunted
baroreceptor reflex in rats with heart failure can be re-
stored by epicardial application of local anesthesia, lidocaine
= 180
€

A

Acta Physiologica Sinica, June 25, 2004, 56(3): 269-281

(Fig. 5). In both normal and heart failure groups barore-
ceptor reflex inhibition by cardiac sympathetic afferent
stimulation can be prevented by central AT, receptor
blockade, losartan ™16},

4, Exercise training normalizes abnormal barorecep-
tor reflex in heart failure

Exercise training has been shown to have important
beneficial effects in patients with heart failurel"" %, Heart
failure patients engaged in an exercise training protocol have
been shown to demonstrate improved exercise tolerance
and an enhanced quality of life and survival’?!, Exercise
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Fig. 5. Epicardial application of lidocaine restores blunted baroreceptor reflex in rats with heart failure. A: Representative recordings of the

arterial baroreflex response before and during epicardial application of lidocaine (2% in 20 wl) in rats with heart faiture. B: Baroreceptor reflex
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training produced a decrease in plasma renin activity at
rest and during submaximal exercise in patients with is-
chemic heart disease"?. Recent studies have shown that
chronic exercise reduces sympathetic nerve activity and
enhances the blunted arterial baroreflex sensitivity in rab-
bits with pacing-induced heart failure?*!#%, In addition,
lower plasma Ang Il concentration by exercise training may

A
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contribute to the decrease in sympathetic nerve activity in
the heart failure state!'?*'**, Exercise training in rats with
heart failure may decrease sympathetic outflow and the
sensitivity of the cardiac sympathetic afferent reflex; it may
reduce the augmented chemoreceptor reflex"®'%! and en-
hance the blunted baroreceptor reflex if Ang II is indeed
decreased. It has been shown that spinal administration of
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Fig. 6. Exercise training restores blunted baroreceptor reflex in rats with heart failure. A: Representative recordings of the arterial baroreflex

response in a rat with heart failure (left panel) and a heart failure rat with exercise training. B: Composite arterial baroreflex curves generated in

heart failure with and without exercise training. Inset: Gain curves of these mean baroreflex curves.
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losartan attenuated the hemodynamic response to muscle
contraction in anesthetized cats!"*¥. Recent studies from
Schultz’s laboratory have shown that exercise training in
rabbits with CHF normalizes peripheral chemoreceptor
sensitivity!"*®!%] Qur data show that exercise training in
rats with heart failure normalizes the blunted baroreceptor
reflex. Figure 6 demonstrates the effects of exercise train-
ing on the baroreceptor reflex in rats with heart failure.
Exercise training had a little beneficial effect in normal rats.
However, there was a dramatic effect on the arterial barore-
flex following exercise training in heart failure rats. These
data suggest that exercise training reduces sympatho-ex-
citation and that exercise training may have powerful ef-
fects on the interactions between baroreflex, chemoreflex
and cardiac sympathetic afferent reflex. In addition, exer-
cise training also restores the augmented peripheral
chemoreceptor reflex and enhanced cardiac sympathetic
afferent reflex. Since exercise training in the heart failure
state reduces sympathetic nerve activity and Ang II con-
centration, it is of interest to determine the reduction in
sympatho-excitation following exercise training. Figure 7
shows central AT, receptor mRNA expression by RT-PCR
and protein by Western blot techniques in the paraventricular

A PVN
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nuclei (PVN), the rostral ventrolateral medulla (RVLM),
and the nucleus tractus solitarius (NTS) in normal and heart
failure rats with and without exercise training. AT recep-
tor mRNA message and protein in these nuclei significantly
increased in rats with heart failure and exercise training
markedly decreased AT1 receptor mRNA and protein in
heart failure state. Exercise training had a little or no ben-
eficial effect in normal rats.

In this review, we have tried to promote the idea that
baroreceptor reflex in the heart failure state is regulated by
reflexes and neurohumoral mechanisms in addition to a
decrease in the sensitivity of the traditional negative-feed-
back reflex. It is becoming increasingly clear that sub-
stances that are elevated in the heart failure state also par-
ticipate in the chronic sympatho-excitation.

Taken in total these data suggest that: (1) baroreceptor
reflex is blunted in heart failure, (2) central Ang II and
reactive oxygen species play an important role in blunting
baroreceptor reflex, (3) cardiac sympathetic afferent stimu-
lation and chemoreceptor reflex inhibit baroreceptor reflex,
and (4) exercise training normalizes abnormal reflexes in
the heart failure state (Fig. 8).
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Fig. 7. A: RT-PCR detection of AT1 receptor mRNA expression in the PVN, RVLM and NTS in sham and heart failure rats with and without
exercise training. AT1 receptor mRINA expression increased in heart failure. Exercise training decreased ATl receptor mRNA expression in the
heart failure state. B: Western blot detection of AT] receptor protein in the PVN, RVLM and NTS in sham and heart failure rats with and
without exercise training. AT1 receptor protein increased in heart failure and exercise training decreased AT receptor in heart failure rats.
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[ 3. Reflex interactions ]
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Fig. 8. Anillustration of summary in this review. Baroreceptor reflex is blunted in the heart failure state, the blunted baroreceptor reflex is

mediated by central Ang I and ROS, cardiac sympathetic afferent stimulation blunts the baroreflex and exercise training, by reducing Ang II and

ROS normalizes abnormal reflexes.
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