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SUMMARY
The effects of a2-adrenergic receptors are usually attributed to
inhibition of adenylyl cyclase through pertussis toxin-sensitive

G coupling. In kidney distal convoluted tubule (DOT) cells,
stimulation of NaVK�-ATPase by 02 receptors involves activa-
tion of protein kinase C (PKC). To identify the signal pathways
coupled to 02 receptors, we measured cAMP production and
show that the 02 agonist B-HT 933 had no effect on basal or
stimulated (forskolin, parathyroid hormone) cAMP accumula-
tion in DCT cells but inhibited parathyroid hormone-stimulated
cAMP accumulation in proximal tubule cells. I tested whether
02 receptors on DCT cells stimulate PKC through second mes-
sengers generated from phospholipase C (PLC) activation. In

DCI cells, B-HT 933 increased inositol-1 ,4,5-trisphosphate for-
mation by 4-6-fold over control and increased diacylglycerol

formation by 46%. Basal intracellular calcium concentration in

single DCT cells averaged 114 n� and increased within 2 mm to
1 96 nM with B-HT 933. Treatment with the PLC inhibitor
U-731 22 but not pertussis toxin blocked B-HT 933-induced
rises in inositol-1 ,4,5-trisphosphate and intracellular calcium
concentration. B-HT 933 increased PKC activity by 45% over
control in DCT cells. These findings provide evidence that

a2-adrenergic receptors activate PLC in DCT cells through a
pertussis toxin-insensitive mechanism.

In many tissues, a2-adrenergic receptors couple to G pro-

tern a subunits and inhibit adenylyl cyclase activity. The
effects of 02 receptors on adenylyl cyclase inhibition are af-
fected by pertussis toxin, which ADP-ribosylates G3-1. How-

ever, a number of physiological effects observed with stimu-

lation of a2-adrenergic receptors cannot be explained solely

on the basis of inhibition of adenylyl cyclase and reductions
in cellular cAMP (for a review, see Ref. 1).

a2-Adrenergic receptors can be linked to alternative coupling

mechanisms in addition to inhibition of adenylyl cyclase (2-5).

Pertussis toxin-sensitive G proteins seem to couple most phys-

iological signaling pathways linked to a2-adrenergic receptors

(1, 6). However, recent studies on a2-adrenergic receptor/G pro-
tein coupling indicate that these receptors are very permissive

in that (a) 02 single receptor subtypes may activate multiple G
protein subunits within a host cell, (b) some receptor subtypes

prefer certain G protein a subunits, and (c) some G protein a

subunits may substitute for preferred a subunits in particular

cells (6).
In addition to coupling to pertussis toxin-sensitive G pro-

teins, 02 receptors have been shown to couple to G5, G3, and

Gq proteins (2, 7-10). Expression of a2-adrenergic receptors

This study was supported by National Institutes of Health Grant DK46064.

in cells lacking endogenous a2 receptors demonstrate cou-

pling to inhibition of adenylyl cyclase, and activation of PLC

(4) and PLD (11), and stimulation of adenylyl cyclase (8).
Therefore, a single receptor population is capable of interact-

ing with multiple G proteins and initiating several second

messenger pathways. A preliminary report suggests that the

effects of a2-adrenergic receptors in rat aorta cells are inde-

pendent of adenylyl cyclase inhibition and mediated through

PLD (12).

In the kidney, a2-adrenergic receptors mediate several ef-

fects on tubular epithelial cells. Stimulation of a2-adrenergic

receptors on proximal tubule cells increase Na�/H� ex-

change, Na�fK� -ATPase activity, and bicarbonate and water
absorption (13-16); in collecting duct cells, they inhibit the

hydro-osmotic effect of vasopressin (17-19). In both cell

types, the a2-adrenergic receptor effects on transport are

attributed to G1 coupling, inhibition of adenylyl cyclase ac-

tivity, and a decrease in cellular cAMP (14, 18, 20); the effects

are attenuated by pertussis toxin. In DCT cells, activation of
a2adrenergic receptors increases Na VK� -ATPase activity
through a PKC-dependent mechanism (21). The signaling
pathways coupled to a2 receptor activation and stimulation of
P1CC in DCT cells have not been identified.

The focus ofthis study was to identify a2-adrenergic recep-
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tor signaling pathways in distal tubule cells and determine

whether similar coupling and signals exist with those of

proximal tubule cells.1 I report that stimulation of a2-adren-
ergic receptors does not inhibit basal or hormone-stimulated

cAMP accumulation, and the receptors are not sensitive to

pertussis toxin in DCT cells. However, a2-adrenergic receptor

agonists cause a transient increase in intracellular calcium,

diacylglycerol, inositol-1 ,4,5-trisphosphate formation, and

PKC activity. I conclude that 02 receptors are coupled to PLC

in DCT cells and that cell-specific a2-adrenergic receptor

subtypes or differences in receptor coupling account for these

distinct signaling pathways.

Experimental Procedures

Preparation of Primary Cell Cultures and Immortalized

DCT Cells

Primary cultures of mouse distal tubule (composed of DCTs plus

thick ascending limb cells) and proximal tubule (proximal convoluted

and straight tubule) cells were prepared as reported previously (22).
Immortalized DCT cells were prepared from primary cultures of

mouse distal tubule cells using the double-antibody isolation tech-

nique noted above and subsequent exposure to a chimeric adenovirus

12-simian virus 40 (AD12/SV4O) and were cloned by limiting cell

dilution (22). Immortalized DCT cells express PTH receptors, thia-

zide- but not bumetanide-inhibitable Na� and Cl transport, and

thiazide-stimulated Ca24 uptake (23, 24). Cell passages 6-29 were

used in the current study.

Measurement of Adenylyl Cyclase Activity in Renal Cells

Primary cultures of proximal and distal tubule cells and immor-
talized DCT cells were seeded onto 24-well plates at a density of iO#{176}
cells/well and grown to confluence in DMEMJF12, 10� FCS, and

PSN (Sigma Chemical, St. Louis, MO). Cells were switched to receive

DMEM!F12 without serum or antibiotics 16-18 hr before the assay.
At the start of the experiment, cells were washed twice with 0.5 ml

ofbuffer that contained 135 mM NaCI, 4 mM KC1, 1 mM KH2PO4, 1.2

mM CaCl2, 1.2 mM MgCl2, 10 mM HEPES, pH 7.4, and 5 mM glucose.

Protein samples were obtained from three wells, and 0.5 ml of buffer

containing 0.2% bovine serum albumin and 0.1 mM rolipram with or

without drugs was added to each remaining well. The cells were

incubated at 37#{176}on a covered shaking water bath for 15 mm. cAMP

accumulation was terminated with the addition of 0.1 ml of 12%

ice-cold trichloroacetic acid, and the cells were placed on ice for 1 hr.

Samples were put into plastic tubes, the wells were rinsed once with

0.5 ml of 2% trichloroacetic acid, and the rinse was added to the

sample and frozen at -20#{176}.To assay for cAMP, accumulation sam-

pies were thawed and spun at 2370 x g at 4#{176}for 25 mm. A portion of
the supernatant (0.9 ml) was removed, transferred to a glass tube,

and extracted three times with an equal volume of water-saturated
ether. Samples were evaporated to dryness in a SpeedVac (Savant

Instruments, Farmingdale, NY) and reconstituted in 0.5 ml of Tris-

EDTA buffer. cAMP was measured using a [3H1cAMP assay kit

(Diagnostic Products, Los Angeles, CA). The activity of adenylyl

cyclase activity is expressed as pmol cAMP/mg of protein/5 mm.

Assessment of PLC Activity

The capacity of cx2-adrenergic receptors to stimulate PLC was

tested by measuring their ability to (a) produce a rapid and transient

I In this report, the term “distal tubule cells” refers to primary cultures of
DCT and cortical thick ascending mouse limb cells; “proximal tubule cells”
denotes cells from primary cultures ofproximal convoluted and straight mouse
segments; and “immortalized DCT cell” refers to AD12ISV4O exposed distal

mouse tubule cells cloned by limiting cell dilution and exhibiting a DCT cell

phenotype.

increase in [Ca2�], (b) increase Ins(1,4,5)P3 formation, and (c) en-

hance DAG formation.

Measurement of [Ca24]�. Intracellular fluorescence measure-

ments of calcium were performed as described previously in detail

(23, 24). Primary distal and proximal tubule cells and immortalized

DCT cells were grown to near-confluence on 25-mm glass coverslips

and rinsed three times with Krebs-Ringer-HEPES buffer before a

60-mm incubation at 37#{176}with Fura-2 AM (10#{176}M; Molecular Probes,

Eugene, OR). The coverslips were mounted in a chamber of a micro-

incubation system that was temperature controlled to 37#{176}(MS-C;

Narishige, Greenvale, NY) and was affixed to the stage of a Nikon

Diaphot inverted microscope. Fluorescence excitation and emission

intensities were measured with a Nikon Photoscan-2 (Nikon, Natick,

MA).

Measurement of Ins(1,4,5)P3 formation. Primary cultures of

proximal and distal tubule cells and immortalized DCT cells were

grown to confluence in six-well plates. Cells were serum and antibi-

otic starved overnight before assay. Cells were rinsed with a modi-

fled Kreb-Ringer-HEPES buffer that contained 140 mM NaCl, 4.6 mM

KC1, 1 mM CaCl2, and 1 mM MgCl2 and was buffered to pH 7.40 ±

0.01 with 28 mM HEPES and 18 mM Tris base and adjusted to 295 ±

2 mOsmollkg H2O. A second rinse consisted of a buffer containing 50

mM LiCl, which replaced an equivalent amount ofNaCl. Lithium has

been commonly used in phosphoinositide hydrolysis assays to un-

competitively inhibit inositol monophosphatase and inositol polypho-

sphate-1-phosphatase and prevent the subsequent recycling steps of

phosphatidylinositol (25, 26). Lithium inhibition of recycling corn-

bined with the selective radioreceptor assay provides an accurate

index of agonist-induced hydrolysis of phosphatidylinositol-4,5-

bisphosphate by PLC to Ins(1,4,5)P3. Cells were treated in the wells
with a total of 500 �l of buffer with or without hormone/drugs for 2

mm at 37#{176}on a shaking incubator. Although receptor-mediated

Ins(1,4,5)P3 formation is generally increased within 30 sec, several

reports indicate that significant Ins(1,4,5)P3 are not observed within

2 mm (27, 28); preliminary time course studies indicated that 2 mm

was required for significant Ins(1,4,5)P3 formation to be detectable.

The treatment was terminated by the addition of 100 jJ of ice-cold

20% perchloric acid. Wells were then scraped, cells/buffer was placed

in a 1.5-ml conical centrifuge tube, and proteins pelleted by centrif-

ugation at 2000 x g for 15 mm at 4#{176}.The supernatant was neutral-

ized to pH -7.5 by the addition of 175 �l ofbuffer consisting of 1.5 M

KOH and 120 mM HEPES and recentrifuged as above to remove

KC1O4 precipitate. The supernatant (-‘500 pI) was removed and

placed in a 1.5 ml-conical centrifuge tube. All samples were evapo-

rated at medium heat (43#{176})to dryness in a SpeedVac. Samples were

reconstituted in 100 �.d ofdistilled H2O. Samples and standards (100

�d) were analyzed with Amersham (Arlington Heights, IL)

[3H]Ins(1,4,5)P3 assay system. Protein-bound samples and stan-

dards were placed in 5 ml of scintillation fluid and counted in a

13-scintillation counter. Results are reported as pmollwell/2 mm.

Determination of DAG accumulation. Primary cultures of dis-

tal tubule cells or immortalized DCT cells were grown to 80-100%

confluence on 100-mm tissue culture dishes in DMEMIF12 contain-

ing 5% FCS and PSN. Cells were rinsed twice with a phosphate-

buffered saline solution. Cells were then treated for 5 mm with

agonist or vehicle in phosphate-buffered saline; at 5 mm, the reac-

tion was terminated by the removal of buffer (with or without drug),

and 2.5 ml of ice-cold distilled H2O was added. Cells were then

scraped, a sample was retained for protein normalization, and the

remainder of the cells were placed in a glass centrifuge tube for

extraction with chloroform/methanollH2O (1:2:1.8, v/v/v). The lipid

extract obtained from the cells was dried under NO2 and subse-

quently assayed for DAG using a sn-1,2-diacylglycerol radioenzy-

matic assay kit (Amersham). Results are reported as pmolJ5 minlmg

of protein.
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Determination of PKC Activity

The activity of PKC was measured as the phosphorylation of a

synthetic fragment ofN-acetylated myelin basic protein[4-141 (29).

Cells were grown on 100-mm tissue culture dishes to 80-100%

confluence in DMEMIF12, 5% FCS, and PSN. Monolayers were se-
mm-starved for 12 hr before the addition of agonists or vehicle.

Activation of PKC was measured in DEAE-purified total PKC using

the PKC assay system kit (GIBCO, Grand Island, NY). Measure-
ments were performed in the presence of 100 nM okadaic acid and in

the absence of phorbol esters. PKC activity is expressed as pmoll

mm/mg of protein.

Materials and Preparation of Drug Solutions

Adrenergic receptor agonists were prepared so that the molar

concentration indicated in the text was the final concentration to
which cells were exposed. Solutions containing drugs were prepared

fresh daily. Rolipram was purchased from BIOMOL Research Lab-

oratories (Plymouth Meeting, MA), and B-HT 933 was a gift from

Boehringer Ingelheim Pharmaceuticals (Ridgefield, CT). Other ad-

renergic agonists and antagonists were purchased from Research

Biochemicals (Natick, MA). Bovine PTH[1-84] was obtained through

the National Hormone and Pituitary Program, National Institute of
Diabetes and Digestive and Kidney Disorders, National Institute of

Child Health and Human Development, and the United States De-

partment of Agriculture (Bethesda, MD).

Statistical Analysis

All cAMP, Ins(1,4,5)P3, and PKC activity measurements were

made in triplicate and DAG measurements were made in duplicate
within an individual experiment. The data are presented as mean ±

standard error. Comparisons between control and drug-treated

groups were examined by post-hoc analysis of multiple comparisons

with the Bonferonni or Newman-Keuls multiple-comparisons tests

using the statistical software Instat for MacIntosh (GraphPAD Soft-

ware, San Diego, CA). Probability values ofp = 0.05 were considered

statistically significant.

Results

a2Ad”e’�”gic Receptor Effects on cAMP Accumulation

The selective a2 receptor agonist B-HT 933 had no effect on

basal levels of cAMP accumulation in primary cultures of

proximal or distal tubule cells or immortalized DCT cells

(Fig. 1 and Table 1). B-HT 933 did not modify PTH-stimu-

lated cAMP accumulation in primary cultures ofdistal tubule
cells (Fig. 1) or immortalized DCT cells (Table 1). Other

selective 02 receptor agonists (e.g., UK 14,304, clonidine, and

guanabenz) had no effect on PTH-, isoproterenol-, or forsko-

un-stimulated cAMP accumulation in DCT cells) (Table 1).

Consistent with the lack of effect of 02 agonists on hormone-

stimulated cAMP accumulation was the absence of an inhib-
itory response with pertussis toxin treatment (Fig. 1). In
contrast to the negative effects in distal tubule cells, B-HT

933 significantly reduced PTH-stimulated cAMP accumula-

tion in primary cultures of proximal cells (Fig. 1). Proximal

tubule cells pretreated with pertussis toxin (10 ng/ml; 18 hr)

exhibited no difference in basal levels of cAMP accumulation

(basal level, 31 ± 4 pmollmg of protein/5 mm; pertussis toxin

treated, 33 ± 3 pmol/mg of proteinl5 mm). However, pertus-

sis toxin attenuated the a2-receptor-mediated reduction in

PTH-stimulated cAMP accumulation (Fig. 1).

Activation of a2 Receptors Stimulate PLC in DCT Cells

I previously reported (21) that stimulation of a2-adrenergic

receptors increased Na�/K’�’-ATPase activity in DCT cells

Fig. 1. a2-Adrenergic receptors inhibit PTH-stimulated cAMP accu-
mulation in primary proximal but not distal tubule cells. Basal rates of
cAMP accumulation in primary distal (26 ± 4 pmol/mg of protein/5 mm)
or proximal (33 ± 4 pmol/mg of protein/5 mm) tubule cells were unaf-
fected by the 02 agonist B-HT 933 (BHT; 1 �.LM). B-HT 933 had no effect
on PTH-stimulated cAMP accumulation in distal tubule cells but re-
duced accumulation in proximal tubule cells. Pretreatment with pertus-
sis toxin (PTX; 10 ng/ml, 18 hr) abolished the BHT effect in proximal
cells but had no effect in distal tubule cells. Bars, mean values of five
separate experiments with triplicate determinations. *, p < 0.05 corn-
pared with PTH-stirnulated level.

through a PKC-dependent pathway. I determined whether

stimulation of a2-adrenergic receptors activates PLC and

liberates second messengers, which, in turn, increase PKC

activity. Second messengers that result from activation of

P1-PLC include increases in [Ca2�1�, Ins(1,4,5)P3, and DAG.

a2-Adrenergic receptor agonists increase ECa2i1 in

DCT cells. Fig. 2A depicts the response of a single primary

cultured distal tubule cell exposed to the selective a1 agonist

cirazoline, the mixed agonist norepinephrine, and the a2

agonist B-HT 933. Cirazoline had no effect on

whereas both norepinephrine and B-HT 933 produced a rapid

and transient rise in [Ca2 � 1 Similar observations were made

in immortalized DCT cells and are summarized in Table 2.

The transient rise of [Ca2�], induced by B-HT 933 was abol-

ished by pretreatment with yohimbine, an 02 receptor antag-

onist, but not with the a1 antagonist prazosin or nifedipine, a

Ca2� channel blocker. When cells were placed in Ca2�-free

buffer and then treated with B-HT 933, a transient rise in

[Ca2�], was observed that was equivalent to the increase

noted in cells bathed in Ca2tcontaining buffer. These find-

ings are consistent with the view that a2 receptor-mediated

rises in [Ca211 are due to mobilization of Ca2� from intra-

cellular stores and not from entry through dihydropyridine-

sensitive Ca2� channels (30). In contrast to the response

from distal tubule and immortalized DCT cells, the a� ago-

nist cirazoline and norepinephrine resulted in a spiking and

transient increase in [Ca2� ]� in proximal tubule cells (Fig.

2B). No detectable response was observed on addition of the

a2 receptor agonist B-HT 933.

a2-Adrenergic receptor activation increases

Ins(1,4,5)P3 formation in DCT cells. As further evidence

for a2 receptor activation of P1-PLC in DCT cells, agonist-

induced Ins(1,4,5)P3 and DAG formations were measured. As

depicted in Fig. 3, B-HT 933 and mixed agonists norepineph-
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TABLE 1

a2d”e’�rgic receptor agonists do not alter basal or hormone-stimulated cAMP accumulation in immortalized DCT cells
Values represent mean ± SEM with triplicate determinations in 3-5 separate experiments. Cells were treated UK 1 4,304, clonidine, guanabenz, and B-HT 933 at 1 �M.

cAMP accumulation

Control UK 14,304 Clonidine Guanabenz B-HI 933

pmol . mg protein � . 5 min�

pmolmgprotemn�1 5min1 12 ± 1 13±2 13± 1 12±2 15±3
PTH[i-84] 10 nM 41 ± 8 41 ± 13 41 ± 13 43 ± 14 45 ± 7
Isoproterenol 1 .tM 62 ± 1 3 70 ± 1 1 62 ± 1 0 67 ± 6 60 ± 9
Forskolin 1 �.tM 359 ± 10 31 9 ± 45 334 ± 16 362 ± 33 336 ± 38

50

Fig. 2. a2-Adrenergic receptor agonists increase intracellular Ca2 � ac-
tivity in primary distal but not proximal tubule cells. A, Measurement of
[Ca2�], in a distal tubule cell treated with cirazoline (a� agonist; 1 MM),

the mixed agonist norepinephrine (1 SM), or B-HT 933 (cr2 agonist; 1
pM). Bars, treatment periods. B, Response in a proximal tubule cell to
cirazoline, norepinephrine, and B-HT 933. After agonist exposure,
drugs were washed from the chamber for 5-i 0 mm before recording of
basal levels and introduction of the next agonist. Traces, representative
of three to five separate experiments.

rime and epinephrine significantly increased Ins(1,4,5)P3 for-

mation in primary cultures of distal tubule cells. The a1-

selective agonist cirazoline had no effect on Ins(1,4,5)P3

formation in distal tubule cells. A similar increase was noted
in immortalized DCT cells treated with norepinephrine and

selective a2 agonists (Table 3). In contrast to the rise of

[Ca2� ] observed with a2 agonists in distal cells, proximal

tubule cells exhibited no response to the a2 agonist B-HT 933

(Fig. 3). Treatment ofproximal tubule cells with norepineph-

rine, epinephrine, or an a1 agonist increased Ins(1,4,5)P3

formation.

a2Adre��� receptor activation increases DAG

formation in DCT cells. Activation ofPI-PLC results in the

hydrolysis of several phosphoinositides, including phospha-

tidylinositol-4,5-bisphosphate, to Ins(1,4,5)P3 and DAG (31,

32). To test whether a2 receptors activate PLC with atten-
dant increases in DAG formation in DCT cells, we directly

measured DAG formation (Fig. 4A). B-HT 933 increased

DAG formation by 46%. A similar increase was observed in
primary cultures ofdistal tubule cells (37%; data not shown).

TABLE 2

a2’�e’�g� receptor induced rise of [Ca211 is blocked by a�
antagonists but not a� antagonists, Ca2� channel blockers, or
Ca2�-free buffer in immortalized DCT cells
Values indicate mean ± standard error for separate experiments (in parentheses)
measured in single immortalized DCT cells. Cells were exposed to 10 p.�.i prazo-
sin, yohimbine, or nifedipine and 1 �M B-HT 933.

[Ca2�),

Basal B-HI 933

flM

Control 114 ± 5

(5)
196 ± 8

(5)
Prazosin 113 ± 6

(3)
189 ± 7

(3)
Yohimbine 106 ± 6

(3)
123 ± 10�

(3)
Nifedipine 118 ± 7

(4)

203 ± 8

(4)
Ca2�-free buffer 104 ± 8

(3)
179 ± 12

(3)
a � < � compared with B-HT 933-stimulated increase of [Ca2�).

control B-HT 933 NE EP� cirazoilne

Fig. 3. a2 Agonists increase lns(i ,4,5)P3 (IF’3) formation in primary
distal but not proximal tubule cells. Basal rates of lns(1 ,4,5)P3 formation
averaged 1 .3 ± 0.3 in primary distal and 1 .3 ± 0.2 pmol/well/2 mm in
proximal tubule cells. Bars, mean ± standard error of triplicate mea-
surements in four to six independent experiments. “, p < 0.05 corn-
pared with control rate.

a2 Agonist-Induced P1-PLC Activation Increases PKC

Activity

As previously reported, the increase in Na�fK�-ATPase

activity in DCT cells mediated by a2 receptors was abolished

by the PKC inhibitor calphostin C (21). To determine

whether receptor-mediated P1-PLC second messengers lead
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TABLE 3
a�-Adrenergic receptor-stimulated lns(1 ,4,5)P3 formation is
blocked by the PLC inhibitor U-73122 but not pertussis toxin
treatment in immortalized DCT cells
Cells were pretreated with 10 �LM concentration of the PLC inhibitor U-73122
(active form) or U-73343 (inactive form) for 10 mm or pertussis toxin (10 ng/ml; 18
hr) before treatment with 1 �M B-HT 933, norepinephnne, or clonidine. Values
represent mean ± standard error of triplicate determinations in four separate
experiments.

160

150

140

lns(1 ,4,5)P3 formation

Control U-73122 U-73343 Pertussis

Control
B-HT 933
Norepinephrine
Clonidine

0.8 ± 0.2
5.6 ± 0.7
8.1 ± 2.5

5.6 ± 1 .4

pmol . welt � - 2 min

1 .3 ± 0.4 1 .2 ± 0.4
1 .0 ± 0.4� 5.6 ± 1 .7
1.1 ± 0.4� 6.4 ± 1.4

1 .2 ± 0.2
5.7 ± 0.5
6.8 ± 1.4
5.8 ± 0.6

a ,� < o.oi compared with a2 receptor-stimulated level.

A *

Control B-HT 933

B *

160

150

140

130

120

110

100

>2
- C

<0

Oe >
a 0

.E �

5) .E
0�

0.
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to increased PKC activity, basal and a2 agonist-treated cell

levels of PKC activity were measured directly. Fig. 4B shows
that an a2 receptor agonist increased PKC activity in DCT

cells by 45%.

a2Adrene”gic Receptor Stimulations of lns(1 ,4,5)P3 and

(Ca211 Are Abolished by the PLC Inhibitor U-73122

Together, the findings that stimulation of a2 receptors in

DCT cells result in increased Ins(1,4,5)P3 and DAG forma-
tion and a transient rise in [Ca2i� are consistent with acti-

vation of P1-PLC. U-73122, a selective PLC inhibitor, was

used to characterize further the participation of P1-PLC in
mediating the generation of these second messengers (33,

34). As presented in Table 3, pretreatment with U-73122

abolished the increase of Ins(1,4,5)P3 formation in response

to a2 receptor agonists. In comparison, pretreatment with

U-73343, an inactive structural analog of U-73122, had no

effect. Pertussis toxin had no effect on a2 receptor-induced

increases in Ins(1,4,5)P3 formation (Table 3). Similar results

were observed with a2 receptor-mediated increases in [Ca2 4}�

in immortalized DCT cells (Fig. 5). The transient rise of

[Ca2�J1 induced by B-HT 933 was blocked by U-73122,

whereas pertussis toxin had no effect on either the basal or

agonist-stimulated levels of{Ca2�i�. As an independent mea-

sure of U-73122 inhibition of PLC, immortalized DCT cells

and primary cultures of distal cells were treated with 100 nM

bradykinin (35). PLC-coupled bradykinin receptors have

been localized to distal nephron sites (36, 37). Exposure to

bradykinin produces a rapid and transient elevation of intra-

cellular [Ca2�]� (from a basal level of 111 ± 7 to 215 ± 13 nM)

that was reduced to 131 ± 14 nrsi with U-73122 pretreatment

but not with U-73343 (203 ± 15 imi; three independent ex-

periments). Similar results were observed for the effects of

bradykinin on Ins(1,4,5)P3. Basal levels of Ins(1,4,5)P3 for-

mation in primary cultures of distal cells averaged 0.9 ± 0.3
pmol/well/2 mm and increased to 4.4 ± 0.5 pmollwelll2 mm

with bradykinmn treatment; pretreatment with U-73122 re-

duced bradykinin-stimulated Ins(1,4,5)P3 formation to 1.3 ±

0.4 pmollwell/2 mm. Inhibition of a2 receptor-mediated

Ins(1,4,5)P3 and [Ca2�]� increases with U-73122 provide fur-

ther evidence that a2 receptors stimulate P1-PLC in DCT

cells.

C
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- a_
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L. U
0,

Li.>
�0
0�

5)

0

>�C

.! �
0

Control B-HT 933

Fig. 4. a2-Adrenergic receptor activation increases DAG formation
and PKC activity in immortalized DCT cells. A, The basal rate of DAG
formation averaged 160 ± 4 pmoV5 mm/mg of protein. B, Basal PKC
activity averaged 163 ± 8 pmol/min/mg of protein. Bars, mean ±

standard error of duplicate determinations in five separate experiments.
* p < 0.05 compared with control level.

Discussion

The postulated transduction mechanism coupling a2 recep-

tors in most cells is inhibition of adenylyl cyclase (for a

review, see Ref. 38). a2-Adrenergic receptor-mediated inhibi-

tion of adenylyl cyclase is mediated by G,. Treatment with

pertussis toxin inactivates G1 by ADP ribosylating the a

subunit. The blockade of a2-mediated responses by pertussis

toxin is often used as a demonstration for the coupling of a2

receptors to inhibition of adenylyl cyclase (18, 20, 38). In the

kidney, the physiological effects of a2 receptors in proximal

tubule (14, 20) and collecting duct (18, 39) are mediated

through pertussis toxin-sensitive inhibition of adenylyl cy-

clase.
These results provide strong evidence that a2-adrenergic

receptors couple to P1-PLC in distal tubule cells. This is not

surprising in lieu of recent evidence that suggests that a2
receptors interact with other G proteins that are insensitive

to pertussis toxin and activate signaling pathways indepen-

dent of G. coupling to adenylyl cyclase (2, 4, 5, 8, 11). Acti-
vation of a2-adrenergic receptors stimulates PLC and PLD
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U-731 22

1 mm

Fig. 5. a2 Agonist-induced increase of [Ca2 �], is blocked by the PLC
inhibitor U-73122 but not pertussis toxin. A, 1 j.tM B-HT 933 causes a
transient rise in [Ca2�], in an immortalized DCT cell that on washout and
treatment with 10 MM U-73122 is virtually abolished. B, B-HT 933
results in a prompt rise in [Ca2 �], in a OCT cell pretreated with pertussis
toxin (10 ng/ml; 18 hr). Traces, representative of three independent
experiments for each treatment.

and adenylyl cyclase as well as inhibiting adenylyl cyclase (3,

8, 1 1 ). The transient coexpression of a2A receptors and G�,1,

G(,q, and G(,8 subunits demonstrates that a2 receptor agonists

not only inhibit adenylyl cyclase but also stimulate PLC and

adenylyl cyclase activity (2). Using transient and stable ex-

pression systems, Cotecchia et al. (4) showed that a2A and

a2(. receptors can couple to inhibition of adenylyl cyclase and

activation of PLC as demonstrated by phospholipid metabo-

lism.

Several independent lines of evidence demonstrate that a2

receptors in DCT cells couple to P1-PLC. The stimulation of

PLC catalyzes the hydrolysis of membrane phosphatidylino-

sitol-4,5-bisphosphate (and other inositol lipids) to

Ins( 1,4,5)P� and DAG. First, when either primary cultures of

distal tubule cells or immortalized DCT cells were treated

with cr2 receptor agonists, there was a significant increase in

Ins(1,4,5)P:1 formation (Table 3 and Fig. 3). This effect was

specific for a2 but not a1 receptor agonists. In comparison,

there was no effect of a2 agonists in primary cultures of

proximal tubule cells, but a1 agonists markedly increased

Ins(1,4,5)P:3 formation in this segment, which is consistent

with published data (40, 41). Second, a2 receptor activation

significantly increased DAG accumulation in distal tubule

cells (Fig. 4A). Taken together, the a2 receptor-induced in-

creases in Ins( 1,4,5)P3 and DAG indicate the presence of both

hydrolysis products because of activation of PT-PLC. Third,

a2 agonists transiently increase [Ca2 � I� in primary cultures

of distal tubule cells and immortalized DCT cells (Fig. 2 and

Table 2). This effect is not observed with cr1 agonists, and the

a2 agonist-stimulated increase of[Ca2�11 is blocked by a2 but

not a1 receptor antagonists. The rapid and transient nature

of this response is due to mobilization from intracellular

stores because the Ca2� channel blocker nifedipine did not

abolish the a2 receptor-induced increase in [Ca2�1� and a

similar rise was observed when experiments were performed

in Ca2�-free buffer (30). Fourth, the use ofthe PLC inhibitor

U-73122 abolished a2 receptor-mediated increases in

Ins(1,4,5)P3 and [Ca2�11 (Table 3 and Fig. 5). The increase in

Ins(1,4,5)P3 and DAG formation and [Ca2 � 1, together with

the block by U-73122, provides compelling evidence that a2

receptors activate P1-PLC in DCT cells. In contrast, stimu-

lation of a2-adrenergic receptors on proximal tubule cells

reduced PTH-stimulated cAMP accumulation, and the recep-

tor-mediated stimulation was sensitive to pertussis toxin

(Fig. 1); a2 receptor agonists did not increase Ins(1,4,5)P3

formation or produce a transient rise in [Ca2� ]� (Figs. 2B and

3) These findings are in accord with those reported in collect-

ing duct cells (39), thin descending limb of Henle (42), prox-

imal tubule (43), and OK cells (20, 44, 45) for pertussis

toxin-sensitive G1 coupling and inhibition of adenylyl cyclase.

Several reports demonstrate the interaction of a2 receptors

with multiple G proteins (2, 4, 8, 11). When high levels of a2

receptors are expressed with either transient or stable trans-

fection into cultured cell lines, it seems that a2 receptors are

capable of activating PLC, PLD, and phospholipase A2 in

addition to inhibiting adenylyl cyclase (2, 4, 5, 11). In each of

these studies, the coupling to phospholipases was pertussis

toxin sensitive and mediated by G1. Preliminary data from

work in rat aorta suggest that a2 receptors increase PLD

activity independent of inhibition of adenylyl cyclase (12).

The data demonstrate that activation of a2 receptors on DCT

cells does not inhibit either basal or hormone-stimulated

adenylyl cyclase (Table 1 and Fig. 1) and does not express

pertussis toxin-sensitive coupling to PLC (Table 3 and Fig.
5). This response is very different from that observed with a2

receptors on proximal tubule cells in this and other reports in

which a2 receptor effects are attributed to inhibition of ad-

enylyl cyclase and attenuated with pertussis toxin treatment

(18, 20, 39, 43-46).

Several possibilities may be used to interpret the findings

in DCT cells compared with a2 receptor coupling in proximal

tubule, collecting duct, and other cells. One explanation is

that DCT cells express high levels of a particular a2 receptor

subtype that facilitates interaction with PLC. At present, the

identification of a2 receptors subtypes in DCT cells has not

determined. However, nearly all G1-coupled receptors, when

expressed in high levels with transient or stable transfection,

are capable of stimulating PLC to some degree (47). To de-

termine the level of a2 receptors expressed on DCT cells,
binding studies were performed on immortalized DCT cell

membranes with [3Hlrauwolscine. Preliminary data indicate

comparable levels of a2 receptor expression on DCT cells (74

fmollmg of protein) with membranes from primary cultures

of distal and proximal cells (1 14 and 146 fmollmg of protein,

respectively; data not shown). These levels of a2 receptor

expression are similar to those reported with enriched frac-

tions ofproximal and distal tubule cells (170 and 250 fmollmg

of protein, respectively; Ref. 48), rat cortical tubules (310

fmol/mg of protein; Ref. 49), and rat renal cortical mem-

branes (340 fmollmg of protein; Ref. 50). Alternatively, the

levels of a2 receptors expressed in DCT cells are 10-100-fold

less than a2 receptor expression and coupling to PLD in

fibroblasts (2.8 pmollmg of protein; Ref. 1 1), the activation of

adenylyl cyclase in Chinese hamster ovary cells (1.5 pmollmg
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2 F. A. Gesek, unpublished observations.

3 F. A. Gesek, unpublished observations.

of protein; Ref. 51), and for simultaneous coupling to G1 and

G� N5-10 pmol/mg of protein; Ref. 8).

Regardless of the level of a2 receptor expression in DCT

cells, the lack of pertussis toxin sensitivity is not consistent

with coupling of the receptor to G1. One could envision a

deficiency of a1 subunits in DCT cells, but preliminary data

obtained from Western blotting indicate the presence of a1

subunits 1-3 in these cells.2 Because only a�),#{216}subunits have

sites for ADP ribosylation by pertussis toxin, it is unlikely

that G1 is responsible for a2 receptor coupling in these cells.

There is limited direct evidence that PLC can be activated by

G1; however, the recent finding that G protein p-y subunits

activate PLC suggests an alternative mechanism (3, 52).

A second possibility is that pertussis toxin-insensitive cou-

pling ofthe a2 receptor in DCT cells is mediated by a subunit

ofthe Gq family ofG proteins (53). Experiments using recom-
binant a and �3y subunits show that a subunits of Gq and �

stimulate PLC isozymes through a pertussis toxin-insensi-

tive mechanism (52). The observations in DCT cells would be
consistent with such a mechanism. Preliminary data ob-

tamed with Western and Northern blots indicate the pres-

ence of aq and a11 subunits in DCT cells.3 The lack of per-

tussis toxin sensitivity, activation of PLC, and presence of

I in DCT cells would agree with this coupling mecha-

nism. Alternatively, Blank et al. (54) reported that /3y sub-

units of pertussis toxin-sensitive or -insensitive G proteins

can activate PLC. With receptor occupation, �, Gq/Gii, or

other G proteins are activated and release j3y subunits that
are responsible for the stimulation of PLC.

In summary, a2 receptors in DCT cells couple to P1-PLC

and increase Ins(1,4,5)P3, DAG, and [Ca2 � levels. Second

messenger formation is blocked by U-73122, a PLC inhibitor.

In contrast to a2 receptors located on proximal tubule cells,

a2 receptors on DCT do not inhibit adenylyl cyclase activity

and are not sensitive to pertussis toxin. The lack of pertussis

toxin sensitivity indicates that a2 receptors on DCT cells are

not coupled to traditional G1 proteins that have sites for
ADP-ribosylation by pertussis toxin. For the present, it is

unclear whether differences in a2 receptor subtypes or G
protein subunit coupling or abundance confer the character-

istic signaling mediated by a2 receptors in DCT cells.
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