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Original Article 

Actions of rilmenidine on neurogenic hypertension in BPH/2J 
genetically hypertensive mice 
 
Kristy L. JACKSONa,b, Kesia PALMA-RIGOa, Thu-Phuc NGUYEN-HUUb, *Pamela J. DAVERNa, 
*Geoffrey A. HEADa,b 

 

 
Objective: BPH/2J hypertensive mice have an 
exaggerated sympathetic contribution to blood 
pressure (BP). Premotor sympathetic neurons within 
the rostroventrolateral medulla (RVLM) are a major 
source of sympathetic vasomotor tone and major site 
of action of the centrally-acting sympatholytic agent, 
rilmenidine. The relative cardiovascular effect of 
rilmenidine in BPH/2J versus normotensive BPN/3J 
mice was used as an indicator of the involvement of 
the RVLM in the sympathetic contribution to 
hypertension in BPH/2J mice.  
Methods: BPH/2J and BPN/3J mice were pre-implanted 
with telemetry devices to measure BP in conscious 
unrestrained mice. Rilmenidine was administered 
acutely (n=7-9/group), orally for 14 days at a wide 
range of doses (n=5/group) and also infused 
intracerebroventricularly for 7 days (n=6/group). 
Results: Acute intraperitoneal rilmenidine induced 
greater depressor and bradycardic responses in BPH/2J 
than BPN/3J mice (Pstrain<0.01). Both responses were 
reduced by atropine pre-treatment, with the remaining 
hypotensive effect being small and comparable 
between strains (Pstrain=1.0). This suggests that vagally 
induced reductions in cardiac output were responsible 
for the hypotension. Chronic intracerebroventricularly 
infused rilmenidine reduced BP from baseline 
marginally in BPH/2J mice during the dark (active) 
period (-6.5±2mmHg, P=0.006). Chronic orally 
administered rilmenidine (1-12mg/kg/day) also had 
minimal effect on 24-hour BP in both strains (P>0.16). 
Conclusion: The sympathetic vasomotor inhibitory 
effect of rilmenidine is minimal in both strains and 
similar in hypertensive BPH/2J and BPN/3J mice. Thus 
hypertension in BPH/2J mice is not likely mediated by 
greater neuronal activity in the RVLM and agents such 
as rilmenidine would be an ineffective treatment for 
this form of neurogenic hypertension. 

Key words: Hypertension; rilmenidine; BPH/2J mice; 
sympathetic nervous system; rostroventrolateral 
medulla. 

INTRODUCTION 
Genetically hypertensive BPH/2J mice are thought to 
have a neurogenic form of hypertension primarily 

based on ganglion blockade being capable of abolishing 
the hypertension and greater mid frequency mean 
arterial pressure (MF MAP) power in BPH/2J mice, 
which is indicative of greater sympathetic nervous 
system (SNS) activity [1]. The hypertension in BPH/2J 
mice has been suggested to be similar to that of ‘white-
coat’ hypertensive patients based on the SNS hyper-
responsivity, exaggerated circadian related BP surges 
and cardiovascular hyper-reactivity to stressful 
situations that is apparent in both BPH/2J mice and 
white coat hypertensive patients [1-6]. Early studies 
reported abnormal catecholamine levels in the brain of 
BPH/2J mice compared with control mice indicating 
that the central nervous system (CNS) may play a role 
in the hypertension [7, 8]. More recently brain imaging 
studies have identified differences in neuronal activity 
in autonomic cardiovascular regulatory brain regions 
using both cytochrome oxidase and Fos as markers of 
neuronal activity [1, 9]. Taken together these studies 
suggest that hypertension in BPH/2J mice may be of 
central origin and principally involving greater 
sympathetic vasomotor tone. 
Premotor sympathetic neurons located within the 
rostroventrolateral medulla (RVLM) are recognized as a 
major region regulating the SNS contribution to the 
cardiovascular regulation [10-12]. Hypertension in 
spontaneously hypertensive rats (SHR) is reported to 
be neurogenic particularly early in the development of 
the hypertension prior to structural changes [13] due to 
higher sympathetic activity involving the RVLM [14, 15]. 
SHR are also very responsive to centrally acting 
antihypertensive drugs such as clonidine and 
rilmenidine [16].  Whilst there are peripherally  
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mediated BP effects of these drugs [17, 18], the main 
antihypertensive effect is reportedly due to central 
sympatholytic actions [19]. 
Rilmenidine in particular is an agonist at imidazoline 
and α-adrenergic receptors and its central hypotensive 
effects has been shown to be mainly, if not entirely 
through actions at the RVLM [20]. The main evidence 
for this comes from studies in conscious rabbits 
indicating that small doses of antagonists into the 
RVLM block the hypotensive actions of systemic 
rilmenidine [19]. Additionally there is also evidence 
from the marked hypotensive effect of intra-RVLM 
injections of low dose rilmenidine in rats. [21, 22]. To 
our knowledge there has been limited assessment of 
the specific actions of rilmenidine in the RVLM of mice. 
However intraRVLM injection of moxonidine, a similar  
imidazoline/ alpha2 agonist,  produce marked 
depressor responses in anaesthetised WT mice which 
were of comparable magnitude as that induced by 4th 
ventricle injections of rilmenidine in WT mice [23, 24]. 
Whether the RVLM contributes to the hypertension in 
BPH/2J mice is unresolved. Studies by Davern and 
colleagues showed that activation of the RVLM in 
BPH/2J mice, as assessed by Fos 
immunohistochemistry, occurs during the dark (active) 
period of the mouse nocturnal cycle but the level of 
activation is similar to BPN/3J mice [1]. By contrast in 
BPH/2J mice the very much greater level of activation 
in the forebrain regions such as the hypothalamus and 
also the amygdala [1] suggest that the hypertension in 
BPH/2J is more related to areas involved in the 
cardiovascular response to aversive stress [25] and may 
therefore involve activation of the SNS without 
involving the bulbospinal presympathetic pathways via 
the RVLM [26]. If this is correct, treatment with 
rilmenidine would be relatively ineffective as its major 
site of action is the RVLM. Thus the aim of the present 
study is to determine whether the neurogenic 
hypertension in BPH/2J mice is responsive to treatment 
with rilmenidine which would likely indicate a major 
role of the pre-sympathetic neurons in the RVLM.  
The acute cardiovascular response to rilmenidine was 
determined both with and without vagal inhibition, to 
delineate the sympatholytic from vagal excitatory 
effects of rilmenidine [27]. Rilmenidine was also 
chronically infused directly into the lateral ventricle of 
the brain to determine the effect on BP and stress 
reactivity whilst aiming to minimise the peripheral 
effects of rilmenidine on BP [28]. The sympatholytic 
effect of rilmenidine treatment was assessed using 
spectral analysis to assess BP variability in the mid 
frequency (MF) range as an indicator of SNS activity. 
We also determined the chronic hypotensive effect of 
orally administered rilmenidine at a wide range of 
dose. Together these studies provide a comprehensive 
evaluation of the effect of rilmenidine in hypertensive 
BPH/2J and normotensive BPN/3J mice. 

Methods 
Experiments were performed on male normotensive 
(BPN/3J, n=38) and hypertensive mice (BPH/2J, n=41). 
The experiments were approved by the Alfred Medical 
Research Education Precinct Animal Ethics Committee 
and conducted in accordance with the Australian Code 
of Practice for Scientific Use of Animals. 

Preliminary surgeries 
ICV cannula implantation 
BPH/2J (n=15) and BPN/3J (n=12) mice undergoing 
chronic central infusion (Study 2) first underwent 
surgery to implant a 30G intracerebroventricular (ICV) 
guide cannula, implanted under  Ketamine (Ketalar, 
Pfizer)/Xylazine (Ilium Xylazil-20, Smithfield, 
Australia)/Atropine (Sigma, StLouis, USA) mixture, 100, 
10, and 1.2mg/kg respectively. A computer aided Leica 
Angle Two Mouse stereotaxic apparatus directed 
placement of the cannula tip at 0.5mm posterior from 
bregma, 1.2mm lateral from the midline and 2.2mm 
ventral to the skull surface. The cannula was secured in 
place with M1.0 cheese-head stainless steel screws 
(Mirofasteners, Melbourne, Victoria, Australia) and 
dental cement (Vertex, Zeist, Netherlands). SP45 tubing 
attached to the cannula by SP10 tubing was tunneled 
along the back of the neck to allow connection of a 
minipump (Alzet model 1002, DURECT Corporation, 
Cupertino, CA, US) at a later stage. Anaesthesia was 
reversed with 0.2mg/kg Atipamezole HCl (Antisedan, 
Pfizer). Mice were allowed 14 days to recover prior to 
subsequent telemetry surgery. 
Telemetry probe implantation 
All mice (Study 1, 2 and 3) underwent surgery to 
implant BP telemetry transmitters (model TA11PA-C10; 
Data Sciences International, St Paul, Minnesota, USA) 
under isoflurane open circuit anesthesia (5% induction 
and 1.5-2% maintenance). The catheter of the 
telemetry device was inserted into the carotid artery 
and the transmitter probe was positioned 
subcutaneously along the right flank [29]. The mice 
were housed individually in a room with 12:12 hour 
light-dark cycle (1am-1pm light) with access ad libitum 
to water and mouse chow (Specialty Feeds, Glen 
Forrest, Western Australia, 19% protein, 5% fat, 5% 
fiber, 0.2% sodium). 
Preliminary recordings 
After 10 days recovery from radiotelemetry surgery, all 
mice underwent an initial continuous 48-hour 
recording of systolic (SAP), diastolic (DAP) and 
calculated mean arterial pressure (MAP), heart rate 
(HR) and locomotor activity measured in freely moving 
mice in their home cage. The recordings were sampled 
at 1000 Hz using an analog-to-digital data acquisition 
card (National Instruments 6024E) as described 
previously [30]. The beat-to-beat arterial pressure and 
HR were detected on line and analyzed later using a 
program written in Labview [31]. All subsequent 
cardiovascular and locomotor recordings for study 1, 2 
and 3 were conducted in the same manner. 

2 
 



Jackson et al  Rilmenidine in BPH/2J hypertensive mice  

Study 1: Acute peripheral rilmenidine treatment 
During the dark (active) period (>2 hours after dark 
onset) cardiovascular parameters of BPN/3J (n=7-9) 
and BPH/2J mice (n=7-9) were measured 30 minutes 
before and after intraperitoneal (i.p.) injections of 
either 1.5mg/kg rilmenidine, 2mg/kg atropine (Sigma,St 
Lois, MO, USA) and saline. Additionally rilmenidine was 
also administered 30 minutes following pre-treatment 
with atropine. Acute drug doses used in the present 
study were based on those reported to have 
hypotensive effectiveness [32, 33]. All drugs were 
freshly prepared in 0.9% saline each day and the effect 
of each drug or drug combination were assessed on 
separate days. 

Study 2: Chronic ICV and subcutaneous and 
administration 
Preliminary dose finding study 
To identify an effective central dose with minimal 
peripheral effects, a preliminary cumulative ICV or 
subcutaneous (s.c.) dose response curve to rilmenidine 
dihydrogen phosphate (Servier, Neuilly, France; 6, 10 
and 20µg) was performed on separate days with 
BPH/2J mice (n=3). The dose of rilmenidine selected for 
chronic infusion (15mg/hr) was chosen to mimic a 
similar steady state response as the 20mg ICV bolus (as 
determined by the preliminary dose response study). 
Main study  
Baseline measurements of cardiovascular parameters 
and locomotor activity were recorded for 48 hours 
followed by behavioral tests (detailed below) 
performed in the two subsequent days. Hypertensive 
BPH/2J and normotensive BPN/3J mice were 
administered either Ringer’s solution (vehicle, 
n=6/group) or 15mg/hour rilmenidine (n=6/group) 
infused via an osmotic minipump (0.22ul/hr). Osmotic 
pumps were implanted subcutaneously under 
isoflurane open circuit anesthesia (5% induction and 
1.5-2% maintenance) through a small incision between 
the scapula. Following 7 days of s.c. infusion, 
cardiovascular parameters and locomotor activity were 
recorded for 48 hours and the behavioral tests 
repeated. To infuse rilmenidine or Ringer’s solution 
into the lateral ventricle mice underwent a final minor 
surgery to connect a subcutaneously implanted 
minipump via SP45 tubing to the pre-implanted ICV 
guide cannula. Following 7 days of ICV infusion, 
cardiovascular parameters and locomotor activity were 
recorded for another 48 hours and behavioral tests 
were repeated. 
Behavioral tests 
After 48-hour cardiovascular recordings at baseline and 
during s.c. and ICV infusion, mice were exposed to 
aversive behavioral stimuli performed on two separate 
days during the light period when the animals were 
inactive as described previously [3, 34]. Restraint was 
conducted on the first day and dirty cage-switch stress 
was performed on the second day. Restraint stress was 
performed by guiding the mouse into a cylindrical 

plexiglass restrainer with a sliding back plate to confine 
the animal for 60 minutes. Dirty cage-switch stress 
involved removing the mouse from its home cage and 
placing it for 60 minutes in a cage previously occupied 
by another male mouse.  

Cardiovascular variability and the cardiac 
baroreceptor sensitivity 
During chronic minipump administration of rilmenidine 
the beat-to-beat data from 48-hour recordings were 
analyzed separately to calculate power spectra using a 
program written in Labview [31]. The auto- and cross-
power spectra were calculated for multiple overlapping 
(by 50%) segments of MAP and HR using a Fast Fourier 
transform as adapted for conscious mice [35]. The 
cardiac baroreflex sensitivity was estimated as the 
average value of the transfer gain in the frequency 
band between 0.3 and 0.5 Hz [35]. Baroreflex slope was 
considered significant if the coherence between MAP 
and HR across several overlapping segments in the 
analyzed frequency band was >0.4. Data from the light 
(inactive) period and dark (active) period with low 
locomotor activity were chosen (usually 4 from each 
circadian period) from 48 hour recordings minimizing 
the influence of physical activity. 

Light-Dark BP surge analysis 
The continuous 48-hour cardiovascular 

measurements recorded at baseline and during s.c and 
ICV rilmenidine, were averaged to hourly values fitted 
to a double logistic curve using an equation described 
previously [36]. Using this analysis the average range of 
the BP surge (mmHg); average rate of rise in BP 
(mmHg/hour); and the duration of the rise in BP 
(hours) was determined for the BP surge leading from 
the light to the dark period in these nocturnal mice, 
which is equivalent to the morning surge in BP 
displayed in humans.  

Study 3: Oral rilmenidine treatment (14 days) 
BPH/2J and BPN/3J mice (n=5/group) were treated with 
rilmenidine at 1 and 2 or 6 and 12mg/kg/day with the 
dose range based upon previous studies in rats [16, 37, 
38]. Each mouse received two rilmenidine doses added 
to the drinking water and water alone in a random 
order cross over design. Rilmenidine doses were 
adjusted according to the volume ingested during the 
previous period every 5 days during treatment. After 14 
days of treatment, cardiovascular parameters and 
locomotor activity were recorded for another 48 hours. 
No washout period was allowed between the three 
treatments received by each mouse because 
pharmacokinetic data suggests rilmenidine is rapidly 
removed from the plasma [38] and as such no carry 
over effect was expected on the cardiovascular 
measurements carried out more than 14 days after 
changing the treatment . 

Statistical Analysis 
Cardiovascular data were expressed as mean ± 
standard error of the mean (SEM). The data were 
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analyzed by multi-factor, nested split-plot analysis of 
variance (ANOVA), which allowed for within animal and 
between animal contrasts.[39] A combined residual 
was used that pooled the between and within animal 
variance as described previously [40]. A probability of 
P<0.05 was considered significant. Effect of treatment 
“treat” represents the effect relative to baseline. Effect 
of strain represents the difference between BPN/3J and 
BPH/2J mice. 

Results 

Study 1: Acute effect of i.p. rilmenidine treatment 
Rilmenidine alone 
MAP, HR and locomotor activity during the 30 minute 
control period prior to treatment were greater in 
BPH/2J mice than BPN/3J mice (Pstrain<0.01). 
Rilmenidine induced marked depressor responses from 
baseline in both strains (Ptreat<0.001) which were 87% 
greater in BPH/2J mice (n=8) compared with BPN/3J 
mice (n=9, Pstrain=0.004, Figure 1A). There were also 
large bradycardic responses in both strains (P<0.001 for 
both), which were 42% greater in the BPH/2J compared 
with BPN/3J mice (Pstrain=0.008). Additionally, 
rilmenidine induced reductions in locomotor activity in 
both strains but more so in BPH/2J mice (Ptreat<0.01, 
Pstrain<0.001). 
Atropine pre-treatment prior to rilmenidine 
Rilmenidine administration following atropine pre-
treatment induced mild hypotensive responses in both 
strains (Ptreat<0.01, Figure 1A) which were comparable 
between strains (Pstrain=1.0). However depressor 
responses induced by rilmenidine following atropine 
treatment were markedly lower compared with 
rilmenidine treatment alone in BPH/2J mice (n=8, 
Ptreat<0.001) but not BPN/3J mice (n=7, Ptreat=0.08). 
Atropine pre-treatment attenuated the bradycardic 
response to rilmenidine alone in BPH/2J (Ptreat=0.006) 
but not BPN/3J mice (Ptreat=0.3).  Atropine pre-
treatment attenuated the reductions in locomotor 
activity caused by rilmenidine treatment in BPH/2J 
mice (Ptreat=0.001) but not BPN/3J mice (Ptreat=0.6). 
Atropine alone 
Atropine treatment induced a small rise in BP in BPH/2J 
mice (n=7, Ptreat<0.001) but not BPN/3J mice (n=8, 
Ptreat=0.2, Pstrain=0.09, Figure 1B). Atropine induced 
similar tachycardic responses in both strains 
(Ptreat<0.001, Pstrain=0.9). Locomotor activity was 
reduced by atropine treatment in BPN/3J mice 
(P=0.008) but not BPH/2J. 
Control (vehicle) 
Vehicle administration induced a slight increase in MAP 
in BPH/2J mice (4.9±1.5mmHg, Ptreat=0.02) but not 
BPN/3J mice (Ptreat=0.9) although responses were 
similar between strains (Pstrain=0.22, Figure 1B). 
Following vehicle administration HR returned to 
baseline in BPN/3J (Ptreat=0.9) but remained slightly 
elevated in BPH/2J mice (Ptreat=0.003, Pstrain=0.02). 
Locomotor activity returned to baseline following 

vehicle treatment in BPH/2J mice (Ptreat=0.6) but tended 
to remain elevated in BPN/3J mice (Ptreat=0.05). 

Study 2: Chronic ICV and subcutaneous and 
administration 
Preliminary dose finding study 
Acute ICV injection of 6-10mg of rilmenidine reduced 
MAP by 3-5 % from baseline in BPH/2J mice, but i.p. 
injections of the same doses induced comparable 
responses (Proute=0.07, Figure 2A). Treatment with 20mg 
rilmenidine ICV, induced a 13% reduction in MAP which 
was over 3 times greater than the response induced by 
20mg of rilmenidine injected i.p. (Proute<0.001, Figure 
2A). The hypotensive effect of treatment with 20mg 
rilmenidine ICV was observed to last between 60-90 
minutes (Figure 2B).  

Effect of chronic minipump infused rilmenidine on 
cardiovascular and locomotor measurements 
24-hour average MAP was 24% greater in hypertensive 
BPH/2J than normotensive BPN/3J mice (Pstrain<0.001), 
whilst HR was 29% greater (Pstrain<0.001) and locomotor 
activity was 1.8 fold greater (n=6/group, Pstrain<0.001). 
Following 7 days of ICV or s.c. infusion of rilmenidine 
(15mg/hr) there was no change to MAP or HR during 
the light (inactive) period in BPN/3J or BPH/2J mice 
(n=6/group, Figure 3). However, ICV administration of 
rilmenidine reduced MAP by 5% in BPH/2J (Ptreat=0.006) 
during the dark (active) period but not in BPN/3J mice 
(Ptreat=0.5). Subcutaneously administered rilmenidine 
reduced MAP by 5% in both BPN/3J and BPH/2J mice 
(Ptreat<0.05). Importantly there was no strain by 
treatment interaction for either ICV (PInteraction=0.9) or 
s.c. infused rilmenidine (PInteraction=1.0). During the dark 
(active) period ICV administration of rilmenidine 
reduced HR in BPN/3J and BPH/2J mice (P<0.01), whilst 
s.c. treatment only reduced HR in BPN/3J mice 
(P=0.01). There was no strain by treatment interaction 
for either ICV (PInteraction=0.8) or s.c. administered 
rilmenidine (PInteraction=0.9). Neither ICV nor s.c. 
administration of rilmenidine affected day-time or 
night-time activity levels in either strain (Ptreat>0.1, 
Figure 3). 
Following 7 days of ICV or s.c. infusion of Ringer’s 
solution there was no change to MAP (Ptreat>0.07), HR 
(Ptreat>0.09) or locomotor activity (Ptreat>0.6) during the 
light (inactive) period or dark (active) period in BPN/3J 
or BPH/2J mice (n=6/group, Figure 4). 

Cardiovascular variability and cardiac baroreflex 
sensitivity 

In the dark (active) period, MF MAP power 
was 2.4 fold greater in BPH/2J compared with BPN/3J 
mice (Pstrain<0.001, n=6/group, Table 1 & Table S1) 
whilst baroreflex gain tended to be greater in BPN/3J 
than BPH/2J mice (Pstrain=0.06). Chronic ICV and s.c. 
infusion of rilmenidine both decreased MF MAP power 
in BPH/2J mice (Ptreat<0.002). By contrast neither s.c. 
nor ICV administration of rilmenidine effected MF MAP 
power in BPN/3J mice (Ptreat=1.0). ICV administration of 
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rilmenidine increased gain in BPH/2J mice only 
(Ptreat<0.001), whilst peripheral rilmenidine treatment 
only tended to increase gain in BPH/2J mice 
(Ptreat=0.06). 

During the light (inactive) period MF MAP 
power (Pstrain=1.0), baroreflex gain (Pstrain=1.0) and MF 
HR power (Pstrain=0.2) were similar in BPN/3J and 
BPH/2J mice (n=6/group, Table 1 & Table S2). MF MAP 
power was not affected by chronic s.c. (Ptreat>0.2) or 
ICV infusion of rilmenidine (Ptreat>0.6) in either strain. 
Both s.c. and ICV administration of rilmenidine 
increased baroreflex gain in BPH/2J mice (Ptreat<0.03) 
but not BPN/3J mice (Ptreat=1.0).  

Light-dark BP surge analysis 
At baseline, the difference in MAP from the light to 
dark plateau (MAP range) was 2.4 fold greater in 
BPH/2J than BPN/3J mice (Pstrain<0.001, Table 2). The 
rate at which this surge in BP took place was 
comparable between strains (MAP rate of rise (ROR); 
Pstrain=1.0) as was the time taken for the surge to take 
place (Duration; Pstrain=0.7). Vehicle treatment, whether 
infused s.c. or ICV did not influence MAP range, ROR or 
duration in either strain (Ptreat>0.07, Table 2). Likewise, 
subcutaneous rilmenidine infusion also did not change 
MAP range, ROR or duration in either strain (Ptreat>0.1).  
ICV administration of rilmenidine did not affect the BP 
range in either strain (Ptreat>0.1). However, it did cause 
a marked reduction in the MAP ROR in both strains 
(Ptreat<0.05). Additionally ICV rilmenidine treatment 
caused a marked increase in duration of the BP surge in 
BPH/2J mice only (Ptreat=0.02). 

Cardiovascular response to behavioral tests 
Dirty cage-switch 
Dirty cage-switch stress elicited a rise in BP and 
locomotor activity in both strains (Figure S1, 
n=6/group) which were greater in BPH/2J than BPN/3J 
mice (Pstrain<0.001), whereas the rise in HR was 23% 
greater in BPN/3J compared with BPH/2J mice 
(Pstrain=0.009). Subcutaneous infusion of rilmenidine 
had minimal effect on the pressor, tachycardic and 
locomotor activity response to dirty cage switch stress 
in both strains, except for an attenuation of the 
tachycardic response in BPH/2J mice (Ptreat=0.04). By 
contrast ICV infusion of rilmenidine attenuated the 
pressor and tachycardic responses in both strains 
(Ptreat<0.05) and also attenuated the locomotor activity 
response in BPH/2J mice (Ptreat=0.03).  
Restraint 
One hour of restraint stress elicited sustained pressor 
responses in both strains (n=6/group, Figure S2) which 
were 41% greater in BPH/2J compared with BPN/3J 
mice (Pstrain<0.001). By contrast the tachycardic 
response was less in BPH/2J mice (Pstrain<0.001). ICV 
and s.c. rilmenidine had minimal effect on the pressor, 
tachycardic and locomotor activity responses to 
restraint in both strains except ICV rilmenidine which 
attenuated the tachycardic response in BPN/3J mice 
(Ptreat=0.002).  

Study 3: Effect of chronic oral rilmenidine 
Baseline MAP was 19% greater in BPH/2J compared 
with BPN/3J mice (Pstrain<0.001), whilst HR was 26% 
greater (Pstrain<0.001) and locomotor activity was over 2 
fold greater (Pstrain=0.01). Chronic orally administered 
rilmenidine at doses 1, 2, 6 and 12mg/kg/day, had no 
effect in either strain on MAP (Ptreat>0.2), HR (Ptreat>0.2) 
or locomotor activity (Ptreat>0.7, Figure 5). 

Discussion 
The aim of the present study was to establish whether 
the neurogenic hypertension in BPH/2J mice is 
responsive to rilmenidine treatment as this would be 
indicative of a contribution from the pre-sympathetic 
neurons in the RVLM. The initial findings showed acute 
i.p. rilmenidine produced a marked ~35mmHg 
hypotension in BPH/2J compared with ~20 mmHg in 
BPN/3J mice. This dose also produced profound 
bradycardia which was markedly greater in BPH/2J (-
320 b/min) compared with BPN/3J (-220 b/min). If 
these finding were considered alone, this may be 
interpreted as indicating BPH/2J mice have higher 
sympathetic vasomotor tone. However the greater 
depressor and bradycardic response to rilmenidine in 
BPH/2J compared with BPN/3J mice was abolished by 
atropine, likely by preventing a reduction in cardiac 
output. Without these vagal excitatory effects of 
rilmenidine, the acute hypotensive response to 
rilmenidine was comparable between strains. The 
remaining hypotension after atropine, was minimal and 
similar in both strains, most likely reflecting the 
sympatho-inhibitory actions of rilmenidine.  Indeed 
chronic central infusion of rilmenidine reduced BP only 
marginally during the dark (active) period in BPH/2J 
mice and also had little effect in BPN/3J mice. The 
limited hypotensive effect is not likely due to an 
insufficient dose of rilmenidine because two week oral 
administration at a wide range of doses (1-12 
mg/kg/day) also had similarly little effect on BP in both 
strains. Thus the present study provides evidence from 
peripheral, central, acute and chronic treatments in a 
wide range of doses that the sympathetic vasomotor 
inhibitory actions of rilmenidine treatment is modest at 
best and is similar in both strains of mice. This contrasts 
the large hypotensive response we have previously 
reported using ganglion blockade, which was greater 
than 50 mmHg in BPH/2J and 30mmHg in BPN/3J mice 
[1]. This treatment abolished the difference between 
strains and was the primary evidence for suggesting 
that the hypertension in BPH mice was of neurogenic 
origin. Since the primary site of action of rilmenidine is 
at imidazoline and α2 adrenoceptors within the RVLM 
[19], these findings together suggest that sympathetic 
outflow influenced by the RVLM is not contributing to 
BPH/2J hypertension. We conclude that hypertension 
in BPH/2J is likely to arise from sympathetic activity 
driven from regions other than the RVLM. 
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Effect of chronic central rilmenidine infusion 
Previous studies have shown that vagal excitatory 
effects become less prominent with chronic treatment 
[27, 41] likely due to central α2-adrenoceptors 
desensitization [38]. Thus to avoid these and other 
acute effects on the heart [18] as well as other 
peripheral actions of rilmenidine[42], the main focus of 
the present study involved determining the central 
sympatholytic hypotensive effects by central infusion 
of rilmenidine. The initial acute dose finding study in 
BPH/2J mice determined an ICV dose of rilmenidine 
that produced a greater hypotensive effect than when 
given peripherally. Central infusion of the chosen dose 
of rilmenidine for 7 days only produced mild 
hypotensive responses during the dark (active) period 
in BPH/2J mice. Furthermore this was not greater than 
the response in BPN/3J mice and did not reduce 
daytime BP in either strain. This contrasts with findings 
showing comparatively larger hypotensive effects in 
SHR treated chronically with rilmenidine [16, 38]. The 
pressor response to restraint stress was not influenced 
by rilmenidine treatment in either strain. This is 
consistent with the ability of rilmenidine to preserve 
phasic BP responses including those associated with 
stress [43] and also suggests that vascular reactivity 
was unaltered by rilmenidine treatment. ICV infusion of 
rilmenidine slightly attenuated the pressor response to 
dirty cage-switch stress but this was likely related to 
the mild reduction of the extreme locomotor activity 
surge associated with this particular stressor. 
Rilmenidine infusion markedly reduced the rate of the 
rise (ROR) in BP from light (inactive) to dark (active) 
period in both strains, a parameter which is positively 
associated with SNA [44], indicating there may be some 
influence of rilmenidine on SNA in these mice. 
Moreover rilmenidine infusion also resulted in a 
reduction in night-time MAP power in the MF range 
only in BPH/2J mice, which indicates a reduction in SNS 
activity. Rilmenidine treatment also increased 
baroreflex gain exclusively in BPH/2J mice, which is 
consistent with the effect of rilmenidine in mild 
essential hypertensive patients [45]. The reduction in 
MF MAP power to similar levels observed in 
normotensive BPN/3J mice indicates that chronic 
rilmenidine treatment does appear to effectively 
reduce vasomotor SNS activity. However despite the 
apparent sympatholytic effect, rilmenidine treatment 
does not result in an overtly greater hypotensive effect 
in BPH/2J mice. 
In the final study we used an alternate route of 
administration and a wide range of doses, performed 
to ensure that any central sympathoinhibitory actions 
of rilmenidine would be revealed. Doses between 1 and 
12 mg/kg/day of rilmenidine were administered via 
drinking water for two weeks. This route of 
administration is known to have hypotensive effects in 
SHR [16]. However chronic oral treatment for two 
weeks did not influence 24-hour BP in either strain, 
despite being administered at doses ranging from 

below to above dosages shown to effectively lower BP 
in SHR [16, 37, 38]. As such it appears that chronic 
administration of rilmenidine, whether administered 
centrally or peripherally (orally or by s.c. minipump) 
does not induce marked hypotensive responses in 
either strain. Chronic delivery of rilmenidine is not 
widely reported in normotensive rats, but SHR are 
reported to respond with 8-15% decrease in BP 
depending on dose and route of administration [16, 
38], therefore the minimal hypotensive effect of 
rilmenidine in hypertensive BPH/2J mice is unexpected. 
The expectation that rilmenidine should induce 
hypotensive responses of approximately similar 
magnitude as the hypotension caused by ganglion 
blockade is reasonable given our previous findings in 
other normotensive species such as the rabbit. In these 
previous studies, pentolinium reduces BP by 20 mmHg 
in conscious normotensive rabbits [46] while 
rilmenidine has a maximal effect of approximately 
17mmHg [47]. However centrally acting 
antihypertensive drugs such as rilmenidine are usually 
slightly less effective than ganglionic blockade as they 
have specific regional hemodynamic effects [48, 49] 
partially due to incomplete vasomotor sympatho-
inhibition and different regional sensitivity [50]. 
Furthermore centrally acting antihypertensive agents,  
can induce vasoconstriction peripherally by post 
synaptic vascular α-adrenoceptor activation [42] and 
centrally they are capable of inducing pressor effects at 
the level of the hypothalamus [51-53], such that in 
some circumstances the hypertensive effects  may 
counteract the hypotensive effects [54, 55]. 
Importantly the sympatholytic effect of rilmenidine is 
shown to be mediated by premotor neurons located 
within the RVLM [56-58], and as such rilmenidine 
treatment does not inhibit sympathetic outflow from 
other sympathetic premotor regions projecting directly 
to the spinal cord. The very modest hypotensive effect 
of rilmenidine we observed were similar in both strains 
of mice suggesting that outflow from this region is not 
inherently greater in BPH/2J mice.  Therefore SNS over-
activity in BPH/2J mice may be mediated through one 
of the other sympathetic premotor regions, such as the 
PVN, A5 noradrenergic cell group, caudal raphe or 
ventromedial medulla [59]. Interestingly BPH/2J mice 
are not the only model of sympathetically mediated 
hypertension where the RVLM does not appear to be 
involved. Sympathetic premotor neurons within the 
PVN but not the RVLM were shown to be more 
important to the hypertensive response in a 
conditioned fear model [60]. Additionally low dose 
AngII induced hypertension in rabbits, which is 
accompanied by elevated RSNA, is shown to be 
associated with greater long term neuronal activation 
of the PVN but not the RVLM [61]. This AngII induced 
hypertensive model may be particularly similar to the 
BPH/2J mice since our recent findings also suggests 
that the hypertension in BPH/2J mice is caused by a 
greater contribution of the systemic renin angiotensin 
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system (RAS) caused by renal hyper-innervation and 
greater sympathetically induced renin synthesis [62]. 
Indeed our own previous findings indicate greater 
neuronal activity in the PVN but not the RVLM of 
BPH/2J compared with BPN/3J mice during periods of 
arousal [1].   

Conclusion and perspectives 
The present study provides a comprehensive 
characterization of the cardiovascular effect of 
rilmenidine in mice, which to our knowledge is limited 
to a small number of studies which have only assessed 
the acute cardiovascular response to rilmenidine 
administration [24, 63]. Importantly the findings of 
present study indicate that, marked vagal 
enhancement is contributing substantially to the 
hypotensive effect in mice when administered acutely, 
a factor which should be considered in future studies in 
mice. Furthermore this study showed that the 
sympathetically mediated hypertension in BPH/2J mice 
is not markedly inhibited by the sympatholytic actions 
of rilmenidine, whether administered acutely, 
chronically, centrally or peripherally at a wide range of 
doses. As such, the greater contribution of the SNS in 
BPH/2J mice is not likely mediated by over-activity of 
premotor neurons within the RVLM. Consequently, 
other sympathetic premotor regions [59] such as the 
PVN may play a greater role in mediating sympathetic 
over-activity likely driven from forebrain regions in 
BPH/2J mice. Since rilmenidine did not abolish the 
hypertension in BPH/2J mice, this suggests it may be a 
less effective treatment option in certain neurogenic 
forms of hypertension. 
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Table and figure legends 
Table 1: Average mid frequency mean arterial pressure (MF MAP) power and baroreflex gain during the light and dark 
periods in BPN/3J and BPH/2J mice at baseline and following peripheral and central infusion of rilmenidine. 

 
P values are probability for comparison between baseline and peripheral or central rilmenidine in each strain. Values 
are mean ± SEM; P<0.05 is considered significant, P>0.05 considered non-significance, NS. 
 
 
  

Baseline Peripheral P Central P Baseline Peripheral P Central P

MF MAP power (0.3 - 0.5 Hz)

Dark (active) period 0.55 ± 0.07 0.68 ± 0.13 NS 0.68 ± 0.11 NS 1.32 ± 0.26 0.63 ± 0.12 0.002 0.60 ± 0.09 0.002

Light (inactive) period 0.77 ± 0.09 0.53 ± 0.08 NS 0.86 ± 0.12 NS 0.81 ± 0.09 0.74 ± 0.11 NS 0.98 ± 0.16 NS

Gain (0.5 - 3 Hz) 

Dark (active) period 10.3 ± 1.0 13.5 ± 0.7 NS 11.8 ± 0.9 NS 6.9 ± 1.4 10.4 ± 1.0 NS 14.2 ± 1.4 <0.001

Light (inactive) period 11.5 ± 1.0 11.7 ± 0.6 NS 12.5 ± 0.9 NS 10.3 ± 1.3 15.2 ± 1.5 0.034 17.1 ± 2.2 0.002

BPN/3J BPH/2J
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Table 2: Average rise (range), rate and duration of rise in mean arterial pressure (MAP) from day to night in BPN/3J 
and BPH/2J mice at baseline and following peripheral and central infusion of rilmenidine or vehicle. 

 
P values are probability for comparison between baseline and peripheral or central rilmenidine in each strain. Values 
are mean ± SEM; P<0.05 is considered significant, P>0.05 considered non-significance, NS. 
 

Vehicle

Treatment P P P P

Range (mmHg) 11 ± 2.4 8.7 ± 2.0 NS 8.5 ± 2.2 NS 30 ± 2.9 28 ± 2.3 NS 31 ± 3.0 NS

Rate (mmHg/hr) 9.1 ± 1.8 8.2 ± 1.9 NS 7.6 ± 2.3 NS 8.4 ± 1.0 6.5 ± 1.3 NS 4.4 ± 1.0 NS

Duration (Hours) 0.9 ± 0.3 0.8 ± 0.2 NS 2.6 ± 1.9 NS 2.4 ± 0.5 3.3 ± 0.7 NS 5.1 ± 0.8 NS

Rilmenidine

Treatment P P P P

Range (mmHg) 13 ± 1.7 12 ± 1.7 NS 11 ± 0.8 NS 26 ± 3.4 25 ± 2.1 NS 21 ± 2.8 NS

Rate (mmHg/hr) 7.9 ± 2.4 4.3 ± 1.0 NS 3.0 ± 0.5 0.039 8.4 ± 1.2 4.7 ± 0.9 NS 2.2 ± 0.2 0.009

Duration (Hours) 1.9 ± 0.7 2.8 ± 1.1 NS 2.7 ± 0.6 NS 2.3 ± 0.6 3.7 ± 0.4 NS 5.7 ± 0.5 0.017

 

BPN/3J Rilmenidine BPH/2J Rilmenidine

Baseline Peripheral Central Baseline Peripheral Central 

BPN/3J Vehicle BPH/2J Vehicle

Baseline Peripheral Central Baseline Peripheral Central 
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Figure 1: Line graphs represent the MAP, HR, and locomotor activity responses to A; rilmenidine (left) and rilmenidine 
with atropine pretreatment (right) and B; Saline (left) and atropine alone (right) between BPN/3J (grey; n=7-9) and 
BPH/2J (black; n=7-8) mice during the dark (active) period. Dashed vertical lines indicate treatment administration. 
Shaded area represents the period analyzed for comparison of the effect of treatment. Values are mean difference ± 
SEM. Bar graphs show the absolute (abs) delta and percentage delta from baseline of MAP, HR and locomotor activity 
from control at 20-30-minute post-injection in BPN/3J (N) and BPH/2J mice (H). Values are mean ± SEM; (*) =0.05, 
*P<0.05; **P<0.01; ***P<0.001. 
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Figure 2:A; Line graphs represents the MAP and HR response to acute ICV (black circles) and i.p. (open circles) 
injections of rilmenidine at doses of 5,10 and 20ug in BPH/2J mice (n=3). Each point represents the mean change from 
baseline 20-30 minutes following rilmenidine injection at each dose. Significance refers to between-route difference in 
response; *P<0.05. B; Line graphs represents the time-course of the MAP and HR response to 20ug ICV dose of 
rilmenidine. The dotted vertical reference line represents the time-point of ICV rilmenidine injection.  
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Figure 3: Line graph represents  the hourly averaged data showing the circadian variation of MAP (mmHg), HR 
(beats/min) and locomotor activity (Arbitrary units) during the dark (active, black panels) and light (inactive, white 
panel) periods in BPN/3J (left, gray) and BPH/2J mice (right, black). Line graphs show pre-treatment baseline (open 
circles) and average values following peripheral rilmenidine (closed squares) and central rilmenidine (open diamonds) 
administration. Bar graphs shows mean change ± SEM from baseline induced by peripheral and central rilmenidine 
treatment during the day (D, unfilled) and night (N, cross hatched) in BPN (middle) and BPH (far right). *P<0.05; 
**P<0.01; ***P<0.001 for the probability based on ANOVA 
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Figure 4: Line graph represents  the hourly averaged data showing the circadian variation of MAP (mmHg), HR 
(beats/min) and locomotor activity (Arbitrary units) during the dark (active, black panels) and light (inactive, white 
panel) periods in BPN/3J (left, grey) and BPH/2J mice (right, black). Line graphs show pre-treatment baseline (open 
circles) and average values following peripheral vehicle (closed squares) and central vehicle (open diamonds) 
administration. Bar graphs shows mean change ± SEM from baseline induced by peripheral and central vehicle 
treatment during the day (D, unfilled) and night (N, cross hatched) in BPN (middle) and BPH (far right). *P<0.05; 
**P<0.01; ***P<0.001 for the probability based on ANOVA 
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Figure 5: Bar graphs represent change from baseline in MAP (top panel), HR (middle panel) and locomotor activity 
level (bottom panel) in BPN/3J (grey bars) and BPH/2J mice (black bars) following 14 days of treatment with 0, 1, 2, 6 
and 12 mg/kg/day rilmenidine administered orally in the drinking water (Mice are still receiving drug at the time of 
these measurements). The response is calculated from the two 12 hour light (inactive) periods (left graphs) and two 
12 hour dark (active) periods (right) from the 48-hour recordings and are  reported as mean difference ± SEM 
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