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The role of the peripheral sympathetic nervous system in the
natriuresis following central administration of an I1 imidazoline
agonist, moxonidine
'S Brian Penner & Donald D Smyth

Departments of Pharmacology & Therapeutics and Internal Medicine, Faculty of Medicine, University of Manitoba, 770
Bannatyne Avenue, Winnipeg, Manitoba, Canada, R3E 0W3

1 Central administration of the 11-imidazoline receptor agonist moxonidine increases sodium excretion
without alteration of blood pressure. In the present study we determined whether this natriuretic action
was mediated through a decrease in activity of the sympathetic nervous system, as has been reported for
the antihypertensive action of this compound. Interruption of the sympathetic nervous system was
achieved with prazosin (a,-adrenoceptor antagonist) and renal denervation.
2 In pentobarbitone-anaesthetized Sprague-Dawley rats, intracerebroventricular (i.c.v.) injection of
moxonidine alone increased urine volume and sodium excretion. Prazosin (0.15 mg kg-', i.v.) alone
decreased urine flow rate and sodium excretion as compared to the vehicle controls. In the presence of
prazosin, i.c.v. injection of moxonidine failed to increase sodium excretion or urine volume as compared
to animals which received the prazosin alone.
3 The administration of moxonidine (i.c.v.) to sham renal-denervated animals caused an increase in
urine flow rate, urine sodium excretion, osmolar clearance and free water clearance. The increase in
sodium excretion and osmolar clearance were completely attenuated in renal denervated rats, however,
urine flow rate was still increased and this was secondary to the increase in free water clearance which
remained intact.
4 These results indicate the importance of an intact sympathetic nervous system in the renal response to
i.c.v. moxonidine. Moreover, the differential antagonism of these interventions on solute and water
excretion indicate that they may be mediated at two separate sites and/or receptors following i.c.v.
moxonidine.

Keywords: Imidazoline receptor; sympathetic nervous system; intracerebroventricular; osmolar clearance; free water clearance;
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Introduction

The imidazoline receptor has been described recently and lo-
cated in several different tissues by radioligand binding studies
(Parini et al., 1989; Brown et al., 1990). In the central nervous
system the imidazoline receptor has been found in high con-
centrations in the rostral ventrolateral medulla (Bricca et al.,
1989; Gomez et al., 1991). Specific imidazoline receptor ago-
nists have been identified: moxonidine shows a higher affinity
for the imidazoline receptor than the x2-adrenoceptor in the
central nervous system (Ernsberger et al., 1992). Central ad-
ministration of compounds with high affinity for the imida-
zoline receptor has been demonstrated to result in changes in
blood pressure (Ernsberger et al., 1988; 1990). Michel & Insel
(1989) suggested that there were different imidazoline receptor
sites and subsequently two sub-types were proposed, the II-
imidazoline receptor which had a higher affinity for clonidine,
and the I2-imidazoline receptor which had a higher affinity for
idazoxan (Michel & Ernsberger, 1992; Ernsberger, 1992).

The intrarenal administration of moxonidine, a selective I,-
imidazoline receptor agonist, increases urine flow rate with a
concomitant increase in sodium excretion (Allan et al., 1993).
This natriuresis was antagonized by idazoxan, an imidazoline
receptor antagonist, but was not affected by rauwolscine, an
a2-adrenoceptor antagonist. This suggested a role for the imi-
dazoline receptor in renal sodium handling. We also found
that the administration of moxonidine into the lateral cerebral
ventricle induced an increase in urine volume by increasing
sodium and free water excretion (Penner & Smyth, 1994). In
these studies, the observed changes in urine flow rate and so-
dium excretion were attenuated by central administration of
idazoxan. The mechanism by which the intrarenal infusion of
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moxonidine increased urine flow rate was considered to in-
volve a direct stimulation of imidazoline receptors in the kid-
ney. The mechanism by which the i.c.v. injection of
moxonidine was able to increase urine flow rate was less clear.
A number of different mechanisms could potentially be

important in the effects observed following i.c.v. moxonidine.
The central nervous system has been shown to play a role in
the modulation of renal sodium excretion (Kopp & DiBona,
1992). The previously reported increase in renal salt and water
excretion following i.c.v. moxonidine may conceivably have
been mediated by a change in the activity of the sympathetic
nervous system. Studies have demonstrated that the decrease
in blood pressure observed following the central administra-
tion of imidazoline agonists involved a decrease in activity of
the sympathetic nervous system (Tibirica et al., 1989; 1991;
1992). In the present study, to evaluate the role of the sym-
pathetic nervous system in this response, the input of the
sympathetic nervous system to the kidney was removed by
pharmacological and surgical intervention. One set of experi-
ments was performed using intravenous prazosin to antagonize
selectively peripheral al-adrenoceptors, while a second series of
experiments utilized renal denervation. The response to i.c.v.
moxonidine was determined in the presence and absence of
these interventions.

Methods

Experimental preparation

Male Sprague-Dawley rats were obtained from the University
of Manitoba (Charles River Breeding stock) and cared for
according to regional animal care standards. Animals were
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housed at 23"C with 12 h light/12 h dark cycle. Denervation or
sham-denervation of the renal sympathetic nerves to the left
kidney was carried out during ether anaesthesia (see below) in
animals weighing 180-220 g as previously described (Fortin &
Sundaresan, 1989; Greenberg et al., 1993). Three days later,
the right kidney was removed under ether anaesthesia as pre-
viously described (Penner & Smyth, 1994). Three to four days
later, cannulae were implanted into the lateral cerebroven-
tricles (see below). The individual experiments were performed
three to four days following the implantation of the lateral
cerebroventricular cannula.

Intracerebroventricular cannula

The method described previously (Penner et al., 1990) was
used. Briefly, the rats were anaesthetized by an intraperitoneal
injection of pentobarbitone (50 mg kg-'). The cannula was a
modified 23 gauge needle, with a solid obturator threaded
through the lumen and extending 0.5 mm beyond the tip of the
needle. The head of the rat was placed in a stereotaxic appa-
ratus (model 900, David Kopf, Tujunga, CA, USA). The co-
ordinates for implantation into the lateral cerebral ventricle in
relation to the skull were 0.3 mm posterior to the bregma,
1.4 mm lateral to the mid-line and 3.5 mm below the surface of
the skull. Three stainless steel jewelry screws, in an assemblage
of acrylic cement, were used to anchor the cannula to the skull.
At the time of the injection, on the day of the experiment, the
obturator was removed and a 31 gauge injector tube was in-
serted which extended 1.0 mm below the end of the guide tube
(23 gauge needle), entering the ventricle. The injector tube was
then connected to a 10 p1 Hamilton syringe for administration
of drug or vehicle. Verification of the cannula location in the
cerebral ventricle was done at the end of the experiment by
injection of dye through the cannula and postmortem brain
sections.

Renal denervations

Denervation was performed in a similar manner to the pro-
tocol followed by Greenberg et al. (1993). The kidney was
exposed through a flank incision. Utilizing a dissecting mi-
croscope the renal artery, renal vein and pedicle were stripped
from surrounding tissue. The renal artery and vein were then
painted with a 10% solution of phenol in 95% ethyl alcohol.
The sham renal-denervation animals had the same surgical
procedure performed without the stripping and phenol appli-
cation. The adequacy of denervation was determined by
measuring the catecholamine content per gram of kidney tissue
using a Catecholamine Research Assay System (Amersham
Canada Ltd., Oakville, Ontario, Canada) 12 days after sham-
denervation and denervation.

Experimental protocol

On the day of the experiment the rats were anaesthetized with
pentobarbitone (BDH Chemicals Ltd., Poole, England,
50 mg kg-'). The animals were placed on a heating blanket
which was thermostatically controlled to maintain body tem-
perature at 37.50C. A tracheotomy was performed and the
animals were allowed to breath spontaneously. The carotid
artery was cannulated for measurement of blood pressure,
heart rate and obtaining a blood sample at the end of the
experiment. The jugular vein was cannulated for the adminis-
tration of drugs. Blood pressure (mmHg) and heart rate (beats
min-) were monitored with a Statham pressure transducer
(model P23Dc) connected to a Grass polygraph model V. The
remaining kidney was exposed through a flank incision and the
ureter was cannulated with PE-50 for collection of urine. A
modest diuresis was maintained throughout the experiment by
administration of saline (0.9% NaCl, 97 ,1 nuin'). Following
a 45 min stabilization period, three consecutive urine collec-
tions of 30 min each were obtained in pre-weighed tubes and
urine volumes determined gravimetrically. Moxonidine or

saline vehicle was administered i.c.v. in a volume of 5 yA over
1 min with a 10 lil Hamilton syringe immediately following the
first urine collection. At the completion of the experiment a
blood sample was obtained and the plasma frozen for later
analysis. Creatinine levels in the urine and plasma were mea-
sured with a Beckman Creatinine 2 Analyzer; sodium was
measured with a Beckman Klina Flame Photometer; and os-
molality was assessed with a Precision System Micro Osm-
ometer. Creatinine clearance (ml min-1), urine sodium
excretion (umol min-'), osmolar clearance (Jul min1) and free
water clearance (p1 min') were calculated with standard for-
mulae. The specific experimental protocols are given below.

Intracerebroventricular moxonidine with or without intravenous
prazosin: Prazosin (0.15 mg kg-') or saline vehicle was ad-
ministered intravenously at the beginning of the stabilization
period in a volume of 0.15 ml over 30 s (Penner & Smyth,
1988). The i.c.v. injections (moxonidine or saline vehicle) were
given immediately after the first 30 min urine collection and
before the subsequent two 30 min urine collection periods.
Both prazosin and moxonidine were dissolved in 0.9% NaCl
for administration. There were four groups of animals with 6
animals per group: vehicle control group (5 p1I of 0.9% NaCl
given i.c.v. over 1 min and 0.15 ml of 0.9% NaCl given i.v.);
i.c.v. moxonidine group (1 nmol moxonidine in 5 A1 given i.c.v.
over 1 min and 0.15 ml of 0.9% NaCl given i.v.); prazosin
group (5d1 of 0.9% NaCl given i.c.v. over 1 min and
0.15 mg kg-' of prazosin in 0.15 ml given i.v.) and the mox-
onidine and prazosin group (1 nmol moxonidine in 5 p1 given
i.c.v. over 1 min and 0.15 mg kg-' of prazosin in 0.15 ml given
i.v.).

Intracerebroventricular moxonidine with or without renal
denervation: Two series of experiments were completed, one in
sham-denervated rats, the other in renal denervated rats. In
sham-denervated rats, the effects of i.c.v. administration of
vehicle (saline) or moxonidine at doses of 0.3 nmol and 1 nmol
on the renal function were determined. In animals which had
undergone renal denervation, the above series of three ex-
periments were repeated. Each group of rats contained 6 ani-
mals.

Statistical analysis

The data are presented as the mean+standard error of the
mean (s.e.mean). Each group contained 6 animals. Where
appropriate, repeated measures of analysis of variance (AN-
OVA) or non paired t test (catecholamine content of sham
versus denervated kidneys) were utilised to assess the data.
Data in which significant differences were found with the
ANOVA had the interactions analyzed by a Fisher's least
squares difference multiple comparison test (Winer, 1971). A P
value of <0.05 was considered significant.

Drugs

Moxonidine was supplied by Beiersdorf, AG, Hamburg,
Germany. Prazosin was purchased from Sigma Chemical
Company, St. Louis, Missouri, U.S.A.

Results

Intracerebroventricular moxonidine with or without
intravenous prazosin

For all groups studied (vehicle control, i.c.v. moxonidine, i.v.
prazosin, i.c.v. moxonidine and i.v. prazosin) neither creatinine
clearance nor the heart rate were altered when the first baseline
collection was compared with the two collection periods fol-
lowing i.c.v. administration of the moxonidine or vehicle
(Table 1). The baseline and subsequent heart rate values for
the group which received both i.c.v. moxonidine and i.v. pra-
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zosin were higher than the control group (Table 1). In the
prazosin group the blood pressure was lower than the vehicle
control group during all collection periods. In the animals gi-
ven both moxonidine and prazosin the baseline blood pressure
was lower than the corresponding vehicle control group. The
blood pressure during the second and third collection period
was elevated compared to the baseline value in this group, but
similar to the respective vehicle control (Table 1).

Moxonidine (1 nmol) administered i.c.v. resulted in an in-
crease in the urine flow rate (periods 2 and 3, Figure la) and
urine sodium excretion (period 3, Figure lb) as compared to
the vehicle control group and the respective baseline. In-
travenous administration of prazosin decreased urine flow rate
and sodium excretion as compared to the vehicle control group
(Figure la, b). Moxonidine administered i.c.v. in the presence
of i.v. prazosin failed to increase urine flow and sodium ex-
cretion rate higher than that observed with the prazosin alone
group (Figure la, b). The moxonidine group when compared
to the vehicle control group increased both osmolar clearance
in the third collection and free water clearance in the second
collection (Table 2). After i.v. prazosin treatment, moxonidine
failed to alter osmolar or free water clearance from the re-
spective control period (Table 2).

Dose-response to intracerebroventricular moxonidine
with and without renal denervation

The noradrenaline content in the kidneys obtained from the
sham-denervated group (n = 8) was 124.2 + 3.1 pg g'- kidney
wet wt. while the level found in the denervated kidneys (n= 9)
was 2.0 ±0.5 pg g-' kidney wet wt. (P<0.01). Three groups of
animals underwent sham renal denervation, control (i.c.v.
saline, n = 7), 0.3 nmol i.c.v. moxonidine (n =7) and 1 nmol
i.c.v. moxonidine (n = 6). No differences in blood pressure,
heart rate or creatinine clearance between these groups were
found (data not shown). A similar 3 groups of animals (n = 7 in
each group) underwent renal denervation and did not show a
change in blood pressure or creatinine clearance following
i.c.v. moxonidine at 0.3 or 1 nmol when compared to the ve-
hicle group (data not shown). In the group in which 1 nmol of
moxonidine was administered i.c.v. the heart rates were in-
creased during the second (423+13 beats min-1) and third
collection period (417 + 11 beats min- ) compared to the other
groups (control, 394+14, 380+15; moxonidine 0.3 nmol,
391+13, 389+12 beats min-') but not from its respective
baseline value (406+13 beats min-'). Following i.c.v. ad-
ministration of 0.3 or 1 nmol of moxonidine in sham-dener-

vated animals, an increase in the urine flow rate with a
concomitant increase in the urine sodium excretion was found
(Figure 2a, b). In the renal denervated rats, urine flow rate was

a
100 _

I 75 -

E

¢ 50
0

C2
.r 25

o

15

'I
E

j5E
co
z

b

2
Time period (30 min)

Figure 1 Renal changes seen after i.c.v. saline and i.v. saline (0);
i.c.v. moxonidine (1 nmol) and i.v. saline (U); i.c.v. saline and i.v.
prazosin (0.15 mg) (A) and i.c.v. moxonidine (1 nmol) and i.v.
prazosin (0.15 mg) (*) on urine flow rate in y mini- 1 (a) and sodium
excretion in pmolmin-' (b) (6-7 per group). The first time period
represents a pretreatment 30 min control urine collection. Time
periods 2 and 3 represent 30 min urine collections following
intervention. The data are presented as the mean+ s.e.mean.
*P<0.05 between the vehicle and intervention groups; #P<0.05
between the baseline collection and the subsequent collections.

Table 1 Effect of experimental interventions on haemodynamic parameters

Vehicle control

Moxonidine

Prazosin

Moxonidine
and prazosin

Time Blood pressure
period (mmHg)

1 122±3
2 125±3
3 124±4
1 117±3
2 120±3
3 124± 3
1 107±5*
2 114±4*
3 114±5*
1 111±4*
2 121 ± 5#
3 126 ± 5#

Creatinine
clearance
(ml min-')
2.1 ±0.2
1.9±0.3
1.7±0.1
2.1 ±0.1
2.1±0.1
2.2±0.1
2.1 ±0.2
2.0±0.2
1.9±0.2
2.2±0.2
2.1 ±0.1
2.1±0.1

Heart rate
(beats min-')

389 ± 10
387±8
384±10
406±10
391±12
417± 14*
413 ± 8*
410 ± 9*
397 ± 8
426± 11*
423 ± 12*
414± 13*

The four groups were as follows: vehicle control, i.c.v. saline (0.9% NaCl, 5 p1 administered over 1 min) and i.v. saline (0.9% NaCl,
0.15 ml given over 30 s); moxonidine given i.c.v. (1 nmol) and i.v. saline; prazosin administered i.v. (0.15 mg given over 30 s) and i.c.v.
saline; i.c.v. moxonidine (1 nmol) and i.v. prazosin (0.15 mg?. The parameters given in the table are; blood pressure in mmHg,
creatinine clearance in ml min'l and heart rate in beats min- . Each group contained 6-7 rats. The first time period represents a
pretreatment 30 min baseline urine collection. Time periods 2 and 3 represent subsequent 30 min urine collections following
intervention. The data are presented as the mean ± s.e.mean. *P< 0.05 between the vehicle and intervention groups; #P < 0.05 between
the baseline collection and the subsequent collections.
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again increased following both doses of moxonidine; however,
unlike the sham-operated animals, urine sodium excretion was
not increased as compared to the vehicle-treated animals
(Figure 2c, d).

Table 2 Effect of experimental intervention on solute and
water excretion

Vehicle control

Moxonidine

Prazosm

Moxonidine
and prazosin

Osmolar
Time clearance
period ( mind)

1 50+3
2 77±6
3 103±5
1 53±6
2 82±8
3 129±7*
1 35±4
2 62±6
3 81±10
1 40±4
2 62±5
3 85±7

Free water
clearance
(pi mizf')

-39±3
-46±4
-59±3
-40±5
-24±6*
-48 ± 8
-30±3
-48±4
-61±6
-33 ±4
-48±3
-63±3

The four groups were as follows: vehicle control, i.c.v. saline
(0.9% NaCl, 5 jil administered over 1 min) and i.v.saline
(0.9% NaCl, 0.15 ml given over 30 s); moxonidine given i.c.v
(1 nmol) and i.v. saline; prazosin administered i.v. (0.15 mg
given over 30 s) and i.c.v. saline; i.c.v. moxonidine (1 nmol1
and i.v. prazosin (0.15 mg) on osmolar clearance in i miinA
and free water clearance in tI mintl (6-7 per group). The
first time period represents a pretreatment 30 min control
urine collection. Time periods 2 and 3 represent 30 min urine
collections following interventions. The data presented as the
mean ± s.e.mean. *P<0.05 between the vehicle and inter-
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The osmolar clearance was also increased after adminis-
tration of i.c.v. moxonidine at 0.3 and 1 nmol in both post
treatment collections (Figure 3a). Only the second urine col-
lection of the 0.3 nmol dose of i.c.v. moxonidine resulted in an
increase in free water clearance (Figure 3b). Consistent with
this lack of effect on sodium excretion in the renal denervated
rats, i.c.v. moxonidine at both doses tested also failed to in-
crease osmolar clearance when compared to the control group
(Figure 3c). The increase in urine flow rate in the denervated
rats following both doses of i.c.v. moxonidine was related to
the increase in free water clearance remaining intact (Figure
3d). Thus, the renal denervation blocked the ability of the i.c.v.
moxonidine to increase osmolar clearance but not free water
clearance.

Discussion

The administration of an I-imidazoline receptor agonist,
moxonidine, into the lateral cerebral ventricle resulted in an
increase in sodium excretion at low doses and an increase in
free water clearance at higher doses which was blocked by
central administration of idazoxan, an imidazoline receptor
antagonist (Penner & Smyth, 1994). Rilmenidine given i.c.v.
also resulted in an increase in both solute and water excretion
(Penner & Smyth, 1992; 1995). These findings suggest that the
renal changes were, at least in part, secondary to the stimula-
tion of the central imidazoline receptor. The mechanism(s)
responsible for the increase in urine flow rate and sodium ex-
cretion following i.c.v. administration of I-imidazoline re-
ceptor agonists has not been defined. Since the activation of
the peripheral ax-adrenoceptor (Penner & Smyth, 1988) and
changes in the central sympathetic nervous system (Kopp &
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FIgure 2 The effects of i.c.v. saline (0) (n= 7); i.c.v. moxonidine (0.3 nmol) (U) (n= 7); i.c.v. moxonidine (1 nmol) (-) (n = 6) on
urine flow rate in plmin'- (a) and urine sodium excretion in pmolmin- (b) in sham-denervated animals; urine flow rate
inpulmin-1 (c) and urine sodium excretion in pmolmin- (d) in denervated animals (7 per group). The time periods are as described
in Figure 1. The data are presented as the mean±s.e.mean. *P<0.05 between the vehicle and intervention groups; #P<0.05
between the baseline collection and the subsequent collections.
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Figure 3 The effects of i.c.v. saline (0) (n= 7); i.c.v. moxonidine (0.3 nmol) (U) (n = 7); i.c.v. moxonidine (1 nmol) (A) (n = 6) on
osmolar clearance in plminu- (a) and free water clearance in min'- (b) in sham-denervated animals; osmolar clearance
inplmin-1 (c) and free water clearance in dmini-n (d) in denervated animals (7 per group). The time periods are as described in
Figure 1. The data are presented as the mean+s.e.mean. *P<0.05 between the vehicle and intervention groups; #P<0.05 between
the baseline collection and the subsequent collections.

DiBona, 1992) have been shown to modulate sodium excre-
tion, the possibility of the imidazoline receptor interacting with
the activity of the peripheral sympathetic nervous system was
considered. Kline & Cechetto (1993) had previously shown
that intact renal nerves were necessary for the natriuresis ob-
served following peripheral rilmenidine administration. In the
current studies, the administration of intravenous prazosin
completely blocked the ability of i.c.v. moxonidine to increase
osmolar clearance and free water excretion. In the renal de-
nervated rats, the catecholamine levels were reduced almost to
zero, demonstrating the effectiveness of the procedure. Fol-
lowing denervation there was again a complete blockade of the
ability of i.c.v. moxonidine to increase osmolar clearance.
However, in these denervated rats, urine flow rate was still
increased following i.c.v. moxonidine, indicating that the in-
crease in free water clearance remained intact. Thus, the at-
tenuation of the response of increased osmolar clearance and
free water clearance following i.v. prazosin but attenuation of
only osmolar clearance following renal denervation would be
consistent with different mechanisms being responsible for al-
tering renal solute clearance and free water clearance following
central administration of an I, -imidazoline receptor agonist.

Clonidine and structurally related compounds have been
shown to lower blood pressure through stimulation of imida-
zoline receptors located centrally (Feldman et al., 1990; Ti-
birica et al., 1991; Gomez et al., 1991). Clonidine, through
what now appears to be imidazoline receptors located in the
ventrolateral medulla, has been found to lower blood pressure
in a number of different species (Gillis et al., 1985; Sinha et al.,
1985; McAuley et al., 1988; Feldman et al., 1990). This blood
pressure lowering has been attributed to a suppression of ca-
techolaminergic neurones located centrally which in turn
would lower peripheral sympathetic nerve activity (Tibirica et
al., 1989; 1992). The central nervous system has also been

shown to modulate renal sodium excretion through changes in
renal nerve activity, irrespective of changes in blood pressure
(Koepke et al., 1987). The present results with central admin-
istration of moxonidine would be consistent with the central
imidazoline receptor also playing a role in the modulation of
solute and water handling by the kidney, secondary to changes
in activity of the sympathetic nervous system.

Previous studies from our laboratory have demonstrated a
dissociation between water and sodium handling by the kidney
when various a2-adrenoceptor or imidazoline receptor agonists
were given directly into the renal artery (Smyth et al., 1992).
The identification by radioligand binding studies of imidazo-
line receptors in the kidney (Bidet et al., 1990) supported the
possibility that at least part of the effect seen following direct
administration into the kidney may be through stimulation of
a local imidazoline receptor. Additional studies, using the se-
lective I, imidazoline receptor agonist moxonidine, infused
directly into the renal artery, demonstrated a dose-related
natriuresis (Allan et al., 1993). The specific imidazoline re-
ceptor antagonist, idazoxan, inhibited the response but rau-
wolscine (specific 22-adrenoceptor antagonist) was without
effect. This was consistent with the increase in sodium excre-
tion being secondary to activation of renal imidazoline re-
ceptors. At present, it is not clear whether centrally and
peripherally I, imidazoline receptors function independently of
each other to alter sodium and water excretion. However, with
moxonidine, peripheral administration increased urine flow
rate secondary to an increase in osmolar clearance, while
central administration increased both osmolar clearance and
free water clearance. The current study supports the concept
that the central I1-imidazoline receptor modulates renal so-
dium excretion which at least in part is mediated by the per-
ipheral al-adrenoceptor. The mechanism for the dissociation
between the water and sodium changes observed following
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i.c.v. moxonidine is not clear. These observed differences may
be due to central interaction with vasopressin, different central
areas of activation or different receptors. Future studies will be
needed to clarify these issues.

In conclusion, interruption of the sympathetic nervous
system either pharmacologically (prazosin) or surgically (renal
denervation) attenuated the ability of i.c.v. moxonidine to in-
crease urine flow rate. These results strongly indicate the im-
portance of the sympathetic nervous system in the mediation
of this natriuretic response. However, the ability of prazosin,
but not renal denervation, to block the increase in free water

clearance indicates that i.c.v. moxonidine may be increasing
free water clearance and osmolar clearance at two distinct sites
and/or receptors in the central nervous system.
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Canada (SBP). D.D.S. is the recipient of a Scientist Award from the
Medical Research Council of Canada. The authors wish to express
their gratitude to Dianne Kropp for her expert technical assistance.

References

ALLAN, D.R., PENNER, S.B. & SMYTH, D.D. (1993). Renal imidazo-
line preferring sites and solute excretion in the rat. Br. J.
Pharmacol., 108, 870-875.

BIDET, M., POUJEOL, P. & PARINI, A. (1990). Effect of imidazolines
on Na+ transport and intracellular pH in renal proximal tubule
cells. Biochim. Biophys. Acta., 1024, 173-178.

BROWN, C.M., MACKINNON, A.C., MCGRATH, J.C., SPEDDING M. &
KILPATRICK, A.T. (1990). a2-Adrenoceptor sybtypes and
imidazoline-like binding sites in the rat brain. Br.J. Pharmacol.,
99, 803-809.

BRICCA, G., DONTENWILL, M., MOLINES, A., FELDMAN, J.,
BELCOURT, A. & BOUSQUET, P. (1989). The imidazoline
preferring receptor: binding studies in bovine, rat and human
brainstem. Eur. J. Pharmacol., 162, 1-9.

ERNSBERGER, P. (1992). Heterogeneity of imidazoline binding sites:
proposed II and I2 subtypes. Fundam. Clin. Pharmacol., 6 (suppl
1), 55s, (Abstract).

ERNSBERGER, P., GIULIANO, R., WILLETTE, R.N., GRANATA A.R.
& REIS, D.J. (1988). Hypotensive action of clonidine analogues
correlates with binding affinity at imidazole and not alpha-2-
adrenergic receptors in the rostral ventrolateral medulla. J.
Hypertension., 6 (suppl 4), S554-S557.

ERNSBERGER, P., GIULIANO, R., WILLETTE, R.N. & REIS, D.J.
(1990). Role of imidazoline receptors in the vasodepressor
response to clonidine analogs in the rostral ventrolateral
medulla. J. Pharmacol. Exp. Ther., 253, 408 -418.

ERNSBERGER, P., WESTBROOKS, K.L., CHRISTEN, M.O. & SCHA-
FER, S.G. (1992). A second generation of centrally acting
antihypertensive agents act on putative I, - Imidazoline
receptors. J. Cardiovasc. Pharmacol., 20 (Suppl 4), Sl -S10.

FELDMAN, J., TIBIRICA, E., BRICCA, G., DONTENWILL, M.,
BELCOURT, A. & BOUSQUET P. (1990). Evidence for the
involvement of imidazoline receptors in the central hypotensive
effect of rilmenidine in the rabbit. Br. J. Pharmacol., 100, 600-
604.

FORTIN, T.L. & SUNDARESAN, P.R. (1989). Reserpine but not
surgical denervation regulates rat renal a-adrenergic receptors.
Am. J. Physiol., 256, F532-F539.

GILLIS, R.A., GATTI, P.J. & QUEST, J.A. (1985). Mechanism of the
antihypertensive effect of alpha2-agonists. J. Cardiovasc.
Pharmacol., 7(suppl. 8), S38 - S44.

GOMEZ, R.E., ERNSBERGER, P., FEINLAND, G. & REIS, D.J. (1991).
Rilmenidine lowers arterial blood pressure via imidazole receptors
in brainstem Cl area. Eur. J. Pharmacol., 195, 181-19 1.

GREENBERG, S.G., ENDERS, C. & OSBORN, J.L. (1993). Renal nerves
affect rate of achieving sodium balance in spontaneously
hypertensive rats. Hypertension, 22, 1 - 8.

KLINE, R.L. & CECHET7O, D.F. (1993). Renal effects of rilmenidine
in anesthetized rats: importance of the renal nerves. J.
Pharmacol. Exp. Ther., 266, 1556-1562.

KOEPKE, J.P., JONES, S. & DIBONA, G.F. (1987). Alpha-2
adrenoceptors in amygdala control renal sympathetic nerve
activity and renal function in conscious spontaneously hyperten-
sive rats. Brain Res., 404, 80-88.

KOPP, U.C. & DIBONA, G.F. (1992). The neural control of renal
function. In The Kidney - Physiology and Pathophysiology, ed.
Seldin D.W. & Giebisch G. pp. 1157-1204. New York: Raven
Press.

McAULEY, M.A., MACRAE, I.M. & REID, J.L. (1989). The
cardiovascular actions of clondine and neuropeptide Y in the
ventrolateral medulla of the rat. Br. J. Pharmacol., 97, 1067-
1074.

MICHEL, M.C. & ERNSBERGER, P. (1992). Keeping an eye on the I
site: imidazoline-preferring receptor. Trends Pharmacol. Sci., 13,
369-370.

MICHEL, M.C. & INSEL, P.A. (1989). Are there multiple imidazoline
binding sites? Trends Pharmacol. Sci., 10, 342- 344.

PARINI, A., COUPRY, I., GRAHAM, R.M., UZIELLI, I., ATLAS, D. &
LANIER, S.M. (1989). Characterization of an imidazoline/
guanidinium receptive site distinct from the alpha-2 adrenergic
receptor. J. Biol. Chem., 264, 11874-11878.

PENNER, S.B. & SMYTH, D.D. (1988). Chronic prazosin attenuates
the natriuretic response to a modest saline load in rats. Br. J.
Pharmacol., 93, 446-452.

PENNER, S.B. & SMYTH, D.D. (1992). Renal function following
central administration of two unique imidazoline-preferring
agonists. Clin. Invest. Med., 15, A68, (Abstract).

PENNER, S.B. & SMYTH, D.D. (1994). Sodium excretion following
central administration of an II-imidazoline receptor agonist,
moxonidine. Br. J. Pharmacol., 112, 1089-1094.

PENNER, S.B. & SMYTH, D.D. (1995). Rilmenidine alters renal
function when administered intracerebroventricular (ICV) or
intrarenal. Ann. N. Y. Acad. Sci. U.S.A., 763, 353-356.

PENNER, S.B., SMYTH, D.D. & GLAVIN, G.B. (1990). Decreased
gastric acid output following neuropeptide Y administration into
the lateral cerebral ventricle of conscious rats. Ann. N. Y. Acad.
Sci., 597, 43-50.

SINHA, J.N., GURTU, S., SHARMA, D.K. & BHARGAVA, K.P. (1985).
An analysis of the alpha-adrenoceptor modulation of vasomotor
tone at the level of lateral medullary pressor area (LMPA).
Naunyn Schmied. Arch. Pharmacol., 330, 163 - 168.

SMYTH, D.D., LI, P., BLANDFORD, D.E. & PENNER, S.B. (1992).
Opposite rank order of potency for alpha-2 adrenoceptor
agonists on water and solute excretion in the rat: Two sites
and/or receptors? J. Pharmacol. Exp. Ther., 261, 1080- 1086.

TIBIRICA, E., MERMET, C., FELDMAN, J., GONON, F. & BOUSQUET,
P. (1989). Correlation between the inhibitory effect of catecho-
laminergic ventrolateral medullary neurons and the hypotension
evoked by clonidine: a voltametric approach. J. Pharmacol. Exp.
Ther., 250, 642-647.

TIBIRICA, E., FELDMAN, J., MERMET, C., GONON, F. & BOUSQUET,
P. (1991). An imidazoline-specific mechanism for the hypotensive
effect of clonidine: A study with yohimbine and idazoxan. J.
Pharmacol. Exp. Ther., 256, 606-613.

TIBIRICA, E., FELDMAN, J. & BOUSQUET, P. (1992). Contribution of
catecholaminergic neurons of the dorsomedial and ventrolateral
medulla oblongata to the hypotensive effect of clonidine in
spontaneously hypertensive rats: in vivo voltametric studies. J.
Hypertension, 10, 1327- 1334.

WINER, B.J. (1971). Statistical Principles in Experimental Design, 2nd
ed. New York: McGraw-Hill.

(Received November 16, 1994
Revised July 10, 1995

Accepted July 24, 1995)


