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Abstract. Arginine vasopressin (AVP) increases water permeability in the collecting
duct of the nephron via activation of adenylyl cyclase. Alpha-2 (o) agonists inhibit
AVP-stimulated water permeability via binding to «, adrenoceptors that have been
divided into 3 subtypes- a,,, a5, and a,c. Some biological effects mediated by «,
agonists result from nonadrenergic imidazoline receptors that exist in the rat kidney.
Thus, a,-inhibition of AVP-stimulated water permeability in the rat collecting duct
could be caused by imidazoline receptors. The purpose of this study was to test
agonists and antagonists selective for a, and imidazoline receptors on AVP-
stimulated water permeability in the rat inner medullary collecting duct (IMCD). Some
experiments were conducted where water permeability was stimulated by a nonhy-
drolyzable analog of adenosine 3',5'-cyclic monophosphate (cAMP). Agonists in-
cluded dexmedetomidine, clonidine, oxymetazoline, agmatine and rilmenidine. The
latter two are selective imidazoline agonists. Antagonists included yohimbine,
RX821002, atipamezole, prazosin, WB4101, idazoxan, and BU239. Prazosin and
WB4101 demonstrate selectivity for the a,; and «,c subtypes, respectively, and oxy-
metazoline and RX821002 are selective for the a,, subtype. BU239 is selective for
imidazoline receptors. Wistar rat terminal IMCDs were isolated and perfused to deter-
mine the osmotic water permeability coefficient (P;). All agonists except agmatine
inhibited AVP-stimulated P;. Inhibition by rilmenidine indicated a different mechanism
of action from other agonists. Dose-response data show dexmedetomidine to be the
most potent inhibitor. Oxymetazoline and clonidine inhibited cAMP-stimulated P, in-
dicating that the mechanism involves postcAMP cellular events. It was reported pre-
viously that dexmedetomidine inhibits cAMP-stimulated P, (1). All antagonists except
prazosin and WB4101 reversed a,-inhibition of AVP-stimulated P,. BU239 was effec-
tive at 1 pMbut not at 100 nM. Results suggest that a,, adrenoceptors modulate water
permeability in the IMCD. The involvement of imidazoline receptors is inconclusive.

[P.S.E.B.M. 1999, Vol 221]

in the Rat

National Science Foundation Career Award IBN-9507444 and CNPg-grant 303259
from Brazil (LH Kudo).

! To whom requests for reprints should be addressed at OSU-COM, 1111 West 17th
Street, Tulsa, OK 74107. E-mail: rouch@osu-com.okstate.edu

2 Presented in part at the Experimental Biology "97 meeting, Rouch AJ. Kudo L, and
Hebert C. Idazoxan partially reverses alpha-2 inhibition of osmotic water permeability
in rat inner medullary collecting duct. FASEB J 11:A459, 1997, Hebert C, Rouch A.
and Kudo L. Oxymetazoline inhibits osmotic water permeability in the rat cortical
collecting duct and inner medullary collecting duct. FASEB J 11:A22, 1997.

Received October 6, 1998. [P.S.E.B.M. 1999, Vol 221]
Accepted January 25, 1999,

0037-9727/99/2212-0136$14.00/0
Copyright © 1999 by the Society for Experimental Biology and Medicine

136 OSMOTIC WATER PERMEABILITY IN RAT IMCD

Ipha-2 (a,) agonists inhibit arginine vasopressin
(AVP)-stimulated water permeability in the rat cor-
tical collecting duct (CCD) and inner medullary
collecting duct (IMCD). Some of these agonists include
clonidine (2), dexmedetomidine (1), and epinephrine (3).
The first two are selective o, agonists, and the third is a
nonselective adrenergic agonist that binds to «,, o,, and
B-adrenoceptors. Epinephrine-induced inhibition is re-
versed by the o, antagonist yohimbine but not by the oy
antagonist corynanthine (3).
This inhibitory mechanism is attributed to o,-induced
reduction of adenylyl cyclase activity via activation of an
inhibitory G protein. Consequently, the o, agonist reduces
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cellular levels of adenosine 3',5'-cyclic monophosphate
(cAMP), the second messenger that leads to increased water
permeability in the IMCD (4). However, we reported that o,
agonists inhibit water permeability subsequent to being
stimulated by nonhydrolyzable analogs of cAMP (1, 5).
This evidence suggests that other cellular messengers and/or
two or more receptor subtypes have biological roles in this
mechanism.

Three a,-adrenoceptor subtypes have been identified—
Q4, Oop, Oxc—and at least two and perhaps all three exist
in the rat kidney (6, 7). Moreover, some receptor-mediated
effects previously thought to have been induced via a,-
adrenoceptors actually occurred via nonadrenergic imidaz-
oline receptors (8, 9). Only a few o, agonists and antago-
nists have been tested on water permeability in isolated
collecting duct nephron segments, and no specific imidaz-
oline-selective agents have been tested.

The purpose of this study was to test the ability of
specific a, and imidazoline agonists to inhibit AVP- and
cAMP-stimulated water permeability in the rat IMCD.
These agonists included dexmedetomidine, clonidine, oxy-
metazoline, agmatine, and rilmenidine. Antagonists were
tested to determine if they would reverse inhibition. These
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Figure 1. Reversal of dexmedetomidine-induced inhibition of AVP-
stimulated P;. The sequence of experimental periods is shown on the
horizontal axis. After the control period, 220 pM AVP was added to
the bath, and P; increased significantly (P < 0.001). Dexmedetomi-
dine added to the bath at 100 nM reduced P; (P < 0.001) in all three
protocols. (1 A} Yohimbine reversed inhibition by 49% (P < 0.001);
(1B) RX 821002 reversed inhibition by 29% (P < 0.001); and (1C)
idazoxan reversed inhibition by 11% (P < 0.05). P-values are with
respect to previous period. Each line represents one experiment of
one IMCD from one rat. Mean + SE values of P, are shown above
each experimental period.

included atipamezole, yohimbine, RX821002, idazoxan,
prazosin, WB4101, and BU239. Results strengthened evi-
dence indicating that a,-inhibition of water permeability in
the IMCD is a more complex mechanism than just o,-
induced inhibition of adenylyl cyclase. They also suggested
that the o, , -adrenoceptor subtype is involved in the mecha-
nism. Rilmenidine induces inhibition via an apparent dif-
ferent mechanism.

Materials and Methods

IMCD segments were isolated and perfused by conven-
tional techniques previously described (10, 11). Wistar rats
were sacrificed by decapitation, and the kidneys were rap-
idly removed and cut into small slices that were placed in
chilled dissection solution of the same composition as the
bathing solution or bath described below. IMCD segments
were dissected and isolated from the terminal two-thirds of
the inner medulla (i.e., the terminal IMCD) (12, 13).

After isolation, the IMCD was transferred to a perfu-
sion chamber on the stage of an inverted microscope and
mounted on concentric pipettes that suspended the tubule in
the bath. One end of the tubule was drawn by suction into
the tip of one of the outer pipettes. The tip of the inner
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Figure 2. Reversal of clonidine-induced inhibition
of AVP-stimulated P, After the control period, 220
pM AVP was added to the bath and F; increased
significantly (P < 0.001). Clonidine added to the
bath at 100 nM reduced F; (P < 0.001} in all four
protocols. (2 A) Yohimbine reversed inhibition by
33% (P < 0.001); (2B) RX 821002 reversed inhibi-
tion by 39% (P < 0.001); (2C) idazoxan reversed
inhibition by 33% (P < 0.001); and (2D) atipamezole
reversed inhibition by 40%. (For format, see legend
Fig. 1)

Figure 3. Reversal of oxymetazoline-induced inhi-
bition of AVP-stimulated P,. After the control period,
220 pM AVP was added to the bath, and P; in-
creased significantly (P < 0.001). Oxymetazoline
added to the bath at 100 nM reduced P; (P < 0.001)
in all four protocols. (3A) Yohimbine reversed inhi-
bition by 58% (P < 0.001); (3B) RX 821002 re-
versed inhibition by 80% (P < 0.001); (3C) idazoxan
reversed inhibition by 47% (P < 0.001); and (3D)
atipamezole reversed inhibition by 39%. (For for-
mat, see legend Fig. 1)

pipette containing the luminal perfusion solution, or perfus-
ate, was advanced into the lumen of the tubule, and perfu-
sion was initiated via air pressure.

The opposite end of the tubule was held in the tip of
another glass micropipette where the perfusate accumu-
lated. The tip of this pipette was coated with a viscous
silicone liquid (Sylgard 184, Dow Corning, Midland, MI) to
isolate the perfusate from the bath. Samples of collected
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perfusate were taken periodically during the experiment
with a constant-volume or volumetric pipette. The bath
composition was as follows (in mM): 115 NaCl, 25
NaHCO,, 10 sodium acetate, 5 KCl, 1.0 CaCl,, 1.2 MgSO,,
1.2 NaH,PO,, 5.5 glucose, and the pH = 7.4. The solution
was continuously bubbled with 95% 0,/5% CO, gas. All
experiments were conducted at 37°C.

The osmotic water permeability coefficient (Pg) was
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Figure 4. Prazosin failed to reverse dexmedetomidine-induced in-
hibition of AVP-stimulated P,. After the control period, 220 pM AVP
was added to the bath, and P, increased significantly (P < 0.001).
Dexmedetomidine added to the bath at 100 nM reduced P; (P <
0.001) in both protocols. Prazosin (Pz) at 100 nM (4 A) or 1 uM (4B)
tailed to reverse inhibition. (For format, see legend Fig. 1)

determined by measuring net fluid flux (J,) in the presence
of a lumen-to-bath osmotic gradient (8090 to 295-300
mOsm/kg H,0). The perfusate was made hypotonic to the
bath by reducing the NaCl concentration to 50 mM. *C-
inulin in the perfusate served as the volume marker, and
rapid luminal perfusion rates of 2030 nl/min were used to
avoid osmotic equilibration. Perfusion rate (V;) was calcu-
lated as V; = V (In//In;), where In; and In_ are the inulin
activities (in cpm/nl) in the initial perfusate and collected
fluid, respectively. The collection rate, V,, was determined
directly by measuring the time required to fill the volumet-
ric pipette. J, was calculated as: J, = (V;-V,)/L where L is
the tubule length measured with an eyepiece micrometer. Py
was calculated using standard equations (14).

Experiments contained four or five periods where three

241 1756 612 511
250
200
o
2 150+
~
S
= 100
o
5 04
o 7
Control AVP AVP+ AVP+
Dex Dex+
WB4101
B
2+1 179211 1798 131 51
250
200
°
9 150
~
s
-~ 1004
o
5 04
Y T T )
Control AVP AVP+ AVP+ AVP+
WB4101 Dex+ Dex
WB4101

Figure 5. WB4101 failed to reverse dexmedetomidine-induced in-
hibition of AVP-stimulated P, AVP added to the bath at 220 pM
increased P, (P < 0.001). In 5A, dexmedetomidine at 100 nM de-
creased P; (P < 0.001) and WB4101 at 1 pM failed to reverse inhi-
bition. In 5B, WB4101 at 1 yM did not affect AVP-stimulated P; and
did not prevent dexmedetomidine from reducing P.. (For format, see
iegend Fig. 1)

timed-fluid samples were collected in each period. P; was
calculated for each sample, and the P; reported for a given
experimental period was the average of the three individual
collections.

Experimental Protocols. Once the IMCD was
mounted on concentric pipettes, perfusion was initiated, and
the bath temperature was raised to 37°C over a period of
10-15 min. After an equilibration period of 30~35 min, the
sampling procedure for the control period began. After three
collections were taken in this period, an experimental agent
was added to the bath, and the sampling procedure was
repeated after 15-20 min of equilibration. Other agents were
added in subsequent periods followed by the equilibration
time and the sampling procedure.

OSMOTIC WATER PERMEABILITY IN RAT IMCD 139



A

11 17119 1657 120t6 4718 3918

250
200 -
M
@ 150
&
g
V_1004
o
5 04
0 ¢ T T T T ]
Control AVP 10nM 50nM 100nM 1 uM
—-<Clonidine———
C
100 Dex
Clo
c 807 ,0xy
=) A ™
= .
2 60—
£
£
t 40
[
o A
[ .
s 20
0 7
1 10 100 1000
Dose (nM)

Experiments were designed to determine if either an o,
or imidazoline agonist would inhibit AVP-stimulated P; and
if an antagonist would reverse the inhibition. The sequence
of a given protocol is shown on the abscissa of the graphs in
the Results. AVP was used at 220 pM, which significantly
increased P; and was consistent with other studies involving
the mechanism of water permeability.

In most experiments, agonists and antagonists were
used at 100 nM. In dose-response protocols of two previous
studies, we found that 100 nM dexmedetomidine produced
maximal or near maximal inhibition of AVP-stimulated P,
in the rat CCD and IMCD (1, 5). In the present study,
dose-response protocols were conducted with clonidine and
oxymetazoline, and the results were compared with those of
dexmedetomidine.

The agonists that inhibited AVP-stimulated water per-
meability were tested on cAMP-stimulated water perme-
ability. In these studies, we used the nonhydrolyzable ana-
log 8-chlorophenylthio cAMP (CPTCAMP) at 10~* M in
lieu of AVP. CPTcAMP was an effective analog in these
experiments (15).

Source of Biochemicals. AVP, oxymetazoline,
WB4101, and CPTcAMP were purchased from Sigma
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Figure 6. Dose-response of clonidine and oxymetazoline. Figures
6A and 6B show the dose-response of clonidine and oxymetazoline,
respectively, on AVP-stimulated P,. AVP was added to the bath at
220 pM, and the agonist was added in subsequent periods at 10 nM,
50 nM, 100 nM, and 1 uM. 6C plots the dose versus percentage
inhibition of clonidine, oxymetazoline, and dexmedetomidine. Dose-
response data with dexmedetomidine were obtained from an earlier
study (5). Least-squares regression lines were fitted to the data. (For
format, see legend Fig. 1)

Chemical Co. (St. Louis, MO). RX821002 and idazoxan
were purchased from Research Biochemicals International
(Natick, MA). Agmatine, rilmenidine, and BU239 were pur-
chased from Torcris Cookson (Ballwin, MO). Clonidine,
prazosin, and yohimbine were kindly provided by Boeh-
ringer Ingelheim (Ridgefield, CT). Dexmedetomidine and
atipamezole were kindly provided by Dr. Riku Aantaa,
Chief of Research, Orion-Farmos Pharmaceutical (Turku,
Finland). *C inulin was purchased from New England
Nuclear (Boston, MA).

Statistical Analysis. Data were analyzed with a
single-factor ANOVA with repeated measures, and P-
values between treatments were determined using the Su-
perAnova statistical package.

Results

Figures 1, 2, and 3 show the results of four o,-
antagonists that were effective at reversing o,-mediated in-
hibition of AVP-stimulated P.

Figure 1 includes three protocols demonstrating the an-
tagonist effect on dexmedetomidine-induced inhibition of
AVP-stimulated P;. Dexmedetomidine inhibited P; by
90%—95%. The following antagonists reversed inhibition:



1) yohimbine by 46% (Fig. 1A); 2) RX821002 by 29% (Fig.
1B); and 3) idazoxan by 11% (Fig. 1C). The percentage
reversal by each antagonist was statistically significant. Re-
sults with atipamezole were reported previously (5).

Figure 2 includes four protocols of the antagonist effect
on clonidine-induced inhibition of AVP-stimulated P;. Clo-
nidine inhibited P, by 75%-80%. The following antagonists
reversed inhibition: 1) yohimbine by 33% (Fig. 2A); 2)
RX821002 by 39% (Fig. 2B); 3) idazoxan by 33% (Fig.
2C); and 4) atipamezole by 40% (Fig. 2D). The percentage
reversal by each antagonist was statistically significant.

Figure 3 includes four protocols demonstrating the an-
tagonist effect on oxymetazoline-induced inhibition of
AVP-stimulated P;. Oxymetazoline inhibited P; by 65%-—
75%. The following antagonists reversed inhibition: 1) yo-
himbine by 58% (Fig. 3A); 2) RX821002 by 80% (Fig. 3B);
3) idazoxan by 47% (Fig. 3C); and 4) atipamezole by 39%
(Fig. 3D). The percentage reversal by each antagonist was
statistically significant.

Figure 4 shows that prazosin used at 100 nM or 1 pM
failed to reverse dexmedetomidine-induced inhibition, and
Figure 5 shows that WB4101 at 1 pM failed to reverse
dexmedetomidine-induced inhibition.

Figure 6 shows the dose-response of clonidine and oxy-
metazoline, respectively, on AVP-stimulated P; After
the AVP period, the agonists were added sequentially to
the bath at 10 nM, 50 nM, 100 nM, and 1 pM. The
dose-response protocol for dexmedetomidine was report-
ed in an earlier paper (5). Figure 6 plots the dose versus
percentage inhibition of dexmedetomidine, clonidine and
oxymetazoline.

Figures 7, 8, and 9 show the effects of the imidazoline-
selective agents. Figure 7 shows that agmatine at 1 wM did
not affect AVP-stimulated P;. Figures 8A and 8B indicate
that 1 pM rilmenidine did not affect AVP-stimulated P;
whereas Figures 8C and 8D show that rilmenidine, when
added before AVP, sigpificantly reduced P;. Figure 9 con-
tains three protocols indicating that BU239 at 1 pM re-
versed o,-mediated inhibition of AVP-stimulated P;.

Figure 10 shows that both clonidine and oxymetazoline
inhibited cAMP-stimulated P;. BU239 at 100 nM did not
reverse the inhibition in either protocol. Figure 11 shows
that rilmenidine did not affect cAMP-stimulated P; in the
way it affected AVP-stimulated P, (Fig. 8D).

Discussion

Elevated plasma AVP levels increase water permeabil-

ity in the collecting duct thereby increasing water absorp- -

tion from the kidney. Studies have shown that o, agonists
inhibit AVP-stimulated P; in isolated collecting duct neph-
ron segments (1-3, 5, 16). It is well known that AVP in-
creases cellular cAMP levels, and investigators generally
agree that o, agonists reduce AVP-stimulated transport via
the inhibition of adenylyl cyclase activity. Chabardés er al.
(17) and Umemura et al. (18) reported that o,-mediated
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Figure 7. Agmatine did not affect AVP-stimulated P;. (7A) AVP
added to the bath at 220 pM increased P, (P < 0.001), and the
subsequent addition of agmatine (Ag) at 1 uM did not affect P. (7B)
Agmatine added after the control period did not affect F;, and the
subsequent addition of AVP increased F; significantly (P < 0.001).
(For format, see legend Fig. 1)

action via clonidine and epinephrine, respectively, inhibited
AVP-induced increase in cAMP levels in the rat CCD. Ed-
wards et al. (19) and Maeda ez al. (20) reported the same
effect in the rat IMCD.

Interestingly, evidence also indicates that the o,-
mediated inhibition of P in the collecting duct involves a
cAMP-independent component. Hawk ez al. (3) reported
that in the isolated rat CCD, epinephrine inhibited P; sub-
sequent to its stimulation by bromoadenosine cAMP, a non-
hydrolyzable analog of cAMP. Although this degree of in-
hibition was small compared to that of epinephrine subse-
quent to the stimulation of P; by AVP, it was significant and
reversed by yohimbine. Previously, we reported that in the
rat IMCD, epinephrine and dexmedetomidine inhibited Py
subsequent to stimulation by CPTcAMP, and atipamezole
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Figure 10. Clonidine and oxymetazoline inhibit cCAMP-stimutated P,.
8-Chlorophenylthio cyclic AMP (CAMP) added to the bath at 107" M
increased P in both protocols. (10 A) Clonidine or (10B) oxymetazo-
line added to the bath at 100 nMreduced P, significantly (P < 0.001).
BU239 at 100 nM did not reverse P, in either protocol. (For format,
see legend Fig. 1)

reversed inhibition by both agonists (5). Apparently then,
other second messengers and/or other receptors participate
in this mechanism.

One well-known effect of o, agonists is their ability to
reduce blood pressure via receptor-mediated action in the
central nervous system (21). It is now widely accepted that
this hypotensive effect results from a, agonists acting on
not only a, adrenoceptors but also nonadrenergic imidazo-
line receptors (22). Over the past several years, imidazoline
receptors have been studied extensively in numerous tis-
sues, and they have been reported to exist in the rat kidney
(23, 24).

Investigators using pharmacological binding tech-
niques have identified agonists and antagonists that distin-
guish imidazoline receptors from o, adrenoceptors and dis-
tinguish among the «, adrenoceptor subtypes—a,,, o,p
and a,c. These subtypes have been identified and cloned
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Figure 11. Rilmenidine failed to affect cAMP-stimulated P, This is
the same protoco] as that in Figure 8D except 8-chlarophenyithio
cyclic AMP at 10~ M was used in lieu of AVP. Rilmenidine at 1 yM
did not prevent a maximal stimulation by cAMP as it did with AVP
(Fig. 8D). (For format, see legend Fig. 1)

Control R

(6). The purpose of the present study was to test and com-
pare some of these agents on AVP- and cAMP-stimulated P;
in the rat IMCD. The o, agonists used in the study were
dexmedetomidine, clonidine, and oxymetazoline. The o,
antagonists were yohimbine, RX821002 (methoxy-
idazoxan), idazoxan, atipamezole, prazosin, and WB4101.
Generally, more antagonists than agonists have demon-
strated subtype selectivity. Yohimbine and atipamezole are
o, antagonists that are nonselective for the o, adrenoceptor
subtypes (25, 26). RX821002 -has been reported to possess
selectivity for the a,, subtype (27). Idazoxan is a nonse-
lective o, antagonist that also binds to imidazoline receptors
and has been used to distinguish between the two (28-30).
We tested these antagonists first with dexmedetomi-
dine, which at 100 nM significantly inhibited AVP-
stimulated P; by 85%-95%. Yohimbine, RX821002, and
idazoxan significantly reversed the inhibition by 49%, 29%,
and 11%, respectively (Figs. 1A, 1B, and 1C). Atipamezole
was shown previously to reverse dexmedetomidine-induced
inhibition (5). Clonidine inhibited AVP-stimulated P; by
75%-80%, and the following four antagonists reversed the
inhibition: yohimbine produced 33% reversal; RX821002
39%; idazoxan 33%; and atipamezole 40% (Figs. 2A, 2B,
2C, and 2D). '
Uhlén and Wikberg (7) reported that oxymetazoline
bound with high and low affinity to the a,, and o,z adre-
noceptor, respectively, in the rat kidney and that prazosin
demonstrated the opposite binding characteristics. WB4101
appears to be selective for the o, adrenoceptor (25). Our
results showed that oxymetazoline significantly inhibited
AVP-stimulated P; by 60%—75%. Yohimbine reversed this
inhibition by 58%, RX821002 by 80%, idazoxan by 47%,
and atipamezole by 39% (Fig. 3). Interestingly, RX821002
reversed inhibition higher than any agonist-antagonist com-
bination. Figures 4 and 5 show that both prazosin and
WB4101 failed to reverse o, inhibition of P;. Thus, based
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on the pharmacological properties of these agonists and an-
tagonists, our data suggest that the a,, adrenoceptor plays
a role in modulating AVP-stimulated P; in the rat IMCD.

We conducted dose-response protocols with clonidine
and oxymetazoline and compared these results with the
dexmedetomidine dose-response protocol conducted in an
earlier study (5). The EDs, data from Table I indicate that
dexmedetomidine is more potent than the other two ago-
nists. No significant differences were obtained from the
slope data. This might suggest that all three agonists bind to
the same receptor, and dexmedetomidine is more potent due
to greater affinity or efficacy, or both. It is also possible that
dexmedetomidine binds to more receptors than the other
agonists while demonstrating similar dose-response charac-
teristics. Since the data in Figures 4 and 5 show no effect of
the a,p antagonist prazosin or the o, antagonist WB4101,
it is reasonable to suspect the involvement of imidazoline
receptors.

Figures 7, 8, and 9 show the effects of imidazoline-
selective agents on P;. We began with the putative endog-
enous imidazoline agonist agmatine, which is a metabolite
of arginine decarboxylation (31). Agmatine has been shown
to induce diuresis in the rat (31-33). However, our results
showed no effect of agmatine on water permeability in the
rat IMCD (Fig. 7).

Rilmenidine, another imidazoline agonist, which also
affects kidney function in the rat (34, 35), significantly in-
hibited P; albeit the inhibition depended on the sequence of
experimental periods. Rilmenidine did not affect AVP-
stimulated P when it was added after AVP (Fig. 8A); how-
ever, when added before AVP, rilmenidine prevented a
maximal AVP-induced increase in P; (Fig. 8C). To be cer-
tain, we repeated the protocol and observed the same effect,
and we also added another period where we again added
rilmenidine to the bath with AVP and observed a significant
reduction in P; (Fig. 8D). Rilmenidine produced a different
inhibitory profile from that observed with dexmedetomi-
dine, clonidine, or oxymetazoline and thus appeared to in-
hibit P; via a mechanism separate from the o,-mediated
inhibition of AVP-stimulated P;. Results on cAMP-
stimulation of P; further demonstrated a different mecha-
nism (see below).

BU239 is a new agent that is highly selective for im-
idazoline receptors over o, adrenoceptors (36, 37). Being

uncertain if it acted as an agonist or antagonist, we first
tested its potential to inhibit AVP-stimulated P; and found
no effect (results not shown). We then tested the potential
antagonist ability of BU239 and found that at 1 pM,
it significantly reversed both dexmedetomidine- and
oxymetazoline-induced inhibition of AVP-stimulated P
(Fig. 9).

It was shown earlier that dexmedetomidine inhibited
cAMP-stimulated P (5). To determine if the clonidine- and
oxymetazoline-induced inhibition of AVP-stimulated P
was dependent on adenylyl cyclase, we tested these agonists
on P; stimulated by the nonhydrolyzable analog 8CPTcAMP
in lien of AVP. Both clonidine and oxymetazoline inhibited
cAMP-stimulated P; (Fig. 10). These findings indicate that
inhibition of P; involves a cellular mechanism more complex
than just the inhibition of adenylyl cyclase (ie., a postcAMP
cellular event).

In these cAMP experiments we tested the ability of
BU239 in the nanomolar range to reverse inhibition. BU239
at 100 nM failed to reverse either clonidine- or oxymetazo-
line-induced inhibition. This caused us to question the in-
volvement of imidazoline receptors. Nutt et al. (37) reported
that BU239 was quite selective for imidazoline receptors in
rabbit brain membranes with an inhibitory binding constant
(K,) of about 2 nM whereas K; for the a, adrenoceptors was
about 7 pM. It is possible that at higher concentrations
BU239 binds to a, adrenoceptors, and it is critical to re-
member that many o, and imidazoline compounds demon-
strate cross-binding characteristics. Identification of spe-
cific receptors requires numerous dose-response studies
with highly selective agents.

However, the results noted above with rilmenidine are
interesting in that this agonist induced inhibition of AVP-
stimulated P; only when it was applied before AVP. We
repeated the protocol with SCPTcAMP in lieu of AVP.
Under these conditions, rilmenidine failed to inhibit P; (Fig.
11). These results suggested that the rilmenidine-induced
effect occurs via adenylyl cyclase inhibition (i.e., a precy-
clic AMP cellular event). Whether rilmenidine acts on im-
idazoline receptors or via another mechanism is not known.
Moreover, the cellular mechanism associated with imidaz-
oline receptors is unknown. These results with rilmenidine
should lead to further studies to identify the underlying
mechanism of this inhibition.

Table I. Dose-Response Data®

Agonist EDyo (M) 95%CI-ED50° Slope” 95%CI-Slope®
Dexmedetomidine 4.1 1.9-9.0 33.0£52 22.3-43.8
Clonidine 105.4 63.5-175.1 38.2x54 26.6—49.7
Oxymetazoline 135.5 79.7-230.5 37.0+53 25.6-48.4

2 Data analyzed from dose-response protocols of dexmedetomidine-, clonidine-, and oxymetazoline-induced inhibition of AVP-stimulated P,.

(Fig. 6)

5 EDgy: Experimental dose that induced 50% inhibition of AVP-stimulated P,.

°95% confidence interval of ED;, data.
9 Slope of lines fitted with least squares regression (Fig. 6).
° 95% confidence interval of slope data.
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In summary, the key new findings obtained from this
study are: clonidine and oxymetazoline inhibit AVP- and
cAMP-stimulated P; in the rat IMCD; dexmedetomidine is
a more potent inhibitor than either clonidine or oxymetazo-
line; and the imidazoline-selective agonist rilmenidine in-
hibits AVP-stimulated P, via a different mechanism than
that of the o, agonists. In addition, the selective imidazoline
agonist agmatine does not affect P;, and the imidazoline-
selective antagonist BU239 at 1 pwM but not at 100 nM
reverses a,-inhibition of P; Yohimbine, RX821002,
idazoxan, and atipamezole reverse a,-inhibition of AVP-
stimulated P;, whereas prazosin and WB4101 do not. Our
data suggest that the a,- inhibitory mechanism of water
permeability in the Wistar rat IMCD is modulated at least in
part by a,, adrenoceptors. Although the case for imidazo-
line receptors is inconclusive, the interesting results with
rilmenidine should lead to further mechanistic studies re-
lated to that agent.
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