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Renal imidazoline preferring sites and solute excretion in the

rat
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1 Moxonidine has been found to have an approximately 600 fold greater affinity for I, imidazoline
preferring sites as compared to a,-adrenoceptors in the rat kidney. The effects of an intrarenal infusion
of moxonidine in an anaesthetized rat preparation were investigated and contrasted with the effects
previously reported for a,-adrenoceptor stimulation.

2 An intrarenal infusion of moxonidine (1, 3 and 10 nmol kg~! min~!) produced an increase in urine
flow rate and sodium excretion. Moxonidine increased urine volume through an increase in osmolar
clearance rather than an increase in free water clearance as previously reported for o,-adrenoceptor
stimulation.

3 The effects of moxonidine also appeared to be unique from the effects of a,-adrenoceptor stimula-
tion. An imidazoline preferring site specific blocking dose of idazoxan (0.3 mgkg-!), but not an
o,-adrenoceptor specific blocking dose of rauwolscine (0.3 mgkg~') attenuated the renal effects of
moxonidine (3 nmol kg~! min~'). Moreover, unlike a,-adrenoceptor agonists, the effects of moxonidine
were not altered by prior treatment with a V, vasopressin receptor antagonist.

4 These results indicate differences between stimulation of a,-adrenoceptors and I, imidazoline preferr-
ing sites in the rat kidney and suggest a direct physiological function of renal imidazoline preferring
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sites.
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Introduction

Several studies (Strandhoy et al., 1982; Blandford & Smyth,
1988; Gesek & Strandhoy, 1990) have suggested a hetero-
geneous response to ay-adrenoceptor stimulation in the
kidney. Studies in our laboratory have found a dose-selective
dissociation of water and solute clearance for a,-adreno-
ceptor stimulation in the anaesthetized rat (Blandford &
Smyth, 1988). However, recent studies in the rat indicate that
this dissociation, may in fact represent two distinct a,-
adrenoceptor subtypes and/or receptors (Smyth et al., 1992).
A similar discrepancy had been previously reported for a,-
adrenoceptors in the central nervous system. The antihyper-
tensive effect of clonidine which had initially been thought to
function through the ay-adrenoceptor, was found to be
mediated through stimulation of an imidazoline preferring
site (IPS) (Bousquet ez al., 1984; Ernsberger et al., 1988a).
Thus, it appeared that many effects which were previously
attributed to the ay-adrenoceptor may have in fact been
mediated through another receptor/site, the imidazoline
preferring site.

Radioligand binding studies have also indicated a class of
receptors which are distinct from a,-adrenoceptors. Studies to
characterize  a,-adrenoceptors, with the radiolabelled
antagonists rauwolscine and idazoxan, indicated that in fact
two distinct populations of receptors may be involved
(Michel et al., 1989; 1990). Similarly, clonidine was found to
label two distinct populations of receptors (Ernsberger et al.,
1987; 1988b). Subsequent studies have demonstrated that
these non-adrenoceptor binding sites have a low affinity for
catecholamines and a greater affinity for imidazolines (Bricca
et al., 1989; Ernsberger et al., 1990). The apparent hetero-
geneity of these imidazoline sites has resulted in the proposal
of two subtypes, I, and I, (Ernsberger, 1992; Reis et al.,
1992). The I, subtype appears to predominate in the rat
kidney (Ernsberger et al., 1992).

! Author for correspondence.

Moxonidine was previously reported to act as a central
a-adrenoceptor agonist in the treatment of hypertension
(Planitz, 1984). However, recent studies have found that
moxonidine has a very high affinity for I,-imidazoline sites in
the central nervous system with an approximately 70 fold
selectivity for I, imidazoline sites as compared to o,-
adrenoceptors (Ernsberger et al., 1992). Moreover, radio-
ligand binding studies in the rat renal medulla have shown
that moxonidine has a 600 fold higher affinity for the I;-
imidazoline preferring site (IPS) than for the a,z-adreno-
ceptor (Ernsberger et al., 1992). Conceivably, more specific
stimulation of these imidazoline preferring sites may elicit
different physiological responses from those previously found
for a,-adrenoceptor agonists. We therefore determined the
effects of an intrarenal infusion of moxonidine on water and
solute excretion in the intact anaesthetized rat.

Methods

The standard procedures have previously been reported by
our laboratory (Blandford & Smyth, 1988; 1990). Briefly,
male Sprague-Dawley rats (200—225 g) were obtained from
The University of Manitoba (Charles River Breeding Stock)
and cared for as per regional animal care standards protocol.
They were fed a standard Purina rat chow diet, with free
access to tap water, in cages at 22°C with a 12 h light/dark
cycle.

The right kidney was removed via a flank incision under
ether anaesthesia 7 to 14 days prior to experimentation. Rats
were anaesthetized with pentobarbitone (Nembutal, BDH
Chemicals, Poole, England, 50 mgkg~!, i.p.). Anaesthesia
was supplemented with additional doses of Smgkg™! as
required. The animal was placed on a Harvard Animal
Blanket Control Unit with a rectal thermometer probe set for
37.5°C. A tracheotomy was performed leaving the rat to
breathe spontaneously through PE-240 tubing. The left



carotid artery was cannulated with PE-60 tubing and con-
nected to a Statham pressure transducer (Model P23Dc) and
Grass Model 5 Polygraph for the monitoring of blood pres-
sure and heart rate. The left jugular vein was cannulated with
PE-160 tubing for the infusion of normal saline at
97pulmin~!. A left flank incision was performed and the
remaining kidney exposed. The ureter was catheterized for
the timed collection of urine into pre-weighed vials. Urine
volume was determined gravimetrically. A 31 gauge stainless
steel needle was inserted into the renal artery for the infusion
of study drug or vehicle with a Harvard sage pump. Follow-
ing surgery the rat was allowed to stabilize for 45 min before
the collection of urine. A 15 min baseline control urine col-
lection was obtained to ensure the surgical procedure had not
altered renal function. An intrarenal infusion (3.4 ul min~"')
or moxonidine (1, 3 or 10nmolkg~'min~') or vehicle
(saline) was started and maintained for the duration of the
experiment during which 4 consecutive 15 min urine collec-
tions were obtained.
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Figure 1 Dose-response effects of intrarenal infusion of moxonidine
on blood pressure, heart rate and creatinine clearance (CCr) in the
rat. Each group represents the mean * s.e.mean (vertical bars) of at
least 6 experiments. Moxonidine at 0 nmol kg~' min~' represents
vehicle (saline) infusion. *P<<0.05 versus control vehicle.
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V ~vasopressin receptor antagonist

The role of vasopressin in the renal response to moxonidine
was studied by administration of the specific V,-vasopressin
receptor antagonist, [d(CH,)s, D-Ile?, Ile]-AVP. At the start
of the second urine collection, the V, antagonist was
administered as a slow intravenous bolus. A dose of
30 nmol kg~! was used as this dose had previously been
demonstrated to block the renal effects of an ay-adrenoceptor
agonist, clonidine (Blandford & Smyth, 1990). Rats were
randomly assigned to one of four study groups. Group 1
received an intrarenal infusion of saline (vehicle) at
3.4 ul min~!. Group 2 received an intrarenal infusion of mox-
onidine at 3 nmol kg~' min~!. Group 3 received intrarenal
saline with an intravenous administration of the specific V,
antagonist. Group 4 received both the intrarenal moxonidine
at 3 nmol kg~! min~! following the intravenous dose of the
V, antagonist.

Specific a,-adrenoceptor and IPS antagonists

To determine the specificity of moxonidine, 3 nmol kg~!
min~! for the IPS over the a,-adrenoceptor, the specific
imidazoline site antagonist, idazoxan, or the specific -
adrenoceptor antagonist, rauwolscine, were given in a dose of
0.3mgkg~! as a slow i.v. bolus at 30 min into the stabiliza-
tion period. In the presence of these antagonists, the renal
responses to moxonidine and clonidine (0.37 nmol kg~! min~!)
were determined.

At the end of the experiment a sample of blood was
collected through the carotid line. The plasma was frozen.
Methylene blue was injected through the renal arterial line to
confirm proper positioning of the needle. Urine and plasma
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Figure 2 Dose-response effects of intrarenal infusion of moxonidine
on urine flow rate and sodium excretion (UNaV) in the rat. Each
group represents the mean * s.e.mean (vertical bars) of at least 6
experiments. *P <<0.05 versus control vehicle.
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creatinine were measured with a Beckman Creatinine 2
Analyzer. Urine and plasma osmolality was measured with a
Precision Systems Micro Osmometer. Sodium and potassium
levels in urine and plasma were measured by a Beckman
Klina Flame Photometer.

Statistical analysis

Each experimental group consisted of 6 rats. Data are pre-
sented as the mean X standard error (s.e.) of the mean. Data
were analyzed by repeated measures of analysis of variance.
Significant interactions were further analyzed by a one way
ANOVA Fisher’s least squares difference multiple com-
parison test (Winer, 1971). A P value of <0.05 was deemed
significant and is denoted by a * in the figures. For the
purpose of presentation, data from the fifth collection period
are shown since this is representative of differences observed
between groups.

Drugs

Clonidine (Sigma Chemical Company, St. Louis, MO,
U.S.A)); [d(CH,);, D-Il¢?, Ile*]-AVP (Penninsula Laboratories,
Inc., Belmont, CA, U.S.A.); rauwolscine (Atomergic Chemi-
cals Corp., Plainview, NY, U.S.A.); idazoxan (Research
Biochemicals, Inc., Natick, MA, U.S.A.) and moxonidine
(Supplied by Beiersdorf, AG, Hamburg, Germany) were
used.

Results

The first urine collection for each experiment served as a
preparation control (data not shown). This allowed evalua-
tion of baseline renal function for each experiment and the
determination of altered values secondary to the surgical
procedure. In all groups studied, the measured parameters
did not differ between groups during this first collection
period prior to any experimental intervention. The fifth col-
lection period is representative of the differences observed
between groups and consequently these data are presented in
detail.

In the present study, moxonidine failed to alter blood
pressure and creatinine clearance at all three doses inves-
tigated (Figure 1). The highest infusion rate investigated,
however, did produce a small but significant decrease in heart
rate. Moxonidine increased urine flow rate and sodium excre-
tion but not potassium excretion (data not shown) at all
three doses investigated (Figure 2). The above increase in
urine flow rate was secondary to an increase in solute excre-
tion as reflected by an increase in osmolar clearance without
a change in free water clearance (Figure 3).

The increase in osmolar clearance and not free water
clearance reported above suggested that moxonidine, unlike
a,-adrenoceptor agonists, was mediating these effects
independent of vasopressin. The significance of vasopressin in
the above response to moxonidine was determined by the
pretreatment of rats with a specific V, vasopressin receptor
antagonist (Figure 4). As shown above in Figure 3, mox-
onidine alone increased urine volume primarily through an
increase in solute (sodium) excretion. The V, antagonist
alone increased urine volume by increasing free water
clearance. When moxonidine was infused in the presence of
the V, antagonist, a further increase in urine flow rate but
not sodium excretion was observed. No significant differences
in blood pressure, heart rate, creatinine clearance or potas-
sium excretion were observed (data not shown).

A third series of experiments involved the use of the
imidazoline antagonist, idazoxan, and the a,-adrenoceptor
antagonist, rauwolscine. As shown above, moxonidine in-
creased urine flow rate and urine sodium excretion. Idazoxan
(IPS antagonist) but not rauwolscine (x,-adrenoceptor
antagonist) significantly attenuated the renal effects of mox-
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Figure 3 Dose-response effects of intrarenal infusion of moxonidine
on osmolar clearance (Cosm) and free water clearance (CH,O) in the
rat. Each group represents the mean + s.e.mean (vertical bars) of at
least 6 experiments. *P <0.05 versus control vehicle.

onidine (Figure 5). Conversely the same dose of rauwolscine,
which failed to block the action of moxonidine, blocked the
effects of clonidine (Figure 6). Consistent with two sites of
action, idazoxan pretreatment at a dose that blocked the
effects of moxonidine failed to alter the effect of clonidine.

Discussion

Both moxonidine and clonidine contain an imidazolidine ring
structure and a phenylephrine catecholamine structure
(Planitz, 1984). Despite this similarity in structure, recent
radioligand binding studies suggest that moxonidine has a
much greater affinity for the IPS than clonidine (Ernsberger
et al., 1992). The significance of the IPS was initially reported
by Bousquet er al. (1984). These studies divided the effects of
agonists, following microinjection into the nucleus reticularis
lateralis, based on structure rather than previously reported
specificity for a,-adrenoceptors. They found that a,-
adrenoceptor agonists with a basic phenylethylamine struc-
ture, such as noradrenaline or a-methylnoradrenaline failed
to lower the blood pressure. However, when agonists with an
imidazoline moiety were injected into this same area, the
blood pressure was found to drop significantly. These studies
questioned whether the centrally mediated blood pressure
lowering effects of many purported a,-adrenoceptor agonists
was in fact mediated at a,-adrenoceptors.

The majority of functional studies have concentrated on
the hypotensive effects of compounds with imidazoline struc-
tures as mediated through the central nervous system. How-
ever, imidazoline preferring sites have also been identified in
the kidney (Michel & Insel, 1989; Parini et al., 1989; Bidet et
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Figure 4 Effects of moxonidine in the presence and absence of a
specific V, antagonist on urine volume and sodium excretion
(UNaV) in the rat. C, control; Mox, moxonidine (3 nmol kg~'
min~'); V, Antag, V, vasopressin receptor antagonist (30 nmol kg~');
Mox + V, Antag, moxonidine following V, antagonist pretreatment.
Each group represents the mean * s.e.mean (vertical bars) of at least
6 experiments. *P <(0.05 versus control; +P<<0.05 between groups.

al., 1990). Studies with isolated renal tubular cells found that
2Na* entry could be blocked by idazoxan. A concurrent
cellular alkalinization suggested that the IPS was associated
with the Na*—H* antiporter. The effect of stimulating these
sites on solute and water excretion in the intact animal had
not been determined even though these sites had been identi-
fied in the kidney biochemically.

The above studies indicated that many effects previously
attributed to activation of the a,-adrenoceptor may in fact
involve another site. Studies which have centred on the renal
effects of purported a,-adrenoceptor agonists have also
indicated that more than one site and/or receptor may be
involved. Strandhoy e al. (1982) first showed that a systemic
intravenous infusion of clonidine in the dog produced a
greater increase in urine flow rate and sodium excretion than
a direct intrarenal infusion. Studies in our laboratory have
focussed on the ability of a number of aj,-adrenoceptor
agonists to increase urine flow rate based on changes in water
(free water clearance) and/or solute (osmolar clearance) ex-
cretion. Results of a number of studies have been consistent
with the effects of a,-adrenoceptor agonists being mediated at
more than one site and/or receptor. For example, low intra-
renal infusion rates of clonidine increase free water clearance,
while higher infusion rates also increase osmolar clearance
(Blandford & Smyth, 1988). Although intrarenal infusion of
clonidine produced an increase in urine flow rate secondary
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Figure 5§ Effects of an intrarenal infusion of moxonidine in the
absence and presence of a specific «,-adrenoceptor antagonist
(rauwolscine) and a specific IPS antagonist (idazoxan). C, vehicle
control; Mox, moxonidine (3 nmol kg~! min-!); Mox + Rau, mox-
onidine (3 nmol kg~! min—') + rauwolscine (0.3 mgkg-'); Mox
+ Idaz, moxonidine (3 nmol kg~! min-') + idazoxan (0.3 mgkg!).
Each group represents the mean  s.e.mean (vertical bars) of at least
6 experiments. *P <<0.05 versus control; +P<<0.05 between groups.

to an increase in free water clearance, intravenous infusions
were found to increase osmolar clearance (Blandford &
Smyth, 1989). Indomethacin pretreatment also had disparate
effects, with an enhancement of the osmolar effects and an
attenuation of the free water effects of clonidine (Blandford
& Smyth, 1991). Thus, as with central administration of
a-adrenoceptor agonists, the effects in the periphery also
indicated other sites may be involved.

A recent study in our laboratory compared the ability of
three purported a,-adrenoceptor agonists to increase water
(free water) and solute (osmolar) excretion (Smyth et al.,
1992). Clonidine and 2,6 dimethyl clonidine, two purported
oy-adrenoceptor agonists (Fondacaro et al., 1989), displayed
similar potencies in the ability to increase urine flow rate.
However, the effects of clonidine were mediated primarily by
an increase in free water clearance and the effects of 2,6
dimethyl clonidine were mediated primarily by an increase in
osmolar clearance. Moreover, pretreatment with a specific V,
vasopressin-specific antagonist completely attenuated the
renal actions of clonidine but not of 2,6 dimethyl clonidine.
These findings were consistent with the existence of two
subtypes of a,-adrenoceptors and/or two unique receptors.
Although not previously documented, 2,6, dimethyl clonidine
has been found to possess a high affinity for IPSs (Dr Paul
Ernsberger, personal communication). Consequently, in the
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Figure 6 Effects of an intrarenal infusion of clonidine in the absence
and presence of a specific a,-adrenoceptor antagonist (rauwolscine)
and a specific IPS antagonist (idazoxan). C, vehicle control; Clon,
clonidine (0.37 nmol kg~! min~'); Clon + Idaz, clonidine (0.37 nmol
kg~! min~') + idazoxan (0.3 mgkg~'); Clon + Rau, clonidine (0.37
nmol kg~! min~') + rauwolscine (0.3 mgkg~'). Each group repre-
sents the mean t s.e.mean (vertical bars) of at least 6 experiments.
*P<0.05 versus control; 1P <<0.05 between groups.

present study, we investigated the effects of a specific IPS
agonist, moxonidine, on renal function.

The present studies provide three separate lines of evidence
that stimulation of the IPS represents a distinct site from the
ay-adrenoceptor. Moxonidine produced a marked enhance-
ment of sodium excretion and osmolar clearance at all 3
doses tested with no change in free water clearance. Studies
with a,-adrenoceptor agonists have shown an increase in
urine flow rate associated with an increase in free water
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