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SUMMARY Renal sympathetic antidiuretic, antinatriuretic, and vasoconstrictor responses are mediated
by a,-adrenergic receptors in the normal rat. Since the renal nerve has been implicated in the pathogenesis
of rat genetic hypertension, we investigated renal <x,-adrenergic receptor coupling to phosphoinositide
turnover in spontaneously hypertensive rats (SHR) and Wistar-Kyoto rats (WKY). In cortical slices from
adult (13-week-oM) SHR and WKY, stimulation with norepinephrine ( l O M O 3 M) caused a concentration-
dependent increase in accumulation of [3H]inositol phosphates. However, dose-response curves for SHR
characteristically displayed a depression of the maximum response as compared with those for WKY.
Baseline accumulation of [3H]inositol phosphates was not different between strains (39.4 ± 2.2 cpm/mg
tissue/hr for WKY and 34.4 ± 2 . 1 cpm/mg tissue/hr for SHR slices; n = 5 rats/group, determined in
triplicate). Antagonist competition studies revealed that norepinephrine-stimulated (10~4 M) [3H]inositol
phosphate accumulation was mediated by a,-adrenergic receptors (ICj,) for prazosin: 65 ± 11 nM for
SHR and 64 ± 5 nM for WKY). The reduction in norepinephrine-stimulated [3H]inositol phosphate
accumulation in SHR cortex was not the result of the hypertension, since it was also present in cortical
slkes from young (4-week-old) SHR in which the blood pressure was not yet significantly different from
that in WKY and since [3H]inositol phosphate accumulation was unchanged from control values in rats
made hypertensive by treatment with deoxycorticosterone acetate. Scatchard analysis of [3H]prazosin
binding in renal cortical membranes of young and adult SHR and WKY revealed no significant differences
in aradrenergk receptor density or affinity between strains at either age. Our results suggest that renal
o,-adrenergic receptor coupling to phospholipase C is less efficient in SHR than in WKY. This unpaired
response is not the result of hypertension or changes in receptor density; this defect may play a role in
increased renal sympathetic nerve activity and in the development or maintenance of hypertension in SHR.
(Hypertension 12: 80-88, 1988)
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THE renal sympathetic nerve plays an impor-
tant role in renal tubular electrolyte reab-
sorption and renovascular tone.'-2 Low fre-

quency stimulation of the rat renal nerve causes an
a,-adrenergic receptor-mediated increase in tubular
sodium and water reabsorption.3-3 Higher fre-
quency renal nerve stimulation results in renovaso-
constriction mediated by a,-adrenergic receptors.5-8

In light of the influence of the sympathetic nervous
system on sodium and water reabsorption and reno-
vascular tone, the potential importance of the renal
nerve in the pathogenesis of experimental hyperten-
sion is well recognized.9-10 Particularly compelling is
evidence that efferent renal nerve activity is elevated
andjunctional norepinephrine release is enhanced11-12
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in spontaneously hypertensive rats (SHR) when com-
pared with Wistar-Kyoto rats (WKY)13 and that
renal denervation delays the onset of genetic hyper-
tension.14-16 Very recent evidence suggests that neu-
ronal reflexes are impaired in SHR kidneys.17 Since
a,-adrenergic receptors mediate important functions
of the renal nerve, we hypothesize that this adrener-
gic receptor subtype plays an integral role in the
pathogenesis of hypertension in SHR. Interestingly,
it was recently reported18 that renal membrane a,-
adrenergic receptor density is increased in SHR
compared with WKY.

These findings suggest that a,-adrenergic receptor
regulation is defective in SHR, since the receptors
fail to down-regulate (and, in fact, are increased in
density) under conditions of increased sympathetic
nerve activity (and hence, increased junctional nor-
epinephrine concentration or turnover, or both). It
has thus been proposed18 that this defect is respon-
sible for enhanced sodium and water reabsorption
and increased renovascular tone in SHR.
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a,-Adrenergic receptor-mediated signals are trans-
duced through an interaction with phospholipase
C,19 which then hydrolyzes phosphoinositides and
polyphosphoinositides to form inositol phosphates
and diacylglycerol.20 Thus, the rate of formation of
these products can be used to assess the relative
efficiency of aradrenergic receptor coupling to phos-
pholipase C.

In the present study, we established a kidney
slice preparation to examine norepinephrine-stimu-
lated accumulation of inositol phosphates. With this
model we tested the hypothesis that altered renal
a,-adrenergic receptor regulation in SHR causes an
increase in phosphoinositide turnover and hence an
increase in aradrenergic receptor-mediated effects
in the kidney. The results of our study indicate that
aradrenergic receptor coupling efficiency is reduced,
rather than increased, in the kidneys of adult and
weanling SHR compared with those of WKY.

Materials and Methods
Animals

Adult (weight, 250-300 g) male Sprague-Dawley
rats (Harlan, Houston, TX, USA) were used to
establish the kidney slice model. For experiments
with genetically hypertensive rats, male SHR or
WKY (Harlan) were purchased at an age of 3 or 12
weeks and were housed for 1 week in our animal
room before use. The rats were allowed free access
to standard laboratory chow and tap water. For
studies in deoxycorticosterone acetate (DOCA)-
sodium hypertensive rats, male Sprague-Dawley
rats were purchased as described and divided into
two groups. One group received 5-mg injections of
DOCA twice weekly for 3 weeks with a 1% NaCl
solution to drink ad libitum. The control group
received olive oil vehicle injections and tap water to
drink. Systolic blood pressure was measured by
tail-cuff plethysmography (Narco Biosystems, Hous-
ton, TX, USA) in hypertensive rats and their nor-
motensive controls before they were killed.

Kidney Slice Preparation
Adult rats were anesthetized with sodium pento-

barbital (Abbott), 50 mg/kg, a midline incision was
made, and the abdominal aorta was exposed. The
aorta was ligated above the kidneys, which were
then flushed through the aorta with ice-cold Krebs-
Henseleit (K-H) buffer (NaCl, 118 mM; KC1,4.7 mM;
CaCl2, 1.9 mM; KH2PO<, 1.2 mM; MgSO4, 1.2 mM;
NaHCO3, 26 mM; dextrose, 10.0 mM; urea, 6
mM; 0-alanine, 10 mM; Na2HPO4,1.2 mM; pH = 7.4
at 25 °C) and dissected free of surrounding tissue.
Kidneys were cut sagittally into equal halves and
bathed in ice-cold K-H buffer. Thin (~ 0.3 mm) coro-
nal slices of each half were then made with a double-
edged razor blade. These slices were placed in fresh
cold buffer, and the medulla was dissected free. The
remaining cortical slices (~10 mg) were then weighed
and transferred to individual aerated (95% O2, 5%

tubes containing 2 ml of K-H buffer (37 °C).
Some of the slices were removed at this point and
were frozen for a later protein assay or dried at 140 °C
to determine total water content. After a 10-minute
equilibration period, 3 /iCi of [l,2-3H(N)]myoinositol
(61.2 Ci/mmol, New England Nuclear, Boston, MA,
USA) was added to each tube and allowed to incubate
for 1 hour. Kidneys from two rats (one SHR and one
WKY) were always prepared for analysis simulta-
neously each day. Due to the small slice size in
kidneys from 4-week-old rats, two slices were added
to each tube to achieve a 10 mg total slice weight. In
some experiments (adult rats), both medullary and
cortical slices were used.

Experimental Protocol
After a 60-minute incubation with [3H]inositol,

the slices were transferred to new tubes containing
modified K-H buffer, which contained LiCl (10 mM,
NaCl reduced to 108 mM) to inhibit inositol-1-
phosphatase21 and myo-inositol (30 pM) to prevent
any subsequent relabeling of phosphatidylinositol.
In some experiments, prazosin (10~9-10~5 M) or
rauwolscine (10~7 to 3 x 10~4 M) was present in the
incubation buffer at this point. Norepinephrine (10~7-
10"3 M, each concentration in triplicate for each
kidney) was then added after 10 minutes and incu-
bated for an additional 20 minutes. The incubations
were terminated by removing each slice from the
buffer and placing it into 1 ml of an extraction
solution containing chloroform, methanol, and HC1
(0.01 N) in a ratio of 0.5 : 1.0:0.4 (vol/vol/vol).

Extraction of Inositol Phosphates
The tissue was homogenized with a Brinkman

polytron (7-mm generator, Westbury, NY, USA).
The polytron was washed after homogenization of
each sample with 0.9 ml of the extraction mixture,
and the two fractions were pooled and centrifuged
at 150 g for 10 minutes. The resulting supernatant
was added to 1 ml of a 1 :1 (vol/vol) mixture of
chloroform and 0.01 N HC1 to separate the phases.
Total inositol phosphates were then determined
using a modification of the method of Berridge et
al.21 Briefly, the aqueous phase from each sample
was separated and placed onto a column containing
1.5 ml of Dowex AGI-X8 anion exchange resin
(200-400 mesh, formate form). [3H]Inositol was
then removed by washing with 10 ml of a 5 mM
myoinositol solution. The glycerol inositol phos-
phate fraction was then eluted with 5 ml of a 4.0 mM
sodium tetraborate/60 mM sodium formate solu-
tion. Total inositol phosphates were then eluted
with 5 ml of a formic acid/ammonium formate
solution (0.1:1.2 M, respectively). A 1.0 ml aliquot
of the eluent was then pipetted into scintillation
vials containing 10 ml of Triton/toluene scintillation
cocktail.

To ensure adequate incorporation of [3H]inositol
into membrane phospholipids, a 0.5 ml aliquot of
the organic phase of each sample was added to 10
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82 HYPERTENSION VOL 12, No 1, JULY 1988

ml of scintillation cocktail in scintillation vials. All
samples were then counted for 10 minutes. Prelim-
inary studies using thin-layer chromatography estab-
lished that more than 95% of the organic phase
counts originated from [3H]phosphatidylinositol.

Radioligand Binding Assays
Rats of each strain and age group were killed, and

the decapsulated kidneys were flash-frozen (dry
ice-methanol) and stored at — 40 °C for subsequent
radioligand binding assays. The frozen kidneys were
thawed at 4 °C, and cortical tissue was dissected
free of medulla. In some experiments, renal cortical
slices were prepared and incubated in K-H buffer as
already described ([3H]mjo-inositol omitted) and
the slices were pooled and used fresh in the prepa-
ration of renal membranes. Cortical plasma mem-
branes were prepared and binding studies per-
formed as described by Williams et al.,22 with
modifications by Schmitz et al.6 Renal cortical
membranes were first washed with 5 mM EDTA in
cold 50 mM Tris buffer (pH 7.5) and then incubated
with radioligand in 50 mM Tris buffer and 5 mM
MgCl at 25 °C for 30 minutes. [3H]Prazosin (0.1-4.0
mM) was used to construct a Scatchard plot in dupli-
cate for each assay. The maximal concentration of
ligand was at least five times the Ka to ensure satura-
tion of receptor sites.23 Incubation was terminated by
instantaneous filtration through Whatman GF/C glass
filters (Clifton, NJ, USA). The filters were washed
with three 5-ml aliquots of cold buffer, dried, and
placed in scintillation vials for counting. Specific
binding was defined with 10 /xM phentolamine. Ago-
nist displacement studies were also performed with
norepinephrine (10~8-10~3 M). The [3H]prazosin con-
centration in these studies was approximately two
times the Kd. Protein concentrations were determined
by the method of Lowry et al.24

Drugs Used
The drugs used in this study and their sources are

as follows: norepinephrine HC1, arginine vasopres-
sin, angiotensin II, 5-hydroxytryptamine HO, car-
bachol (Sigma Chemical, St. Louis, MO, USA);
prazosin HC1 (Pfizer, New York, NY, USA); rau-
wolscine HC1 (Dr. Carl Roth, Karlsruhe, West
Germany); [3H]prazosin, 81 /xCi/mmol (New England
Nuclear).

Statistics
Radioligand binding and displacement data were

analyzed with the curve-fitting program LIGAND.23

In other analyses, homogeneity of variances was
established with Bartlett's test. The differences
between groups were determined with the Newman-
Keuls multiple comparison test.26

Results
Blood pressure was not different between SHR

and WKY at 4 weeks of age (110 ± 9 and 113 ± 9
mm Hg, respectively, n = 5/group) but was signif-

icantly higher in adult (13 weeks) SHR than in adult
WKY (172 ± 5 vs 121 ± 4 mm Hg; p < 0.001). Rats
treated with a DOCA-sodium regimen were hyper-
tensive with respect to olive oil-tap water controls
at the time of death (systolic pressure, 142.2 ± 6.4
vs 125.7 ± 5.8 mm Hg; p < 0.001).

Validation of the Kidney Slice Model
Slices derived from adult SHR and WKY did not

differ with respect to mean wet weight (10.6 ± 0.2
vs 10.5 ± 0.2 mg, respectively; n = 90 slices/
group), protein content (107 ± 7 vs 99 ± 5 t̂g
protein/mg wet tissue), or water content (78.35 ±
0.24 vs 78.99 ± 0.23%). In the experiments com-
paring DOCA-sodium hypertensive rats with con-
trols, no differences were observed between groups
in mean slice wet weight (11.2 ± 0.3 vs 10.9 ± 0.3
mg, respectively) or protein content (99 ± 1.2 vs 92
± 1.2 /xg/g wet weight).

Preliminary studies in Sprague-Dawley rats were
used to determine the appropriate experimental
parameters for subsequent studies. These studies
revealed that accumulation of tritium in the slices
was linear with time (0-120 minutes). Norepineph-
rine (10~4 M) added after the labeling period caused
an increase in [3H]inositol phosphates that was
linear with time, reaching a maximum at 20 minutes
(Figure 1). The 20-minute incubation period was
used for subsequent studies. Norepinephrine caused
a dose-related rise in accumulation of inositol phos-
phates with a 50% effective concentration (EQo), of
approximately 3 /nM. Differential elution of inositol
monophosphate, inositol bisphosphate, and inositol
trisphosphate by the method of Berridge et al.21

revealed that more than 90% of the labeled species
eluted was in the form of inositol monophosphate.
Norepinephrine (10~* M) stimulation of inositol
phosphate accumulation was greatly reduced when
performed in a buffer free of LiCl (control = 30.1 ±
4.1 cpm/mg slice; norepinephrine-stimulated = 42.2
± 2.6 cpm/mg slice).

Inositol Phosphate Accumulation in Genetically
Hypertensive Rats

Figure 2 shows the dose response to norepineph-
rine for total [3H]inositol phosphate accumulation
in adult SHR and WKY. The baseline (nonstim-
ulated) labeling of [3H]inositol phosphates (see Fig-
ure 2) was not different between strains. However,
norepinephrine-stimulated accumulation of [3H]-
inositol phosphates was consistently higher at each
concentration of NE in WKY slices, compared with
SHR slices (see Figure 2). The EC50 values for
norepinephrine were not different between strains
(5.0 ± 1.0 /iM for SHR and 3.4 ± 0.7 fiM for
WKY). To investigate whether this phenomenon
was the result of the higher blood pressure of adult
SHR, we repeated the studies in slices from 4-week-
old rats. Figure 3 demonstrates that, although
the norepinephrine-stimulated accumulation of
[3H]inositol phosphates was reduced relative to
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FIGURE 1. Characteristics of norepinephrine (NE)-
stimulated accumulation of [3H]inositol phosphates in
renal cortical slices of Sprague-Dawley rats. A. Time
course for NE-stimulated accumulation of inositol phos-
phates. Cortical slices from Sprague-Dawley rats were
incubated in Krebs-Henseleit buffer (37 °C) with 3 fid
[3H]myo-inositol for 60 minutes. The slices were then
transferred individually to tubes containing Krebs-
Henseleit buffer with 10 mM LiCl (isotonic) and 30 fiM
cold inositol for 10 minutes. NE (10~* M) or buffer (basal
time controls) was then added and incubated for the times
shown. Incubations were terminated by placing the slices
in (0.4:1:0.5) 0.1 N HCllmethanollchloroform. Total
labeled inositol phosphates were extracted and quantified
as described in Materials and Methods. Each point repre-
sents the mean response in cortical slices from three rats,
determined in triplicate. B. Dose-response curve for NE.
Slices were prepared as just described and were incubated
with various concentrations of NE for 20 minutes.

slices from adult rats of both strains, the relative
differences between SHR and WKY remained (EC50
for SHR = 4.1 ± 1.1 fiM; for WKY = 2.7 ± 0.5
nM). The reduction in maximum accumulation of
inositol phosphates in weanling compared with adult
rats was due to lower absolute levels of phospholi-
pase C, since expression of the data as counts per
minute per milligram of membrane protein elimi-
nated the age difference in both strains. Nor-
epinephrine-stimulated (10~4 M) accumulation of
[3H]inositol phosphates was also significantly greater
in medullary slices of adult WKY compared with
SHR (data not shown). Baseline labeling of inositol
phosphates in medullary slices was similar to that
found in cortical slices, but norepinephrine-
stimulated values were lower.
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FIGURE 2. Norepinephrine (NE)-stimulated accumula-
tion of inositol phosphates (IPs) in renal cortical slices
from adult SHR and WKY. Slices were preincubated with
3 fjiCi [3H]myo-inositol for 60 minutes, then transferred
individually to tubes containing Krebs-Henseleit buffer
with 10 mM LiCl (isotonic) and 30 fiM cold myo-inositol
for 10 minutes. NE (10~7-10~3 M) was added (three slices/
dose/strain), and incubations proceeded for 20 minutes.
Basal values represent slices incubated in the absence of
NE. Total labeled IPs were extracted and quantified as
described in Materials and Methods. Each point repre-
sents the pooled results for 15 slices (triplicate determina-
tion in each of five animals) except for the 10~3 M concen-
tration, which represents two rats/strain (six slices). Single
(p < 0.05), double (p < 0.01), and triple asterisks (p <
0.001) indicate significant difference between groups.

To further investigate the possibility that reduced
norepinephrine-stimulated phospholipase C activity
was a result of hypertension, we performed exper-
iments with kidney slices obtained from DOCA-
sodium hypertensive and normotensive control rats.
Figure 4 shows that there was no significant differ-

!
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FIGURE 3. Norepinephrine (NE)-stimulated accumula-
tion of inositol phosphates (IPs) in renal cortical slices
from weanling SHR and WKY. Legend and conditions
are as in Figure 2, except that two slices/tube were used
to approximate the slice weights in the adult rat experi-
ments (n = two rats/strain for 10"* and 10'3 M concen-
trations). Single (p < 0.05) and double asterisks (p <
0.01) indicate significant difference between groups.
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FIGURE 4. Norepinephrine (NE)-stimulated accumula-
tion of inositol phosphates (IPs) in renal cortical slices
from DOCA-Na hypertensive rats. Conditions are identi-
cal to those described in Figure 2. Each point represents
the pooled results for nine slices (three rats).

ence in norepinephrine-stimulated inositol phos-
phate accumulation between DOCA-sodium and
control rats, suggesting that decreased adrenergic
receptor-stimulated phosphoinositide turnover is not
a response to elevated blood pressure and is a
genetic characteristic of the SHR strain.

The norepinephrine-stimulated accumulation of [3H]-
inositol phosphates was mediated by a,-adrenergic
receptors, since the maximal response to norepineph-
rine was potently inhibited by the selective ar
adrenergic receptor antagonist prazosin (Figure 5).
The selective a2-adrenergic receptor antagonist rau-
wolscine was approximately 1000 times less potent
than prazosin. The IC*, values of the antagonists
were not different between strains.

To determine whether this difference in ar
adrenergic receptor-mediated inositol phosphate
accumulation was a reflection of a generalized phos-
pholipase C deficiency, we examined other known
activators of phospholipase C in SHR and WKY

9 8 7 6 5 4 3
-Log [AntogorUttJ

FIGURE 5. Inhibition of norepinephrine-induced (W4

M) accumulation ofinositol phosphates by prazosin and
rauwolscine. Antagonists were allowed to equilibrate
with renal cortical slices of adult SHR and WKY for 10
minutes before addition of 10~* M norepinephrine. ICy,
for prazosin = 65 ± 11 nM for SHR and 64 ± 5 nM for
WKY; ICsofor rauwolscine = 86 ± 21 pM for SHR and
55 ± 19 fiMfor WKY.
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FIGURE 6. Agonist-induced accumulation of inositol
phosphates in renal cortical slices of SHR and WK Y.
Slices were incubated in the presence of agonist for 20
minutes. Each bar represents the mean response of nine
slices (three rats). NE = norepinephrine, 10~* M; Ang II
= angiotensin II, 10'4 M; AVP = arginine vasopressin,
20 fiU; 5-HT = 5-hydroxytryptamine, W4 M; CARB =
carbachol, 1 mM. Triple asterisk indicates significant
difference between groups (p < 0.001).

kidney slices (Figure 6). Norepinephrine was the
most potent activator of phospholipase C in cortical
slices, followed by (in descending order) angioten-
sin II, serotonin, histamine, carbachol, and vaso-
pressin. Agonist-stimulated inositol phosphate accu-
mulation was significantly different (p < 0.001)
between strains only for norepinephrine. Thus, the
altered efficiency of inositol phosphate accumula-
tion is not likely to result from a strain difference in
basal phospholipase C activity but is related specif-
ically to a,-adrenergic receptor-coupled phospholi-
pase C activity.

a,-Adrenergic Receptor Binding Studies
Saturation studies with [3H]prazosin yielded lin-

ear Scatchard plots (Figure 7 and Table 1). No
significant difference was found between SHR and

300
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Bound (fmoloi/mg proteJn)
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FIGURE 7. Scatchard plots of [3H]prazosin binding data
in renal cortical membranes from representative wean-
ling (A) and adult (B) SHR and WKY. Membranes were
prepared as described in Materials and Methods and
incubated with various concentrations of [3HJprazosin for
30 minutes at 25 "C. For summarized results of Scatchard
analysis of all rat kidneys, see Table 1.
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TABLE I .  mecr  of Age on Renal Cortical [ 3 ~ P r a z o s i n  Binding Paramerers in SHR and WKY 

4 weeks 13 weeks 

Kd 8- Ki NE Kd B- K, NE 
Strain (nM) (fmoVmg protein) (pM) (nM) (frnoVmg protein) (pM) 
SHR (n = 5) 0.4 k 0.1 72.8 k0.4 1.83 20.6 0.63 20.2  91.2k5.7 1.23 k 0.2 
W K Y ( n = 5 )  0.33k0.1 64925 .6  1.47k0.1 0.60?0.1 83.7 k 6.8 1.37k 0.2 

Values are means k SEM. All values were determined at 25 "C with ['Hlprazosin in 50 mM Tris buffer plus 5 mM 
MgCl (pH = 7.4). B, = maximum binding capacity; Kl NE = Ki for norepinephrine as calculated by LIGAND. 

WKY cortical a,-adrenergic receptor binding char- 
acteristics at either age. We also examined norepi- 
nephrine displacement of [3H]prazosin in renal cor- 
tex from adult SHR and WKY and again found the 
curves to be identical between strains at both ages 
(Figure 8; see Table 1). One published study18 
reported that the density of [3H]prazosin binding 
sites in SHR kidneys was approximately double 
that of WKY kidneys. We therefore performed 
binding assays with [3H]prazosin using the condi- 
tions (Na-K-PO, buffer, no EDTA wash) used by 
these authors. In the Na-K-PO, buffer the apparent 
a,-adrenergic receptor density was slightly higher 
(23%) in SHR (maximum binding capacity = 84.2 
+ 6.1 fmoVmg protein; n = 6) than in WKY (max- 
imum binding capacity = 68.4 * 3.5 fmoYmg pro- 
tein; n = 5), and the difference was just below the 
level of statistical significance (p < 0.06). No sign& 
icant difference between strains was observed in the 
K, (0.87 + 0.18 nM for SHR and 0.73 + 0.17 nM for 
WKY) for [3H]prazosin. 

Thus, we observed that the buffer composition 
affected the apparent maximum binding capacity for 
prazosin binding. The density of receptors could 
have been altered disproportionately between strains 
during the course of our incubations in K-H buffer 
in our functional assays. Such a change could 
account for the interstrain differences in inositol 
phosphate accumulation. Therefore, we performed 
a,-adrenergic receptor binding assays in mem- 
branes prepared from cortical slices preincubated in 
K-H buffer. We again found no difference in maxi- 
mum binding capacity (SHR = 104.4 * 5.9 fmoYmg 
protein; WKY = 108 + 9.6 fmoYmg protein) or Kd 
(SHR = 0.61 + 0.1 nM; WKY = 0.60 + 0.19 nM) 
between strains (n = three ratslgroup). Inclusion of 

norepinephrine (lo-' M) in the preincubation medium 
reduced binding density by 12.6 + 4.0% in SHR 
and by 13.7 + 3.Wo in WKY, with no change in 
affinity. 

Discussion 
a,-Adrenergic receptor-mediated signal transduc- 

tion is thought to occur through interaction with a G 
protein and the phosphodiesterase phospholipase 
C.19 Activation of phospholipase C results in the 
hydrolysis of membrane phosphoinositides and poly- 
phosphoinositides to yield the putative second 
messengers diacylglycerol and inositol 1,4,5- 
trisphosphate.20 In the present study, we have quan- 
tified the accumulation of total inositol phosphates 
in response to norepinephrine in kidney slices of 
SHR and WKY. The results indicate that renal 
a,-adrenergic receptors are less efficiently coupled 
to phospholipase C in SHR than in WKY. This 
difference preceded the development of marked 
hypertension in these animals and was not present 
in DOCA-sodium hypertensive rats, suggesting that 
this abnormality was not the result of elevated 
b l d  pressure in SI-IR. The reduced efficiency of 
renal phospholipase C in SHR was selective for 
a,-adrenergic receptor stimulation since the response 
to other agonists was similar between strains. 

Norepinephrine-stimulated inositol phosphate accu- 
mulation was reduced in SHR despite a similar renal 
a,-adrenergic receptor density in SHR compared with 
WKY. Thus, this interstrain variation apparently does 
not emanate from a difference in receptor capacity or 
affinity. It has k e n  proposedl8 that increases in renal 
a,-adrenergic receptor density may a m p l ~  postjunc- 
tional responses in SHR, contniuting to, or causing, 
hypertension in this strain. However, we have found 

FIGURE 8.  Norepinephrine displacement 
curves for [3H]prazosin binding in renal 
membranes of weanling (A) and adult (B)  
SHR and WKY. [3wprazosin concentra- 
tion was approximately two times the bind- 
ing Kd. Summarized results for all kidneys 
appear in Table I .  
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that, although the number of renal a,-adrenergic recep-
tors in SHR is either not different (Tris buffer) or
slightly higher (phosphate buffer) than that in WKY,
the relative ability of SHR aradrenergic receptors to
transduce signals is reduced when compared with that
of WKY, not increased. Thus, changes in ar
adrenergjc receptor binding capacity, taken alone,
cannot reliably predict altered signal transduction
processes.

a,-Adrenergic receptor-phospholipase C cou-
pling has been the subject of a limited number of
investigations in genetically hypertensive rats. Table
2 summarizes some of the recent studies. In brain
tissue of SHR, aradrenergic receptor density is
increased compared with WKY,29- *° and Feldstein
et al.29 have shown that a,-adrenergic receptor
stimulation of inositol phosphate accumulation was
decreased in neuronal cell cultures harvested from
1-day-old SHR. Our results from an entirely dif-
ferent model system appear to be quite similar to
those of Feldstein et al.,29 suggesting a general
distribution of this functional abnormality in ar
adrenergic receptor coupling in SHR. However,
results from vascular tissue have been conflicting.
Heagerty et al.32 have shown that ai-adrenergic
receptor-stimulated production of [3H]inositol phos-
phates was reduced in the aorta of adult SHR
compared with WKY, with no change in the basal
activity, similar to our findings in the kidney. How-
ever, Uehara et al.33 reported that basal phospholi-
pase C activity was significantly enhanced com-
pared with WKY in aortic tissue of adult SHR. In
weanling rats, these authors found that basal activ-
ity similarly increased. Heagarty et al.32 also found
that basal aortic phosphoinositide turnover was
elevated in 5-week-old rats, with significant enhance-
ment (rather than reduction) of aradrenergic recep-
tor-stimulated accumulation of inositol phosphates.

Thus, depending on the tissue, aradrenergic recep-
tor density can be increased, decreased, or un-

changed in SHR compared with WKY, and phos-
pholipase C activity differs between the strains
independently of aradrenergic receptor regulation
(see Table 2). It is presently unknown whether
these variations represent tissue-specific differ-
ences in expression of phospholipase C activity
with important functional implications or whether
these disparities reflect methodological differences
or the heterogeneity of the commercially available
WKY and SHR strains.33 In the present study, the
response characteristics of normotensive Sprague-
Dawley rats closely resemble those of WKY (com-
pare Figures 3 and 5), indicating an abnormality of
SHR rather than of WKY.

The mechanism for the reduction of renal ar
adrenergic receptor-phospholipase C coupling effi-
ciency in SHR is unclear. The data suggest that the
site of the alteration is at the level of the a,-
adrenergic receptor-phospholipase C interaction,
since basal and nonadrenergic-stimulated inositol
phosphate accumulation was similar between strains.
In the present study, we were unable to identify any
differences in a,-adrenergic receptor binding char-
acteristics between strains that would suggest dif-
ferences in the aradrenergic receptor protein itself.
SHR renal aradrenergic receptors may be desensi-
tized from exposure to a higher level of renal
sympathetic nerve stimulation13 without a loss in
receptor number. However, a,-adrenergic receptor
density was increased and coupling efficiency to
phospholipase C was decreased compared with
WKY in neuronal cell cultures harvested from
neonatal SHR, implying that this phenomenon is
independent of tonic agonist stimulation. The com-
bined evidence suggests a fundamental abnormality
in a,-adrenergic receptor coupling in the SHR.

arAdrenergic receptors are under the regulatory
influence of protein kinase C. Stimulation of ar
adrenergic receptors causes activation of phospho-
lipase C and hydrolysis of phosphoinositides, yield-

TABLE 2. arAdrenergic Receptor Binding Capacity and Phospholipase C Activity in SHR and WKY

Tissue

Kidney

Brain

Vasculature

Myocardium

arAdrenergic
receptor density

Unchanged
Increased
Unchanged
ND

Increased
Increased
Increased
ND
ND
ND
Decreased
ND

Phospholipase C activation

Basal'

Unchanged
ND
ND
Increased*
Unchanged
ND
ND
Increased!
Unchanged^
Increased

ND
Unchanged

arAdrenergic
receptor-stimulated

Decreased
ND
ND
ND

Decreased
ND
ND
Increased!
Decreased^
ND

ND
ND

Reference

Present study
Sanchez et al."
Graham et al.27

Kawaguchi et al.2*
Feldstein et al.29

Pullen et al.30

Kobayashi et al.31

Heagerty et al.32

Heagerty et al.32

Uehara et al.33

Sharma et al.34

Uehara et al.33

Table represents changes in parameter values for SHR relative to those for WKY. ND = not determined.
*Stroke-prone SHR.
tFive-week-old rats.
tFifteen-week-old rats.
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ing diacylglycerol and inositol phosphates.19-20

Diacylglycerol is a potent activator of protein kinase
C.36 Activation of protein kinase C with tumor-
promoting phorbol esters causes an uncoupling of
hepatic,37-38 hippocampal,39 and vascular40 ar
adrenergic receptors from associated G proteins. This
uncoupling is accompanied by a loss of high affinity
agonist binding38-41 and phosphorylation of the recep-
tor protein.41 It is tempting to hypothesize that the
reduced level of a,-adrenergic receptor coupling in
SHR is due to enhanced protein kinase C activity,
which could result in a greater proportion of receptors
in the phosphorylated (inactive) state. Interestingly,
two reports have described an increase in protein
kinase C activity in vascular tissue42 and platelets43

from SHR compared with WKY.
Excessive renal retention of sodium and water

has been suggested as a cause of experimental and
human essential hypertension (see Reference 44 for
review). The renal nerve may have an important
role in the pathogenesis of hypertension in SHR,9-10

since chronic bilateral denervation of the kidneys in
young SHR delays the onset of hypertension14-15

until reinnervation is established.16 Acute renal
denervation produces a diuresis and natriuresis in
young SHR but not in WKY,45 demonstrating an
increased dependence on tonic renal nerve activity
for sodium and water handling in SHR. Responses
to renal nerve stimulation in SHR and WKY are
mediated solely by a,-adrenergic receptors.3 Efferent
renal sympathetic nerve activity is elevated in SHR
compared with WKY,13 and norepinephrine release
is augmented in kidneys of SHR.12

An attractive hypothesis regarding the pathogen-
esis of rat genetic hypertension has been that the
renal sympathetic responses may be enhanced in
SHR,9- 10 leading to excess sodium and water reten-
tion and increased vascular tone. However, our
results suggest that renal sympathetic signal trans-
duction beyond the a,-adrenergic receptor is
impaired in SHR. If renal postjunctional responses
are enhanced in SHR, the site in the sequence must
be beyond the activation of phospholipase C.

Our results and those of Feldstein et al.29 raise the
interesting possibility that a biochemical defect in
a,-adrenergic receptor coupling may be the cause of
enhanced renal sympathetic activity in SHR. The
reduced coupling could result in a reduction in
afferent neuronal feedback to the brain, which could
in turn cause an increase in efferent sympathetic
nerve activity. We have recently noted similarities
between SHR and a model of impaired ar
adrenergic receptor function, the Sprague-Dawley
rat treated chronically with prazosin.4-8 Chronic
a,-adrenergic receptor blockade causes activation
of the sympathetic nervous system,46-47 with
increased renal a2-adrenergic receptor density,4 aug-
mented renal neuronal uptake of norepinephrine,8

and enhanced activity of prejunctional8 and
postjunctional4 a2-adrenergic receptors. Thus, this
model of impaired a,-adrenergic receptor function

resembles the SHR in several respects. It is pres-
ently unknown whether deficient a,-adrenergic recep-
tor-phospholipase C signal transduction drives the
changes in sympathetic activity just described. Inter-
estingly, Kopp et al.17 recently reported that renal
sensory feedback was impaired in SHR compared
with WKY.

An additional point of interest is the relationship
between renal a,-adrenergic and a2-adrenergic recep-
tor populations. Chronic blockade of aradrenergic
receptors increases the density of renal a2-adrenergic
receptors,4 similar to that seen in SHR.27 It is possible
to speculate from these data that renal aradrenergic
receptors somehow regulate a2-adrenergic receptor
density, since impairment of a,-adrenergic receptor
function causes increased aradrenergic receptor den-
sity. If this hypothesis is true, then abnormal renal
a2-adrenergic receptor expression in hypertensive
rats might result from a defect in aradrenergic
receptor signal transduction. This sequence of events
may explain the apparent lack of functional impor-
tance of high a2-adrenergic receptor density in the
SHR kidney,5 since the primary alteration may reside
outside of the a2-adrenergic receptor. Further stud-
ies are needed to clarify the role of renal ar
adrenergic receptor sensitivity in both altered renal
efferent sympathetic nerve activity and the pathogen-
esis of hypertension.
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