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Cardiopulmonary reflexes after antihypertensive treatment

The cardiopulmonary reflexes of
spontaneously hypertensive rats
are normalized after regression
of left ventricular hypertrophy
and hypertension
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Abstract

Cardiopulmonary reflexes are activated via changes in cardiac filling
pressure (volume-sensitive reflex) and chemical stimulation (chemosen-
sitive reflex). The sensitivity of the cardiopulmonary reflexes to these
stimuli is impaired in the spontaneously hypertensive rat (SHR) and
other models of hypertension and is thought to be associated with
cardiac hypertrophy. The present study investigated whether the sen-
sitivity of the cardiopulmonary reflexes in SHR is restored when
cardiac hypertrophy and hypertension are reduced by enalapril treat-
ment. Untreated SHR and WKY rats were fed a normal diet. Another
groups of rats were treated with enalapril (10 mg kg-1 day-1, mixed in
the diet; SHRE or WKYE) for one month. After treatment, the
volume-sensitive reflex was evaluated in each group by determining
the decrease in magnitude of the efferent renal sympathetic nerve
activity (RSNA) produced by acute isotonic saline volume expansion.
Chemoreflex sensitivity was evaluated by examining the bradycardia
response elicited by phenyldiguanide administration. Cardiac hyper-
trophy was determined from the left ventricular/body weight (LV/
BW) ratio. Volume expansion produced an attenuated renal sympa-
thoinhibitory response in SHR as compared to WKY rats. As com-
pared to the levels observed in normotensive WKY rats, however,
enalapril treatment restored the volume expansion-induced decrease
in RSNA in SHRE. SHR with established hypertension had a higher
LV/BW ratio (45%) as compared to normotensive WKY rats. With
enalapril treatment, the LV/BW ratio was reduced to 19% in SHRE.
Finally, the reflex-induced bradycardia response produced by
phenyldiguanide was significantly attenuated in SHR compared to
WKY rats. Unlike the effects on the volume reflex, the sensitivity of
the cardiac chemosensitive reflex to phenyldiguanide was not restored
by enalapril treatment in SHRE. Taken together, these results indicate
that the impairment of the volume-sensitive, but not the chemosensi-
tive, reflex can be restored by treatment of SHR with enalapril. It is
possible that by augmenting the gain of the volume-sensitive reflex
control of RSNA, enalapril contributed to the reversal of cardiac
hypertrophy and normalization of arterial blood pressure in SHR.
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The reflex control of the circulation de-
pends not only on arterial baroreceptors, but
also on receptors located in the cardiopul-
monary region. In this regard, the cardiopul-
monary reflex specifically controls the activ-
ity of sympathetic nerve fibers. In rats, pro-
longed stimulation of the volume-sensitive
cardiopulmonary reflex produced by isotonic
saline volume expansion inhibits efferent
renal sympathetic nerve activity (RSNA)
(1,2).

The sympathetic nervous system is known
to participate in the regulation of arterial
blood pressure by its influence on total pe-
ripheral resistance. In addition, through al-
terations in the renal handling of sodium and
water, changes in central sympathetic out-
flow to the kidneys help maintain homeosta-
sis of blood volume and consequently arteri-
al blood pressure (3). Thus, any condition
that leads to an increase in the basal level of
efferent RSNA could lead to an impairment
of volume homeostasis due to avid sodium
and water retention by the kidneys. Over
time these effects can lead to fluid and elec-
trolyte derangement and contribute to the
development of hypertension (4).

Cardiopulmonary receptors are stimulat-
ed by changes in cardiac filling pressure and
by chemical agents (5). With respect to the
latter, the activation of the chemosensitive
reflex is referred to as the Bezold-Jarisch
reflex (6). Abnormalities are known to exist
in both chemo- (7) and volume-sensitive (8)
reflexes in spontaneously hypertensive rats
(SHR). In addition, in this animal model of
hypertension (9) and in hypertensive hu-
mans (10), the gain of the cardiopulmonary
reflex is altered by the cardiac hypertrophy
that also develops. Therefore, the aim of the
present study was to determine whether
chronic antihypertensive treatment with
enalapril would restore the sensitivity of the
cardiopulmonary reflexes in SHR by nor-
malizing arterial blood pressure and reduc-
ing cardiac hypertrophy.

Four-month-old male SHR and corre-

sponding normotensive Wistar-Kyoto
(WKY) rats were obtained from our institu-
tion. The rats were housed in individual
cages, received water ad libitum, and were
maintained in a room with a constant tem-
perature and a 12-h light/dark cycle. Un-
treated SHR (N = 8) and WKY rats (N = 8)
were fed a normal diet. Treated SHR (SHRE,
N = 8) and WKY rats (WKYE, N = 6)
received enalapril (10 mg kg-1 day-1; Sigma
Chemical Co., St. Louis, MO, USA) mixed
in the diet for one month. At the end of the
treatment period, the rats were anesthetized
with tribromoethanol (2.5 mg/kg, Aldrich
Chemical Co., Milwaukee, MN, USA) and a
PE 50 catheter was placed into the femoral
artery and vein. Eleven hours later, mean
arterial pressure (MAP) and heart rate (HR)
were measured in conscious animals using a
pressure transducer (Grass Instrument Div.,
Warwick, NY, USA; model PT 300) coupled
to a Biopac System (MP100, Santa Barbara,
CA, USA).

The first protocol was used to examine
the chemosensitive limb of the cardiopulmo-
nary reflex. The sensitivity of the chemore-
flex was studied by examining the maximum
bradycardia response that was elicited by the
iv bolus injection of increasing doses of
phenyldiguanide (PDG, 0.9 to 2.1 nmol/kg;
Sigma). In the second protocol, the rats were
anesthetized with urethane (1 g/kg, ip) and
the left kidney was exposed via a retroperito-
neal approach through a left flank incision.
Using a dissecting microscope (M 900 DF,
Vasconcellos, São Paulo, SP, Brazil) a renal
nerve was identified, isolated, and carefully
dissected. The renal nerve branch was then
placed on a bipolar platinum wire electrode
and gelled with silicone. Extracellular action
potentials were recorded with an AC ampli-
fier (NL 104, NeuroLog, Digitimer, Welwyn
Garden City, Hertfordshire, England) con-
nected to a high impedance headstage (NL
100). The amplified signals were filtered
(NL 126), connected to an audio amplifier
(NL 120) and displayed on an oscilloscope
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(Tektronix 2205, São Paulo, SP, Brazil). The
data were processed using a spike trigger
(NL 200) and a ratemeter (NL 256) and
displayed on a Biopac System (MP100). All
data were digitized and stored (Digital MTE
46602 Tape Stream) for further analysis (Ac-
knowledge for Windows; Biopac Inc.). Af-
ter completion of surgical preparation and
equilibration, the volume-sensitive reflex was
stimulated with an infusion of a 0.9% saline
load that corresponded to 1.5% of the
animal�s body weight (i.e., approximately 2-
2.5 ml/min). The volume-sensitive limb of
the cardiopulmonary reflex was quantified
by measuring the maximum decrease in inte-
grated RSNA (IRSNA). In these studies, the
acute volume expansion used was sufficient
to evoke a plateau inhibition of RSNA. MAP
was simultaneously monitored during the
infusion. After each experiment, the extent
of cardiac hypertrophy was determined for
each animal by calculating the ratio of left
ventricular wet weight (including the sep-
tum) and body weight (LV/BW).

Data for basal MAP, HR, LV/BW (index
of cardiac hypertrophy) and changes in these
parameters evoked by acute volume expan-
sion (the volume-sensitive reflex) were sub-
jected to one-way analysis of variance
(ANOVA). Data for changes in HR pro-
duced by phenyldiguanide (the chemosensi-
tive reflex) were analyzed statistically by
two-way ANOVA. The post-hoc test used
for each case was the Tukey test for multiple
comparisons. All experiments were carried
out in accordance with the guiding prin-
ciples for biomedical research involving ani-
mals as stated by the Federation of Brazilian
Societies of Experimental Biology.

The body weight of the animals tested
was lower in SHR (290 ± 13 g, P<0.05) than
in WKY rats (384 ± 13 g). Compared to each
of these respective control groups, the weights
of animals treated with enalapril were also
significantly different (SHRE = 242 ± 8 g,
P<0.01; WKE = 342 ± 8 g, P<0.01). As
shown in Figure 1 (top panel), the mean
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Figure 1 - Effects of enalapril (E)
treatment on mean arterial pres-
sure (MAP) (top panel), change
in integrated renal sympathetic
nerve activity (IRSNA, expressed
as % inhibition) produced by an
acute isotonic saline load (mid-
dle panel), and left ventricular
weight/body weight ratio (LV/
BW; bottom panel) in SHR and
WKY rats. Values are reported
as mean ± SEM. *P<0.05 and
**P<0.01 compared to WKY
(ANOVA followed by Fisher
test). ++P<0.01 compared to
SHR (ANOVA followed by Fisher
test).
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WKY rats. In contrast, long-term treatment
with enalapril restored the ability of cardio-
pulmonary receptors to modulate RSNA. This
is supported by the observation that volume
expansion elicited in SHRE an IRSNA re-
sponse similar to that observed in normoten-
sive WKY. Enalapril treatment did not alter
the IRSNA response to volume expansion in
WKYE. In these studies, MAP and HR were
not significantly altered by volume expan-
sion in any group (data not shown).

As shown in Figure 1 (bottom panel), the
LV/BW ratio of SHR was approximately
45% higher than that of age-matched normo-
tensive WKY rats (LV/BW = 2.08 mg/g).
The LV/BW ratio was significantly lower in
SHRE than in untreated SHR. In SHRE, the
LV/BW ratio was only 19% higher than that
of enalapril-treated WKYE. The latter find-
ing indicates that the extent of ventricular
hypertrophy was substantially reduced by
enalapril treatment although antihyperten-
sive treatment with enalapril did not alter the
LV/BW ratio in WKYE (1.98 mg/g; Figure
1, bottom panel).

In WKY rats, the iv injection of PDG
produced a dose-dependent reduction in HR
(Table 1 and Figure 2). Compared with WKY
and WKYE rats, the PDG-induced bradycar-
dia was significantly attenuated (P<0.05) in
the SHR groups, beginning at the second
dose tested. No significant differences were
observed between WKY and WKYE groups.
Unlike the effects of antihypertensive treat-
ment on the volume-sensitive reflex, the car-
diac chemosensitive reflex was not altered
by the long-term administration of enalapril
to SHR.

The major finding of this study is that the
impaired gain of the volume-sensitive reflex
control of RSNA in SHR is restored by the
chronic administration of enalapril. Although
not specifically studied, augmentation of the
gain of this branch of the cardiopulmonary
reflex may contribute to the reduction in
arterial pressure observed in SHR treated
with enalapril. In addition, the present find-
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Figure 2 - Responses of heart
rate to intravenous injections of
phenyldiguanide in enalapril-
treated SHR (filled squares) and
WKY (open circles), compared
with untreated SHR (open
squares) and WKY (filled circles).
Values are reported as mean ±
SEM and symbols indicate dif-
ferences in the reflex bradycar-
dic response compared to WKY
and WKYE (*P<0.05; ANOVA fol-
lowed by Fisher test).

Table 1 - Effects of long-term treatment with enalapril (E; 10 mg kg-1 day-1) on the
heart rate (%) response induced by iv injections of phenyldiguanide in Wistar Kyoto
(WKY) and spontaneously hypertensive rats (SHR).

The values are reported as mean ± SEM. *P<0.05 compared to WKY and WKYE
(ANOVA followed by Fisher test).

Groups Phenyldiguanide (nmol/kg)

0.9 1.2 1.5 1.8 2.1

WKY (N = 8) -33 ± 9 -44 ± 7 -54 ± 7 -63 ± 6 -69 ± 4
WKYE (N = 6) -36 ± 12 -64 ± 13 -71 ± 14 -73 ± 6 -67 ± 7
SHR (N = 8) -20 ± 7 -26 ± 7* -42 ± 8* -46 ± 5* -40 ± 6*

SHRE (N = 8) -20 ± 6 -27 ± 5* -34 ± 6* -47 ± 6* -46 ± 6*

arterial pressure of untreated SHR was sig-
nificantly higher (155 ± 6 mmHg, P<0.01)
than that of untreated WKY rats (97 ± 3
mmHg). Long-term antihypertensive treat-
ment with enalapril reduced the MAP in
SHRE (123 ± 5 mmHg, P<0.01), but not in
WKYE (93 ± 5 mmHg) (Figure 1, top panel).

The middle panel of Figure 1 depicts the
effects of an isotonic saline load (stimula-
tion of the volume-sensitive reflex) on the
change in RSNA (mean values are expressed
as % inhibition; IRSNA). SHR showed an
attenuated IRSNA response compared to

*

*

*
*
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ings demonstrate the relationship between
the gain of the volume-sensitive reflex con-
trol of RSNA and left ventricular hypertro-
phy.

In the present study the chemosensitive
reflex was quantified by measuring the maxi-
mum reduction in HR evoked by iv bolus
injection of phenyldiguanide. Quantification
was performed in this manner since there are
two components of the bradycardia that oc-
curs from activation of both the baroreceptor
and the Bezold-Jarisch reflex. In this regard,
activation of either reflex evokes an increase
in vagal drive and a reduction in sympathetic
outflow to the heart (11,12). There are cer-
tain differences, however, in the extent to
which each branch of the cardiopulmonary
reflex affects the vagal component or sym-
pathetic withdrawal. For instance, during
acute volume expansion the volume-sensi-
tive receptors are stimulated and lead pre-
dominantly to an inhibition of central sym-
pathetic outflow (i.e., inhibition of RSNA).
On the other hand, during conditions in which
the Bezold-Jarisch reflex is activated (i.e.,
phenyldiguanide administration), activation
of cardiac vagal motoneurones (i.e., the para-
sympathetic component) tends to predomi-
nate and mediates a transient bradycardia
(11). In the latter case, a role for the activa-
tion of parasympathetic pathways is sug-
gested since the chemoreceptor-mediated
reduction in HR is greatly attenuated by
atropine pretreatment (13). In our study,
enalapril treatment normalized the volume-
sensitive but not the chemosensitive branch
of the cardiopulmonary reflex in SHR. There-
fore, cardiopulmonary reflexes with differ-
ent sensory properties may be affected in
separate ways in these animals. Taken to-
gether, these results support the view that the
chemosensitive and volume-sensitive affer-
ent pathways are likely to be separate enti-
ties (14).

Although we cannot exclude the possi-
bility that the impaired volume-sensitive re-
flex in SHR depends on alterations of other

portions of the reflex arc, an explanation for
this impairment could be the cardiac hyper-
trophy observed in these genetically hyper-
tensive animals. Studies indicate that there is
marked elevation of left atrial pressure in
hypertensive rats (15). Cellular hypertrophy
is a general phenomenon in hypertensive
animals, both in the left ventricle and in the
resistance vessels. It is therefore likely that
this elevated left atrial pressure will induce
hypertrophy of the atrial wall, with a conse-
quent reduction of wall distensibility. This
distensibility of the left atrium will then
probably be the main reason for the resetting
of the cardiopulmonary receptors (9). Based
on this premise, it would be anticipated that
a reduction in cardiac hypertrophy in SHR
may be associated with a concomitant nor-
malization of the sensitivity of the reflex
control of RSNA. In fact, this association
was demonstrated in the present study.
Whereas enalapril reduced the LV/BW ratio
(an index of cardiac hypertrophy) and im-
proved the volume-sensitive reflex in SHRE,
it did not alter arterial pressure, the LV/BW
ratio or cardiopulmonary reflex function in
normotensive rats. Furthermore, Grassi and
coworkers (10) reported that in hypertensive
subjects with left ventricular hypertrophy,
antihypertensive treatment resulted in the
regression of the hypertrophy and an associ-
ated improvement in the cardiopulmonary
reflex response to modulate vascular and
humoral stimuli. On the other hand, addi-
tional findings suggest that the impairment
of the chemosensitive reflex in hypertensive
animals or humans could be due to other
factors independent of cardiac hypertrophy
or high blood pressure. For instance, studies
by Thomas et al. (14) have shown that the
chronic administration of perindopril (an
angiotensin-converting enzyme inhibitor) to
young SHR (i.e., prior to the development of
hypertension), prevented hypertension and
the development of left ventricular hypertro-
phy. Based on our data and theirs, despite
regression of hypertension and cardiac hy-
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pertrophy, antihypertensive treatment did not
normalize the function of the Bezold-Jarisch
reflex. Further studies are required to clarify
this impairment of the Bezold-Jarisch reflex.

In conclusion, the present study demon-
strated that chronic administration of
enalapril reduced arterial blood pressure and

cardiac hypertrophy in SHR. In addition,
enalapril treatment improved volume gain
but not the chemosensitive cardiopulmonary
reflex. Augmentation of the volume-sensi-
tive control of RSNA in hypertensive ani-
mals may contribute to the restoration of
normal arterial pressure homeostasis.
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