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A B S T R A C T

Aims: Rilmenidine and moxonidine are centrally acting antihypertensive agents that are more selective for I1-
imidazoline receptors than for α2-adrenergic receptors. Moxonidine previously showed a peripheral vasocon-
strictive effect stronger than generally recognized, which counteracted an arterial pressure (AP) lowering effect
resulting from central sympathoinhibition. We tested whether rilmenidine also showed a significant vasocon-
strictive effect that could attenuate its AP lowering effect.
Main methods: Efferent sympathetic nerve activity (SNA) and AP responses to changes in carotid sinus pressure
were compared in nine anesthetized Wistar–Kyoto rats before and after low, medium, and high doses (40, 100,
and 250 μg/kg, respectively) of intravenous rilmenidine.
Key findings: High-dose rilmenidine narrowed the range of the SNA response (from 89.6 ± 2.9% to
50.4 ± 7.9%, P < 0.001) and reduced the lower asymptote of SNA (from 13.5 ± 3.0% to 2.7 ± 1.5%,
P < 0.001). High-dose rilmenidine significantly increased the intercept (from 57.1 ± 3.8 to
78.2 ± 2.7mmHg, P < 0.001) but reduced the slope (from 0.82 ± 0.08 to 0.51 ± 0.07mmHg/%,
P < 0.001) of the SNA–AP relationship. The reduction in the operating-point AP induced by high-dose rilme-
nidine did not significantly differ based on whether the peripheral effect was considered (−19.8 ± 2.2 vs.
–26.4 ± 5.3mmHg, not significant).
Significance: Rilmenidine increased AP in the absence of SNA, which suggests a peripheral vasoconstrictive ef-
fect; however, the vasoconstrictive effect was weak and did not significantly counteract the AP-lowering effect
through central sympathoinhibition.

1. Introduction

Rilmenidine and moxonidine are centrally acting antihypertensive
agents that act mainly on I1-imidazoline receptors. Although these
agents are structural analogs of clonidine, there are some structural
differences — moxonidine retains an imidazoline ring, whereas rilme-
nidine has an oxazoline ring [1]. It has been postulated that I1-imida-
zoline receptors are located upstream from α2-adrenergic receptors
within the neural pathway at the rostral ventrolateral medulla (RVLM),
and that activation of I1-imidazoline receptors, through activation of
α2-adrenergic receptors, reduces sympathetic outflow [2]. It is possible,
however, that the effect of a given sympatholytic drug on arterial
pressure (AP) is not determined by only its central action when the drug
is administered systemically. In a previous study, we systematically

analyzed the effect of intravenously administered moxonidine on the
sympathetic regulation of AP using an open-loop systems analysis [3].
In that study, the carotid sinus baroreflex was divided into two prin-
cipal reflex arcs — a neural arc from carotid sinus pressure (CSP) to
efferent sympathetic nerve activity (SNA) and a peripheral arc from
SNA to AP [4,5]. Intravenous moxonidine moved the peripheral arc
upward; i.e., it increased AP at any given level of SNA, which suggests
moxonidine-induced vasoconstriction. The AP-lowering effect of mox-
onidine through central sympathoinhibition is significantly attenuated
by peripheral vasoconstriction [3]. Nevertheless, the peripheral vaso-
constrictive effect of moxonidine has not attracted wide attention be-
cause central sympathoinhibition overrides peripheral vasoconstriction
and induces vasodilation as a net effect.

With regard to the central effect, moxonidine has three times more
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affinity to I1-imidazoline receptors than rilmenidine in the bovine
RVLM membrane, although the two agents show a comparable affinity
toward I1-imidazoline receptors relative to α2-adrenergic receptors (the
affinity ratio of approximately 30) [6]. Hence, moxonidine might be
more effective than rilmenidine in suppressing SNA at the same dose
range. Conversely, with regard to the peripheral effect, rilmenidine
does not show a significant vasoconstrictive effect on the rat tail artery
[7]. The lack of a significant vasoconstrictive effect in the in vitro study
suggests that rilmenidine might be more suitable than moxonidine as an
antihypertensive drug. Meanwhile, an in vivo study using a pithed-
rabbit preparation demonstrated a direct vasoconstrictive effect of ril-
menidine on the renal artery in the absence of renal SNA [8]. Whole-
body experiments are necessary for a comprehensive assessment of the
central and peripheral effects of rilmenidine on sympathetic AP reg-
ulation.

A caveat often associated with whole-body experiments is that
changes in SNA affect AP through the cardiovascular system, whereas
changes in AP affect SNA through the baroreflex neural arc [5]. The
closed-loop negative-feedback operation of the arterial baroreflex
makes it difficult to separately assess the central and peripheral effects
of a given drug. The baroreflex negative-feedback loop must be opened
to assess the significance of the central and peripheral effects relative to
each other. We hypothesized that rilmenidine would exert some per-
ipheral vasoconstriction that could offset the AP-lowering effect re-
sulting from central sympathoinhibition.

2. Materials and methods

The experimental animals were cared for in strict accordance with
the Guiding Principles for the Care and Use of Animals in the Field of
Physiological Sciences, which has been approved by the Physiological
Society of Japan. The Animal Subjects Committee at the National
Cerebral and Cardiovascular Center reviewed and approved the ex-
perimental protocols.

2.1. Surgical procedures

The experiment was performed on male Wistar–Kyoto (WKY) rats
(350–420 g, 397 ± 20 g, mean ± SD). The rat was anesthetized by
intraperitoneal injection of an anesthetic mixture (2mL/kg) containing
40mg/mL urethane and 250mg/mL α-chloralose. The rat was me-
chanically ventilated with oxygen-enriched air. The anesthetic mixture
was diluted 18-fold with physiological saline and continuously ad-
ministered (2–3mL·kg−1·h−1) from a catheter inserted into the right
femoral vein. Another catheter was inserted into the left femoral vein
for administering rilmenidine or vehicle. AP was measured from a ca-
theter inserted into the right femoral artery. Heart rate (HR) was
measured from a body-surface electrocardiogram.

The postganglionic branch of the left splanchnic sympathetic nerve
was exposed through a left flank incision. A pair of stainless steel wire
electrodes (AS633, Cooner Wire, Chatsworth, CA, USA) was attached to
the nerve and secured using silicone glue (Kwik-Sil, World Precision
Instruments, Sarasota, FL, USA). The nerve signal was preamplified and
band-pass filtered between 150 and 1000 Hz, then full-wave rectified
and low-pass filtered using a cutoff frequency of 30 Hz to quantify SNA.
Hexamethonium bromide (60mg/kg) was intravenously injected at the
end of the experiment to block ganglionic transmission and determine
the noise level of the SNA recording. After that, high-dose pentobarbital
(200mg/kg) was intravenously administered to euthanize the animal.

The bilateral carotid sinus baroreceptor regions were isolated from
systemic circulation [9,10]. The isolated baroreceptor regions were
cannulated from the common carotid arteries, and intracarotid sinus
pressure (CSP) was controlled using a servo-controlled piston pump
system. The bilateral vagal and aortic depressor nerves were sectioned
at the neck to minimize any confounding reflex effects from the car-
diopulmonary regions and aortic arch.

2.2. Protocol

Rilmenidine protocol (n=9): Rilmenidine hemifumarate
(Funakoshi, Tokyo, Japan) was dissolved in dimethyl sulfoxide (DMSO)
(Wako Pure Chemical Industries, Osaka, Japan) and diluted with phy-
siological saline to a 1-mg/mL solution (1% v/v DMSO). The solution
was further diluted with physiological saline to 40-, 100-, and 250-μg/
mL rilmenidine solutions (0.04, 0.1, and 0.25% v/v DMSO), which were
used for low-dose (40 μg/kg), medium-dose (100 μg/kg), and high-dose
(250 μg/kg) administrations, respectively. Each rilmenidine solution
was administered at 1mL/kg cumulatively as described in the next
paragraph. Although the final cumulative dose of rilmenidine was
390 μg/kg, an earlier study indicated that increasing the dose of in-
travenous rilmenidine from 300 to 1000 μg/kg can further reduce AP in
spontaneously hypertensive rats (SHR) [11]. Hence, the notation of
“high dose” needs to be interpreted as a relative dose within this paper.
When we tested 1000-μg/kg rilmenidine after the high-dose rilmeni-
dine in one rat (the final cumulative dose of 1390 μg/kg), SNA was
reduced close to the noise level irrespective of the CSP level, and the
neural arc could not be analyzed by assuming a typical sigmoidal in-
put–output relationship.

To estimate the open-loop static characteristics of the carotid sinus
baroreflex over the entire input pressure range, CSP was first decreased
to 60mmHg for 5min and then increased in a stepwise manner up to
180mmHg in increments of 20mmHg. Each incremental step lasted
1min. The CSP input sequence was repeated and designated as S1
through S9. The baroreflex responses were observed before adminis-
tering rilmenidine (S1 and S2). One minute after completing S2, low-
dose rilmenidine was intravenously administered, and its effect was
evaluated during S4. One minute after completing S4, medium-dose
rilmenidine was intravenously added, and its effect was evaluated
during S6. One minute after completing S6, high-dose rilmenidine was
intravenously added, and its effect was evaluated during S8.

DMSO protocol (n=5): DMSO has several hemodynamic effects
[12]. To confirm the lack of a significant effect of DMSO used as a
solvent, DMSO was diluted by physiological saline to a 1% v/v DMSO
solution and intravenously administered instead of the rilmenidine
solutions. The DMSO solution was administered three times at 1mL/kg
each (10 μL/kg of DMSO) one minute after completing S2, S4, and S6.
This protocol also served as a time control.

2.3. Data analyses

Data were recorded at 1000 Hz using an analog-to-digital converter
[AIO AD16-16(PCI)EV, Contec, Japan]. Values of SNA, AP, and HR
were averaged for the last 10 s of each CSP step. The relationships be-
tween CSP and SNA (the neural arc), CSP and AP (the total reflex arc),
and CSP and HR were quantified by fitting the following four-parameter
logistic function to the data [13]:
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where y is the output (SNA, AP, or HR), P1 is the response range, P2 is
the slope coefficient, P3 is the midpoint of the sigmoid curve on the CSP
axis, and P4 is the lower asymptote of the sigmoid curve. The maximum
gain, Gmax, is calculated from P1P2/4.

A linear regression analysis was used to quantify the relationship
between SNA and AP (the peripheral arc) [3,5,14] as follows:

= +AP b b SNA0 1

where b0 and b1 are the intercept and slope of the regression line, re-
spectively.

A baroreflex equilibrium diagram was obtained by plotting the
fitted neural and peripheral arcs on a pressure–SNA plane [15,16]. The
intersection between the neural and peripheral arcs provides the op-
erating point at which SNA and AP settle when the baroreflex negative-
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feedback loop is closed.

2.4. Statistical analyses

The parameters of the baroreflex static characteristics were com-
pared among conditions of control, low-dose, medium-dose, and high-
dose rilmenidine. One-way repeated-measures analysis of variance
(ANOVA) followed by Tukey's test was used for simultaneous multiple
comparisons (Prism, GraphPad, La Jolla CA, USA). A paired t-test was
used to compare a reduction of the operating-point AP caused by each
dose of rilmenidine between conditions with or without considering the
peripheral effect. The differences were considered significant at
P < 0.05. The data obtained from the DMSO protocol were likewise
analyzed among conditions of control and the first, second, and third
DMSO administrations.

3. Results

A representative time series obtained from the rilmenidine protocol
in one rat is shown in Fig. 1. In the left panels, the stepwise increase in
CSP decreased SNA, AP, and HR. The cardiac-locked activity of SNA
was not observed even when the time scale was expanded because of
the nonpulsatile nature of CSP. The baroreflex responses observed in
sequence S2 were treated as the control. One minute after completing
S2, low-dose rilmenidine was administered, which did not significantly

affect the SNA response but decreased the maximum AP and HR in
response to low CSP input during S4. One minute after completing S4,
medium-dose rilmenidine was added, which transiently increased AP.
The maximum SNA, AP, and HR in response to low CSP input were
lower during S6 than during S4. One minute after completing S6, high-
dose rilmenidine was added, which transiently decreased SNA but in-
creased AP. The maximum SNA, AP, and HR in response to low CSP
input were lower during S8 than during S6. In the right panels, hex-
amethonium reduced SNA to the noise level.

Fig. 2 summarizes the effects of rilmenidine on the open-loop bar-
oreflex characteristics. In the total reflex arc (Fig. 2A), one-way re-
peated-measures ANOVA indicated that the overall effects of rilmeni-
dine were significant on the response range, P1, the midpoint pressure,
P3, the lower asymptote, P4, and the maximum gain, Gmax. The post-hoc
analysis indicated that low-dose rilmenidine did not significantly affect
the parameters. Rilmenidine administered at the medium and high
doses significantly decreased P1, P3, and Gmax but increased P4. In the
HR control (Fig. 2B), the overall effects of rilmenidine were significant
on all parameters except P2. Rilmenidine administered at the medium
and high doses significantly decreased P1, P3, P4, and Gmax. In the
neural arc (Fig. 2C), the overall effects of rilmenidine were significant
on all parameters except P2. Low-dose rilmenidine significantly de-
creased P3, medium-dose rilmenidine significantly decreased P3 and P4,
and high-dose rilmenidine significantly decreased P1, P3, P4, and Gmax.
In the peripheral arc (Fig. 2D), the overall effects of rilmenidine were

Fig. 1. Typical time series of carotid sinus pressure (CSP), sympathetic nerve activity (SNA), raw SNA, arterial pressure (AP), and heart rate (HR). CSP is plotted as a
10-Hz resampled signal. The gray and black lines in the SNA plot indicate 10-Hz resampled and 2-s moving averaged signals, respectively. The raw SNA is plotted
using the data of an original sampling frequency (1000 Hz). The gray and black lines in the AP and HR plots represent 200-Hz resampled and 2-s moving averaged
signals, respectively (the 2-s moving averaged signal is nearly superimposed on the 200-Hz resampled signal in the HR plot). In the left panels, CSP was changed in a
stepwise manner, and the input sequences were designated as S1 through S9. In each sequence, an increase in CSP decreased SNA, AP, and HR. Low-dose (40 μg/kg),
medium-dose (100 μg/kg), and high-dose (250 μg/kg) rilmenidine were intravenously administered 1min after completing S2, S4, and S6 sequences, respectively.
The baroreflex responses were compared among S2, S4, S6, and S8 sequences. In the right panels, an intravenous administration of hexamethonium bromide (C6)
eliminated the burst activity in SNA. bpm, beats/min.

T. Kawada et al. Life Sciences 219 (2019) 144–151

146



significant on the intercept, b0, and the slope, b1. Rilmenidine sig-
nificantly increased b0 in a dose-dependent manner, and significantly
decreased b1 at the medium and high doses.

The baroreflex equilibrium diagrams were drawn by plotting the
neural and peripheral arcs on a pressure-SNA plane (Fig. 3A). The in-
tersection of the neural and peripheral arcs gives the operating point.
The overall effects of rilmenidine on the operating-point AP, SNA, and
gain were significant. Rilmenidine at the medium and high doses sig-
nificantly decreased the operating-point AP, SNA, and gain. The bar-
oreflex equilibrium diagrams were also constructed without con-
sidering the peripheral effect of rilmenidine (Fig. 3B). When the
reduction from the control value was calculated, the removal of the
peripheral effect did not significantly affect the magnitude of the re-
duction in the operating-point AP induced by low-, medium-, or high-
dose rilmenidine (Fig. 3C).

Fig. 4 summarizes the effects of intravenous injections of DMSO
(10 μL/kg) on the open-loop baroreflex characteristics. Except for a
decreasing trend in the lower asymptote of the HR response to CSP,

administrations of the DMSO solution did not significantly affect the
total reflex arc, neural arc, or peripheral arc characteristics.

4. Discussion

The present study has demonstrated that rilmenidine increased the
intercept of the peripheral arc in a dose-dependent manner (Fig. 2D),
which suggests a vasoconstrictive effect of rilmenidine. The vasocon-
strictive effect, however, was small relative to the central sym-
pathoinhibitory effect such that removing the peripheral effect did not
significantly change the magnitude of the reduction in the operating-
point AP at any dose of rilmenidine (Fig. 3C).

4.1. Peripheral effect of intravenous rilmenidine

Rilmenidine and moxonidine are centrally acting antihypertensive
agents that reduce sympathetic outflow from the central nervous system
[2]. In our previous study [3], intravenous moxonidine (100-μg/kg

Fig. 2. Open-loop static characteristics of the total reflex arc (A), heart rate (HR) control (B), neural arc (C), and peripheral arc (D) and their parameter values
obtained from the rilmenidine protocol. Data were obtained under control conditions (C) and after administering low-dose (L), medium-dose (M), and high-dose (H)
rilmenidine. AP, arterial pressure; CSP, carotid sinus pressure; SNA, sympathetic nerve activity; bpm, beats/min; P1 through P4, parameters of the fitted sigmoid
curve (P1, response range; P2, slope coefficient; P3, midpoint input pressure; P4, lower asymptote); Gmax, maximum gain; b0 and b1, intercept and slope of the linear
regression. One-way repeated-measures analysis of variance (ANOVA) followed by Tukey's test was used for statistical analyses. Data are the means ± SE (n=9).
⁎P < 0.05, ⁎⁎P < 0.01, and ⁎⁎⁎P < 0.001.
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bolus injection followed by a continuous infusion at 200 μg·kg−1·h−1)
exerts a vasoconstrictive effect that is stronger than that generally re-
cognized. The vasoconstrictive effect of moxonidine significantly
counteracts the centrally-mediated AP-lowering effect. In that study,
the baroreflex equilibrium diagram predicted that the reduction in the
operating-point AP caused by moxonidine would be augmented from
−8.8 ± 1.5 to −31.9 ± 5.7mmHg (P < 0.01, n=8) if not for the
peripheral effect. A similar argument can be applied to an α2A-adre-
nergic agonist guanfacine. Although intravenously administered guan-
facine decreases SNA at any given CSP level, the peripheral vasocon-
strictive effect nearly cancels the reduction in the operating-point AP
[14]. On reanalyzing the experimental data on guanfacine, we suggest
that the removal of the peripheral effect would augment a reduction in
the operating-point AP from −5.3 ± 2.7 to −10.5 ± 2.4mmHg
(P < 0.05, n=5) at low-dose guanfacine (20 μg/kg) and from
−5.6 ± 5.1 to −25.0 ± 5.9mmHg (P < 0.01, n=7) at high-dose
guanfacine (100 μg/kg). These results indicate that peripheral vaso-
constriction can significantly modify the AP-lowering effect caused by a
given central antihypertensive agent.

In the present study, the intercept of the peripheral arc represents
AP in the absence of sympathetic tone. High-dose rilmenidine increased
the intercept by approximately 20mmHg (Fig. 2D), which indicates a
direct vasoconstrictive effect. Although we used DMSO as a solvent,
DMSO (1% v/v) alone did not significantly affect the peripheral arc
characteristics (Fig. 4D). The result of the increased intercept might be
in line with a vasoconstrictive effect of rilmenidine on the renal artery
observed in the absence of renal SNA [8]. The increase in the intercept,
however, did not significantly affect the operating-point AP, as de-
monstrated in the baroreflex equilibrium diagram (Fig. 3). This was
because high-dose rilmenidine decreased the slope of the peripheral arc
to approximately 62% of the control value (from 0.82 ± 0.08 to
0.51 ± 0.07mmHg/%) despite increasing the intercept. In our pre-
vious study, moxonidine also reduced the slope of the peripheral arc to
approximately 72%, but the increase in the intercept was so large
(~50mmHg) that the reduction in the slope could not effectively
cancel the effect of the increased intercept on the operating-point AP
[3]. Hence, rilmenidine has a weaker vasoconstrictive effect than
moxonidine in relation to the reduction in the operating-point AP. As

Fig. 3. Baroreflex equilibrium diagrams
obtained by plotting mean neural and per-
ipheral arcs on a pressure–sympathetic
nerve activity (SNA) plane and bar graphs
showing operating-point arterial pressure
(op-AP), operating-point SNA (op-SNA),
and operating-point gain (op-Gain) esti-
mated from equilibrium diagrams of in-
dividual animals (A). Data were obtained
under control conditions (C) and after ad-
ministering low-dose (L), medium-dose (M),
and high-dose (H) rilmenidine. Effects of
rilmenidine on op-AP, op-SNA, and op-Gain
were tested using one-way repeated-mea-
sures analysis of variance (ANOVA) fol-
lowed by Tukey's test. Baroreflex equili-
brium diagrams can be constructed without
changing the peripheral arc from that under
control conditions (B). The reductions in
op-AP from the control value (Δop-AP)
were compared between the baroreflex
equilibrium diagrams with (+) or without
(−) considering the peripheral effect of
rilmenidine using a paired t-test (C). CSP,
carotid sinus pressure; AP, arterial pressure.
Data are the means ± SE (n=9).
⁎P < 0.05, ⁎⁎P < 0.01, ⁎⁎⁎P < 0.001, and
N.S., not significant.
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for the mechanisms by which the slope of the peripheral arc is reduced,
rilmenidine might inhibit the release of norepinephrine from sympa-
thetic nerve terminals by acting on presynaptic α2-adrenergic receptors
[17]. Moxonidine might reduce the release of norepinephrine by acting
on I1-binding sites in addition to α2-adrenergic receptors on the sym-
pathetic neurons [18].

4.2. Central effect of intravenous rilmenidine

Clonidine is a first-generation centrally acting antihypertensive
agent that acts on both I1-imidazoline and α2-adrenergic receptors to
suppress sympathetic outflow from the central nervous system. The
stimulation of α2-adrenergic receptors in the treatment of hypertension
is associated with unwanted side effects such as sedation and dry mouth
[1]. Second-generation centrally acting antihypertensive agents such as
rilmenidine and moxonidine are highly selective for I1-imidazoline re-
ceptors and reduce the side effects related to stimulation of α2-adre-
nergic receptors. Rilmenidine has exhibited a better tolerance profile

than clonidine and α-methyldopa with regard to side effects mediated
by α-adrenergic receptors [19]. Nevertheless, it has been shown that
expression of the α2A-adrenergic receptors is a prerequisite for the
cardiovascular effects of moxonidine and rilmenidine [20]. The current
understanding is that I1-imidazoline receptors are located upstream
from α2-adrenergic receptors in the RVLM and exert a sympathoinhi-
bitory effect by activating those α2-adrenergic receptors [2]. On the
other hand, sedation might be associated with α2-adrenergic stimula-
tion at the locus coeruleus [21], where I1-imidazoline receptor agonists
have little effect [22].

In the present study, rilmenidine significantly reduced the response
range and the lower asymptote of the neural arc (Fig. 2C), which
confirms the central sympathoinhibitory effect. Rilmenidine also de-
creased the midpoint input pressure of the CSP–SNA relationship in a
dose-dependent manner. These changes are consistent with the effect of
rilmenidine injection into the RVLM on the mean AP–renal SNA re-
lationship estimated in a conscious rabbit preparation [2]. The central
effect was not due to DMSO used as a solvent (Fig. 4C). The arterial

Fig. 4. Open-loop static characteristics of the total reflex arc (A), heart rate (HR) control (B), neural arc (C), and peripheral arc (D) and their parameter values
obtained from the dimethyl sulfoxide (DMSO) protocol. Data were obtained under control conditions (C) and after administering the first (D1), second (D2), and third
(D3) injections of DMSO (10 μL/kg each). AP, arterial pressure; CSP, carotid sinus pressure; SNA, sympathetic nerve activity; bpm, beats/min; P1 through P4,
parameters of the fitted sigmoid curve (P1, response range; P2, slope coefficient; P3, midpoint input pressure; P4, lower asymptote); Gmax, maximum gain; b0 and b1,
intercept and slope of the linear regression. One-way repeated-measures analysis of variance (ANOVA) followed by Tukey's test was used for statistical analyses. Data
are the means ± SE (n=5). ⁎P < 0.05 and ⁎⁎P < 0.01.
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baroreflex function is known to be modified over time, which is called
baroreceptor resetting [23]. Although the baroreceptor resetting can
take place even in acute experimental conditions and its application to
pharmacotherapy is suggested [24], the DMSO protocol did not show a
significant time-dependent change in the neural or peripheral arc.
Maintaining CSP at 60mmHg might have reset the baroreflex toward
the lower input pressure, and maintaining CSP at 180mmHg might
have reset the baroreflex toward the higher input pressure; never-
theless, the effect of the resetting was not identified as a time effect,
probably due to the repeated nature of the stepwise CSP input (i.e., the
resetting also repeatedly occurred without producing significant time-
dependent changes across the CSP input sequences). This does not
mean, however, that the stepwise CSP input protocol is not suitable for
detecting all types of baroreceptor resetting. As an example, the neural
arc of SHR showed a significant resetting toward the higher input
pressure compared with that of WKY [25].

Since the vagal and aortic depressor nerves were sectioned, the SNA
response mainly resulted from changes in CSP. It should be noted,
however, that afferent vagal stimulation resets the baroreflex neural arc
and inhibits SNA [26], and vagotomy increases SNA at a given CSP in
Sprague-Dawley rats [27]. These results suggest the presence of a tonic
inhibitory effect on SNA mediated by the vagal nerves, which may be
partly attributable to low-pressure baroreflex activation [28]. Hence,
the vagotomy might have increased baseline SNA and made the effect
of rilmenidine on SNA more easily detectable compared with conditions
of intact vagi. As for the aortic baroreflex, the aortic depressor nerves
terminate centrally to the nucleus tractus solitarius (NTS) as do the
carotid sinus nerves, and the two baroreflex systems share common
neural pathways in the regulation of the cardiovascular system [29].
Since the neural pathways from the carotid sinus and aortic barore-
flexes converge on the RVLM, which is the major site of sympathoin-
hibitory action by rilmenidine, the effect of rilmenidine on the neural
arc may be qualitatively similar between conditions with and without
the aortic denervation. However, if we estimate the carotid sinus bar-
oreflex open-loop characteristics without the aortic denervation, the
aortic baroreflex counteracts the carotid sinus baroreflex and attenuates
the baroreflex responses [30].

4.3. Effects of intravenous rilmenidine on total reflex arc and HR control

Rilmenidine significantly reduced the response range of the total
reflex arc with a slight increase in the lower asymptote (Fig. 2A).
Hence, rilmenidine decreased AP only when baseline AP was high.
Rilmenidine also decreased the maximum gain of the total reflex arc
(Fig. 2A), which is attributable to reductions in both the maximum gain
of the neural arc (Fig. 2C) and the slope of the peripheral arc (Fig. 2D).
A reduction in total reflex gain can reduce stability of AP against
pressure disturbances, which can lead to postural hypotension; how-
ever, no indication of postural hypotension was reported during ril-
menidine treatment in clinical trials on elderly patients [19]. The in-
crease in the lower asymptote of the total reflex arc, resulting from the
peripheral vasoconstrictive effect of rilmenidine, could help avoid hy-
potensive events.

Rilmenidine reduced the response range of HR with a slight de-
crease in the lower asymptote and decreased the midpoint input pres-
sure of the CSP–HR relationship (Fig. 2B). Rilmenidine does not show a
direct chronotropic effect in an isolated rat atria preparation [31].
Because the vagal nerves were sectioned in the present study, changes
in the CSP–HR relationship should be nearly parallel with those in the
neural arc (CSP–SNA relationship), although a possible regional dif-
ference between the cardiac and splanchnic SNAs might affect the HR
response. The time effect might have also partly contributed to the
decrease in the lower asymptote of the HR response because the lower
asymptote also decreased in the DMSO protocol (Fig. 4B). The reduc-
tion in the response range and the maximum gain observed in the HR
control are consistent with the effects on the mean AP–HR relationship

of rilmenidine injection into the fourth ventricle after vagal nerve
blockade (intravenous methscopolamine) in a conscious rabbit pre-
paration [32].

4.4. Limitations

First, the acute effect of rilmenidine on the carotid sinus baroreflex
was examined in anesthetized rats. Hence, the results cannot be directly
applied to the chronic effect of rilmenidine on conscious subjects.
Second, the effect of rilmenidine on vagal outflow was not examined
because of the vagotomy. Rilmenidine can facilitate cardiac vagal re-
sponse [2], and further studies on animals with intact vagi are neces-
sary to elucidate the entire effects of the drug on autonomic cardio-
vascular regulation. Third, the effect of rilmenidine could be different
in hypertensive animals. As an example, SHR exhibits higher SNA than
WKY [25]; and thus, the central effect of rilmenidine could be more
pronounced in SHR. Studies on animal models of hypertension are also
necessary to clarify this matter.

5. Conclusions

Rilmenidine increased the intercept of the peripheral arc of the
carotid sinus baroreflex, which suggests a vasoconstrictive effect;
however, the vasoconstrictive effect did not significantly affect the re-
duction in the operating-point AP. These characteristics are different
from those of moxonidine or guanfacine, which demonstrate significant
vasoconstrictive effects that counteract the AP-lowering effect from
central sympathoinhibition. Separate assessment of drug effects on the
neural and peripheral arcs can more fully elucidate the differential
characteristics of antihypertensive agents with regard to determining
the operating-point AP.

Conflict of interest

The authors declare that there are no conflicts of interest.

Acknowledgements

This study was partly supported by a Grant-in-Aid for Scientific
Research (JSPS KAKENHI Grant Number 18K06451, 18K10695). The
authors confirm that the funder had no influence over the study design,
content of the article, or selection of this journal.

References

[1] L.P. Edwards, T.A. Brown-Bryan, L. McLean, P. Ernsberger, Pharmacological
properties of the central antihypertensive agent, moxonidine, Cardiovasc. Ther. 30
(2012) 199–208.

[2] G.A. Head, S.L. Burke, I1 imidazoline receptors in cardiovascular regulation: the
place of rilmenidine, Am. J. Hypertens. 13 (2000) 89S–98S.

[3] T. Kawada, S. Shimizu, H. Yamamoto, T. Miyamoto, T. Shishido, M. Sugimachi,
Peripheral versus central effect of intravenous moxonidine on rat carotid sinus
baroreflex-mediated sympathetic arterial pressure regulation, Life Sci. 190 (2017)
103–109.

[4] Y. Ikeda, T. Kawada, M. Sugimachi, O. Kawaguchi, T. Shishido, T. Sato, H. Miyano,
W. Matsuura, J. Alexander Jr., K. Sunagawa, Neural arc of baroreflex optimizes
dynamic pressure regulation in achieving both stability and quickness, Am. J.
Physiol. 271 (1996) H882–H890.

[5] T. Kawada, M. Sugimachi, Open-loop static and dynamic characteristics of the ar-
terial baroreflex system in rabbits and rats, J. Physiol. Sci. 66 (2016) 15–41.

[6] P. Ernsberger, J.E. Friedman, R.J. Koletsky, The I1-imidazoline receptor: from
binding site to therapeutic target in cardiovascular disease, J. Hypertens. 15 (1997)
S9–S23.

[7] W.B. Kennedy, L. Crane, R.R. Gonzalez, O.K. George, L.P. Edwards, Centrally acting
imidazolines stimulate vascular alpha 1A-adrenergic receptors in rat-tail artery,
Cell. Mol. Neurobiol. 26 (2006) 645–657.

[8] B.J. Janssen, E.V. Lukoshkova, G.A. Head, Sympathetic modulation of renal blood
flow by rilmenidine and captopril: central vs. peripheral effects, Am. J. Physiol.
Renal Physiol. 282 (2002) F113–F123.

[9] A.A. Shoukas, C.A. Callahan, J.M. Lash, E.B. Haase, New technique to completely
isolate carotid sinus baroreceptor regions in rats, Am. J. Physiol. 260 (1991)
H300–H303.

T. Kawada et al. Life Sciences 219 (2019) 144–151

150

http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0005
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0005
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0005
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0010
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0010
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0015
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0015
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0015
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0015
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0020
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0020
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0020
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0020
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0025
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0025
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0030
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0030
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0030
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0035
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0035
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0035
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0040
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0040
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0040
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0045
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0045
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0045


[10] T. Sato, T. Kawada, H. Miyano, T. Shishido, M. Inagaki, R. Yoshimura, T. Tatewaki,
M. Sugimachi, J. Alexander Jr., K. Sunagawa, New simple methods for isolating
baroreceptor regions of carotid sinus and aortic depressor nerves in rats, Am. J.
Physiol. 260 (1999) H326–H332.

[11] E. Koenig-Berard, C. Tierney, B. Beau, G. Delbarre, F. Lhoste, C. Labrid,
Cardiovascular and central nervous system effects of rilmenidine (S 3341) in rats,
Am. J. Cardiol. 61 (1988) 22D–31D.

[12] N.C. Santos, J. Figueira-Coelho, J. Martins-Silva, C. Saldanha, Multidisciplinary
utilization of dimethyl sulfoxide: pharmacological, cellular, and molecular aspects,
Biochem. Pharmacol. 65 (2003) 1035–1041.

[13] B.B. Kent, J.W. Drane, B. Blumenstein, J.W. Manning, A mathematical model to
assess changes in the baroreceptor reflex, Cardiology 57 (1972) 295–310.

[14] T. Kawada, S. Shimizu, M.J. Turner, M. Fukumitsu, H. Yamamoto, M. Sugimachi,
Systematic understanding of acute effects of intravenous guanfacine on rat carotid
sinus baroreflex-mediated sympathetic arterial pressure regulation, Life Sci. 149
(2016) 72–78.

[15] D.E. Mohrman, L.J. Heller, Cardiovascular Physiology, 7th ed., McGraw-Hill, New
York, 2010, pp. 246–250.

[16] T. Sato, T. Kawada, M. Inagaki, T. Shishido, H. Takaki, M. Sugimachi, K. Sunagawa,
New analytic framework for understanding sympathetic baroreflex control of ar-
terial pressure, Am. J. Physiol. 276 (1999) H2251–H2261.

[17] K. Pompermayer, M.C. Salgado, J. Feldman, P. Bousquet, Cardiovascular effects of
clonidine-like drugs in pithed rabbits, Hypertension 34 (1999) 1012–1015.

[18] W. Raasch, B. Jungbluth, U. Schäfer, W. Häuser, P. Dominiak, Modification of
noradrenaline release in pithed spontaneously hypertensive rats by I1-binding sites
in addition to α2-adrenoceptors, J. Pharmacol. Exp. Ther. 304 (2003) 1063–1071.

[19] J.L. Reid, Rilmenidine: a clinical overview, Am. J. Hypertens. 13 (2000)
106S–111S.

[20] Q.-M. Zhu, J.D. Lesnick, J.R. Jasper, S.J. MacLennan, M.P. Dillon, R.M. Eglen,
D.R. Blue Jr., Cardiovascular effects of rilmenidine, moxonidine and clonidine in
conscious wild-type and D79N α2A-adrenoceptor transgenic mice, Br. J. Pharmacol.
126 (1999) 1522–1530.

[21] G.B. De Sarro, C. Ascioti, F. Froio, V. Libri, G. Nisticò, Evidence that locus coeruleus
is the site where clonidine and drugs acting at α1- and α2-adrenoceptors affect sleep

and arousal mechanisms, Br. J. Pharmacol. 90 (1987) 675–685.
[22] B. Szabo, R. Fröhlish, P. Illes, No evidence for functional imidazoline receptors on

locus coeruleus neurons, Naunyn Schmiedeberg's Arch. Pharmacol. 353 (1996)
557–563.

[23] M.W. Chapleau, G. Hajduczok, F.M. Abboud, Mechanisms of resetting of arterial
baroreceptors: an overview, Am. J. Med. Sci. 295 (1988) 327–334.

[24] W. Zhang, Z. Wang, Resetting baroreceptors to a lower arterial pressure level by
enalapril avoids baroreflex mediated activation of sympathetic nervous system by
nifedipine, Life Sci. 68 (2001) 2769–2779.

[25] Y. Sata, T. Kawada, S. Shimizu, A. Kamiya, T. Akiyama, M. Sugimachi, Predominant
role of neural arc in sympathetic baroreflex resetting of spontaneously hypertensive
rats, Circ. J. 79 (2015) 592–599.

[26] K. Saku, T. Kishi, K. Sakamoto, K. Hosokawa, T. Sakamoto, Y. Murayama, T. Kakino,
M. Ikeda, T. Ide, K. Sunagawa, Afferent vagal nerve stimulation resets baroreflex
neural arc and inhibits sympathetic nerve activity, Physiol. Rep. 2 (2014) e12136.

[27] T. Kawada, M. Li, C. Zheng, M. Sugimachi, Acute effects of vagotomy on baroreflex
equilibrium diagram in rats with chronic heart failure, Clin. Med. Insights Cardiol.
10 (2016) 139–147.

[28] Y. Oga, K. Saku, T. Nishikawa, T. Kishi, T. Tobushi, K. Hosokawa, T. Tohyama,
T. Sakamoto, K. Sunagawa, H. Tsutsui, The impact of volume loading-induced low
pressure baroreflex activation on arterial baroreflex-controlled sympathetic arterial
pressure regulation in normal rats, Physiol. Rep. 6 (2018) e13887.

[29] H. Seller, Central baroreceptor reflex pathways, in: P.B. Persson, H.R. Kirchheim
(Eds.), Baroreceptor Reflexes Integrative Functions and Clinical Aspects, Springer-
Verlag, Berlin Heidelberg, 1991, pp. 45–74.

[30] T. Kawada, M. Inagaki, H. Takaki, T. Sato, T. Shishido, T. Tatewaki, Y. Yanagiya,
M. Sugimachi, K. Sunagawa, Counteraction of aortic baroreflex to carotid sinus
baroreflex in a neck suction model, J. Appl. Physiol. 89 (2000) 1979–1984.

[31] A. Radwanska, J. Dlugokecka, R. Wasilewski, R. Kaliszan, Testing conception of
engagement of imidazoline receptors in imidazoline drugs effects on isolated rat
heart atria, J. Physiol. Pharmacol. 60 (2009) 131–142.

[32] S.J. Godwin, C.F. Tortelli, M.L. Parkin, G.A. Head, Comparison of the baroreceptor-
heart rate reflex effects of moxonidine, rilmenidine and clonidine in conscious
rabbits, J. Auton. Nerv. Syst. 72 (1998) 195–204.

T. Kawada et al. Life Sciences 219 (2019) 144–151

151

http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0050
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0050
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0050
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0050
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0055
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0055
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0055
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0060
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0060
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0060
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0065
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0065
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0070
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0070
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0070
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0070
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0075
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0075
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0080
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0080
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0080
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0085
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0085
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0090
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0090
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0090
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0095
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0095
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0100
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0100
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0100
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0100
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0105
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0105
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0105
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0110
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0110
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0110
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0115
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0115
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0120
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0120
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0120
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0125
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0125
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0125
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0130
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0130
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0130
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0135
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0135
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0135
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0140
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0140
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0140
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0140
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0145
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0145
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0145
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0150
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0150
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0150
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0155
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0155
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0155
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0160
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0160
http://refhub.elsevier.com/S0024-3205(19)30009-8/rf0160

	Even weak vasoconstriction from rilmenidine can be unmasked in vivo by opening the baroreflex feedback loop
	Introduction
	Materials and methods
	Surgical procedures
	Protocol
	Data analyses
	Statistical analyses

	Results
	Discussion
	Peripheral effect of intravenous rilmenidine
	Central effect of intravenous rilmenidine
	Effects of intravenous rilmenidine on total reflex arc and HR control
	Limitations

	Conclusions
	Conflict of interest
	Acknowledgements
	References




