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Abstract

These studies explored the hypothesis that angiotensin II in-
creases bicarbonate absorption in the proximal convoluted tu-
bule (PCT) by decreasing intracellular cAMP. In vivo micro-
perfusion was performed in rat PCT with measurements of
bicarbonate absorption and of tubular fluid cAMP delivery, as
a reflection of intracellular cAMP. Intravenous angiotensin II
potently increased S; PCT bicarbonate absorption (348+11 to
588+8 peq/mm - min, P < 0.001) and decreased tubular fluid
cAMP (18+2 to 12+2 fmol/mm - min, P < 0.05). Parathyroid
hormone had the expected opposite effects, which were addi-
tive to those of angiotensin II. Over a wide range of hormonal
activities, there was an excellent inverse relationship between
hormonally modulated bicarbonate absorption and cAMP de-
livery. Pertussis toxin pretreatment significantly attenuated
(by 35-45%) the angiotensin-induced increase in bicarbonate
absorption and decrease in cAMP delivery, indicating G;-pro-
tein intermediation. Luminal dibutyryl cAMP abolished the
transport response to angiotensin II. In conclusion, these in
vivo results suggest angiotensin II stimulates bicarbonate ab-
sorption in the S, PCT by a G;-mediated depression in intra-
cellular cAMP.

Introduction

The early, S, proximal convoluted tubule (PCT)' is the site
for reabsorption of 50% of the normal filtered load of bicar-
bonate (1). Recently, we found that S; PCT cells had angio-
tensin II receptors in high density and angiotensin II was a
potent regulator of bicarbonate reabsorption in this nephron
segment (2, 3).

The cellular second messenger system responsible for
transducing angiotensin II’'s powerful control of S, PCT epi-
thelial cell transport has not been explained. A well-described
signaling system used by angiotensin II in vascular smooth
muscle cells to induce contraction and to activate the Na*/H*
antiporter is phosphatidylinositol breakdown, with subsequent
rise in intracellular calcium and activation of protein kinase C
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(4, 5). In PCT epithelial cells, angiotensin II can increase
phosphatidylinositol turnover (6) and, in relatively high con-
centrations (107-10~5 M), can increase intracellular calcium
(7, 8), but there has been no correlation of these responses with
transport. If angiotensin II caused activation of protein kinase
C in PCT cells, stimulation of the Na*/H* antiporter might be
expected (9). However, when phorbol ester was perfused in the
in vitro rabbit PCT to activate protein kinase C, bicarbonate
transport was actually inhibited (10).

Another signaling system used by angiotensin II in many
cells (11-24) including those of the PCT (25) involves reduc-
tion of adenylate cyclase activity to lower intracellular cAMP
concentration. No correlation with renal epithelial cell ion
transport has been yet made with this angiotensin II signaling
mode. If angiotensin II reduced intracellular cAMP in S, PCT
cells, a stimulation of bicarbonate transport might be ex-
pected, mirroring the effects of PTH. PTH raises intracellular
cAMP and inhibits Na*/H" activity and PCT bicarbonate ab-
sorption (26, 27).

The purpose of these studies was to provide combined
physiologic-biochemical evidence in vivo that reduction in in-
tracellular cAMP is the signal transduction system by which
angiotensin I augments PCT bicarbonate absorption. We cap-
italized on the fact that cCAMP is transported with first-order
kinetics out of all metazoan cells (28), including cells derived
from the PCT (29). Extracellular cAMP egression is therefore
an excellent reflection of mean intracellular cAMP concentra-
tion. Using in vivo microperfusion in the rat S, PCT, we found
an excellent inverse correlation of bicarbonate absorption with
extracellular cAMP appearance in response to variations in
angiotensin I and/or PTH activities.

Methods

In vivo microperfusion. Preparation of the Munich-Wistar rat and PCT
microperfusion techniques have been previously reported from this
laboratory (2, 3, 30). Microperfusion was performed in both the early
and late portions of a single PCT for each rat. The entire PCT was
initially mapped by injecting a small oil droplet into Bowman’s space.
First studied was the late portion of the PCT, the S, subsegment,
defined as the PCT 2.5-5 mm from the glomerulus (31). After venting
the tubule proximally for escape of endogenous ultrafiltrate, an oil
block was inserted and a thermally insulated microperfusion pump
(Wolfgang Hampel, Berlin, FRG) was used for orthograde perfusion at
30 nl/min. After inserting another oil block to prevent retrograde con-
tamination, timed collections of 3-8 min were made with a second
pipette. The same procedures for perfusion and collection were then
performed in the early portion of the same PCT, the S, subsegment,
defined as the initial mm of PCT from the glomerulus (31).

The perfusion solution was the standard glomerular ultrafiltrate-
like solution (in millimolar): NaCl, 120; NaHCO;, 25; KCl, 5; MgSO,,
1; CaCl,, 1.8; Na,PO,, 1; glucose, 5; alanine, 5; and urea, 5 (2, 3, 30).
The solution was gassed with 93% O,/7% CO, and contained 0.1% fast
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green dye and exhaustively dialyzed [methoxy-*H]inulin for measure-
ment of water absorption. In indicated protocols below, 1075 M dibu-
tyryl-cAMP or -cGMP or 1072 M angiotensin II was also added to the
perfusate.

There were two paired sets of S; and S, PCT collections in each
experiment. After the first set of microperfusion collections, a drug or
hormone infusion was usually begun and, after a 45-60-min equilibra-
tion period, the second set of S; and S, PCT microperfusion collections
was obtained.

After completing all collections, the entire tubule was injected with
liquid microfil, the kidney was dissolved in acid, and the microfil casts
were dissected and photographed for measurement of perfused length.
The volume of collected sample was measured and aliquots were re-
moved for determination of total CO, and cAMP concentrations and
of radioactivity.

Protocols. There were 11 two-period protocols, each with five ani-
mals (except No. 4, which had a total of six animals): (1) In control/
control experiments, measurements were made during two time-control
periods without hormone infusion. (2) In control/angiotensin Il, the first
measurements were made in a control period and the second after an
intravenous infusion of angiotensin II (Asn', Val® All, Sigma Chemical
Co.) at 20 ng/kg - min, a subpressor dose that does not significantly alter
systemic or glomerular hemodynamics (2, 3). (3) In control/PTH, the
first measurements were made in a control period and the second after
an intravenous infusion of PTH (1-34 bovine PTH, Sigma Chemical
Co.) at 0.5 ug/kg- min, an infusion rate that achieves a pharmacologic
systemic concentration. (4A) Angiotensin II/angiotensin II + PTH. The
first measurements were made after intravenous angiotensin II adminis-
tration (20 ng/kg- min) and the second after continued angiotensin II
plus intravenous PTH administration (0.5 ug/kg - min). (4B) PTH/PTH
+ angiotensin II. The first measurements were made after intravenous
PTH (0.5 ug/kg - min) and the second after continued PTH plus intrave-
nous angiotensin II (20 ng/kg - min). (5) Saralasin/saralasin + PTH. The
first measurements were made after intravenous saralasin (1 ug/kg - min,
Sigma Chemical Co.), as previously described (2), and the second after
continued saralasin plus intravenous PTH (0.5 ug/kg - min). (6) Parathy-
roidectomy (PTX)/PTX + angiotensin II. The first period was per-
formed 3 h after acute surgical parathyroidectomy and the second after
addition of intravenous angiotensin II (20 ng/kg- min). (7) Pertussis
Toxin (PT)/PT + angiotensin II. The animals were prepared 3-5 d
before study by the intravenous infusion of pertussis toxin (20 ug/kgi.v.,
Sigma Chemical Co.), according to published protocols (24, 32). The
first period of measurements were made in these PT-pretreated animals
during control conditions and the second after intravenous angiotensin
11 administration (20 ng/kg - min). (8) Luminal dibutyryl cAMP/luminal
dibutyryl cCAMP plus angiotensin II. The first period was performed with
dibutyryl cAMP (10~° M, Sigma Chemical Co.) added to the luminal
perfusate and the second with continued luminal dibutyryl AMP admin-
istration plus infusion of intravenous angiotensin II (20 ng/kg- min).
The dose of dibutyryl CAMP was chosen on the basis of preliminary
experiments that showed that it gave a maximal physiologic response. (9)
Luminal dibutyryl cGMP/luminal dibutyryl cGMP plus angiotensin II.
The first period was performed with dibutyryl cGMP (10~* M, Sigma
Chemical Co.) added to the luminal perfusate and the second with
continued luminal dibutyryl cGMP administration plus infusion of in-
travenous angiotensin II (20 ng/kg - min). (10) Control (30 nl/min)/con-
trol (45 nl/min). The first period was performed in a control period with
the usual luminal perfusion rate of 30 nl/min, and the second after
increase in luminal perfusion rate to 45 nl/min to increase bicarbonate
absorption, as previously described (30). (11) Control/luminal angioten-
sin 1. The first period was performed in a control period and the second
following angiotensin II (10~'2 M) added to the luminal perfusate, as
previously described (3).

Tubular fluid cAMP. The appearance of cCAMP in PCT tubular
fluid was used as an index of the time-integrated intracellular cAMP
concentration (28, 29). We first demonstrated that the amount of
CAMP appearing in tubular fluid in vivo could be measured using the
standard RIA (New England Nuclear, Boston, MA). 50% displacement
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of the tracer CAMP in the acetylated protocol of this assay was ~ 100
fmol/tube. The normal cAMP flux into the microperfused S, PCT was
~ 12-16 fmol/min or ~ 60-80 fmol/5-min collection, and thus easily
detected.

CcAMP collected in the tubular fluid is an accurate reflection of
CAMP egression from PCT cells assuming cAMP is neither reabsorbed
by the cells nor secreted from the peritubular blood. Although existing
evidence supports the lack of reabsorption and transepithelial secretion
of cCAMP in various species (33-35), further studies were performed to
document this specifically in the S, and S, PCT of the rat. The possible
reabsorption of cCAMP in the PCT was first evaluated using [*H]cAMP
(ICM Biomedicals, Irvine, CA) in the perfusate (677 cpm/min). The
collected-to-perfused ratio of ['HJcAMP was 1.005+0.006 in the S,
PCT (n = 3) and 1.002+0.002 in the S, PCT (n = 3). These ratios were
indistinguishable from unity, indicating lack of cAMP reabsorption.

The possibility of unidirectional blood-to-lumen cAMP movement
was next evaluated by infusing *H-cAMP intravenously (0.6 xCi/min)
while performing microperfusion in the S, and S, PCT (n = 3). Col-
lected [*H]cAMP counts per minute in each segment was 0.2-0.5% of
that simultanously measured in blood. The apparent flux coefficient
was 2.1 and 1.3 X 1077 cm?s in the S, and S, PCT, respectively.
Because the measured plasma concentration of CAMP was 15 nM, this
cAMP transepithelial flux could account for 0.01-0.02 fmol/
mm - min, or < 1% of the actual cCAMP appearance during microper-
fusion in the S, and S, PCT segments. Thus, most collected tubular
fluid cAMP in the microperfused rat PCT derived from cellular egres-
sion, not from the blood.

Other analyses. Total CO, was measured by microcalorimetry as
previously described (2, 3, 30) and [methoxy-*H]inulin was measured
by scintillation counting.

Calculations and statistics. Total CO, was assumed to principally
represent bicarbonate. Bicarbonate absorption, Juco,, was the differ-
ence in the absolute amounts of bicarbonate perfused and collected (2,
3, 30). Tubular fluid cAMP delivery, TF,,upV, was the product of the
collected cCAMP concentration and flow rate. Data are presented as
mean+SEM. Significance was assessed using the paired ¢ test for results
obtained in the same tubule segment.

Results

In the following studies, bicarbonate absorption (Juco,) was
correlated with tubular fluid cAMP delivery (TF ampV) in mi-
croperfused S; and S, PCT during various hormonal manipu-
lations. The tubular fluid cCAMP was used as an index of mean
intracellular cAMP concentration (28, 29).

As shown in Table I and Fig. 1, time controls showed no
change in S; PCT bicarbonate absorption or cAMP delivery.
Intravenous angiotensin II markedly increased S, PCT bicar-
bonate absorption (348+11 to 588+8 peq/mm - min, P
< 0.001) with a significant decrease in cAMP delivery
(17.9+£2.0 to 11.7+1.5 fmol/mm - min, P < 0.05). PTH ad-
ministered intravenously had the expected opposite effects
(3515 to 194+12 peq/mm - min, P < 0.001, and 18.1+0.5 to
23.5+0.9 fmol/mm - min, P < 0.001, respectively).

Further studies explored the additivity, interaction, and
range of the hormonally induced changes in bicarbonate ab-
sorption and cCAMP egression. As shown in Table 1 and Fig. 2,
after infusion of either angiotensin II and PTH separately,
coadministration of both hormones tended to cancel each
other’s actions (with a slight favoring toward angiotensin II),
returning both bicarbonate absorption and cAMP delivery to
values close to control (422+14 peq/mm - min and 15.8+0.7
fmol/mm - min, respectively). Inhibition of endogenous an-
giotensin II activity with intravenous saralasin reduced bicar-



Table I. Hormonal Regulation of Bicarbonate and Water Absorption and cAMP Delivery in Early (S;) PCT

Perfused Collected
Group Length [HCO5] Rate [HCO3] 14 J Jucos TFampV
mm meq/liter nl/min meq/liter nl/min nl/mm- min peq/mm- min fmol/mm - min
Control 0.76+0.03 24.7+0.1 29.7+0.2 18.2+0.6 26.3+0.03 4.8+0.1 344+10 16.9+£2.0
Control 29.7+0.2 18.0+0.6 26.1+0.2 4.8+0.1 34949 17.3+3
P< NS NS NS NS NS NS
Control 0.74+0.03 24.2+0.2 29.8+0.4 17.8+0.2 26.2+0.2 4.9+0.1 348+11 17.9+2.0
All 29.7+0.1 11.8+0.6 24.5+0.3 7.2+0.4 588+8 11.7£1.5
P< NS 0.001 0.001 0.001 0.001 0.05
Control 0.76+0.01 24.4+0.2 29.9+0.2 17.5+0.3 26.5£0.5 4.4+0.1 3515 18.1£0.5
PTH 29.9+0.2 21.1£04 27.7+0.3 2.9+0.1 194+12 23.5+0.9
P< NS 0.001 0.001 0.001 0.001 0.001
All 0.80+0.3 24.2+0.4 29.9+0.2 12.2+0.2 23.9+0.6 7.5+£0.3 542+4 11.9+0.4
All + PTH 29.8+0.1 16.4+0.6 24.1+0.6 6.5+0.2 400+15 16.1£1.2
P< NS 0.001 0.05 0.05 0.001 0.01
PTH 0.77+0.04 24.8+0.1 29.8+0.1 21.4+0.3 27.5%0.2 2.9+0.2 195+9 24.0+1.8
PTH + All 29.7+0.2 17.5+£0.3 22.6+0.3 9.3+0.4 444+14 15.410.8
P< NS 0.001 0.001 0.001 0.001 0.005
SAR 0.81+0.02  247+0.1  29.8+0.1 211203  26.5+0.6 3.4+0.1 204+8 23.3x1.6
SAR + PTH 29.5+0.1 23.1+0.3 28.1+0.1 1.7£0.1 10111 29.1+1.9
P< NS 0.001 0.001 0.001 0.001 0.001
PTX 0.82+0.02 24.5+0.2 29.8+0.3 15.9+0.1 25.5+0.1 5.0+0.2 398+7 12.4+0.5
PTX + All 29.9+0.1 10.0+0.3 22.9+0.1 8.4+0.1 609+11 9.0+£0.4
P< NS 0.001 0.001 0.001 0.001 0.002
PT 0.82+0.01 24.5+0.2 29.9+0.1 19.3+0.1 26.9+0.3 3.6+0.3 261+4 19.6+0.4
PT + All 29.9+0.1 13.2+0.2 22.7+0.2 8.8+0.2 394+5 15.5+1.0
P< NS 0.001 0.005 0.001 0.001 0.001
Control 0.85+0.01 24403  29.70.1  17.1204  25.220.l 5.3£0.1 34429 17.7+0.8
AII (luminal) 24.1+0.2 29.8+0.1 15.5+0.3 24.5+0.2 6.2+0.3 400+2 14.1£0.6
P< NS 0.001 0.01 0.005 0.001 0.001

Abbreviations: All, angiotensin II; SAR, saralasin; J,, water absorption rate; Jyco;, bicarbonate absorption rate; TF.amp ¥, CAMP delivery rate.

bonate absorption (204+8 peq/mm -min) with a reciprocal
rise in tubular fluid cAMP delivery (23.3+1.6 fmol/mm - min)
and subsequent PTH administration further changed both pa-
rameters (10111 peq/mm-min, P < 0.001, and 29.1+1.9
fmol/mm - min, P < 0.001, respectively). Conversely, reduc-
tion of endogenous PTH activity by PTX increased bicarbon-
ate absorption (398+7 peq/mm - min) and diminished cCAMP
delivery (12.4+0.5 fmol/mm - min), and subsequent angioten-
sin II administration further changed both (609+11 peq/
mm - min, P < 0.001, and 9.0+0.4 fmol/mm - min, P < 0.002,
respectively), although not to quite the extent as had obtained
in the control condition. Thus, angiotensin II and PTH had
opposite but additive effects on S, PCT bicarbonate absorption
over a very large range of hormonal activities of endogenous or
exogenous origin. There was an excellent inverse correlation of
bicarbonate absorption with tubular fluid cAMP delivery
rates.

In most cells studied in which angiotensin II receptor oc-
cupancy evokes a decrease in adenylate cyclase activity, an
inhibitory G protein (G;) serves as the coupling mechanism
(13, 19, 20, 24). G; proteins can be inhibited by ADP-ribosyla-
tion when exposed to PT. If angiotensin II receptor occupancy

stimulated PCT bicarbonate absorption by a G;-mediated re-
duction in intracellular cAMP, PT should blunt these angio-
tensin II responses. This hypothesis was tested by pretreating
the animals with PT in vivo according to established protocols
(24, 32). As shown in Table I, PT pretreatment caused a lower
baseline bicarbonate absorption (261+4 peq/mm - min) and
higher cAMP delivery (19.6+0.4 fmol/mm - min) than con-
trol. The subsequent responses to angiotensin II were atten-
uated by ~ 35-45%. As shown in Fig. 3, compared with con-
trol values, PT pretreatment blunted both the increment in S,
bicarbonate absorption (239+14 versus 133+4 peq/mm - min,
P < 0.001) and the reduction in cCAMP delivery (—6.2%0.6 vs.
—4.1%£0.6 fmol/mm - min, P < 0.001). These results are con-
sistent with the role of a G; protein in coupling angiotensin II
receptor occupancy to reduction of intracellular cAMP and
augmentation of tubular acidification.

When all the results of the 72 studies described above were
combined as shown in Fig. 4, there was an excellent negative
correlation of bicarbonate absorption in the S, PCT with tu-
bular fluid cAMP delivery (Y = —21.3X + 740, r = 0.86, P
< 0.001).

In the S; PCT, qualitatively similar results were found, as
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Figure 1. Effects on bicarbonate absorption and tubular fluid cAMP
delivery in the S; PCT during (/eff) persistent time controls (CON),
(middle) by intravenous angiotensin II (AIl) administration, and
(right) by intravenous PTH administration. *P < 0.05.
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Figure 2. Effects on bicarbonate absorption and tubular fluid cAMP
delivery in the S, PCT (l/eff) by intravenous angiotensin II (AIl) or by
PTH with subsequent administration of both hormones, (middle) by
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shown in Table II and Fig. 5. Bicarbonate absorption in the S,
PCT also inversely correlated with cAMP delivery (Y
= —21.1X + 300, r = 0.87, P < 0.001). The absolute magni-
tude of the hormonal regulation of bicarbonate absorption and
cAMP delivery was much less in the S, compared with the S,
segment, consistent with the diminished angiotensin II recep-
tor density previously demonstrated in the S, PCT (3).

The results in Figs. 4 and 5 support the hypothesis that
angiotensin II controls proximal bicarbonate absorption by
lowering intracellular cAMP. However, this negative correla-
tion does not necessarily establish causality and two further
lines of evidence were therefore pursued. First, to rule out a
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Figure 4. Relationship of bicarbonate absorption to tubular fluid
CcAMP delivery in the early, S, PCT for groups depicted in Figs. 1-3
and Table 1. Group abbreviations: control (CON), angiotensin (AII),
PTH, saralasin (SAR), PTX, and PT pretreatment (PT). Regression
equation for the 72 experimental points was Y = —21.3X + 740, r
=0.86, P < 0.001.



Table I1. Hormonal Regulation of Bicarbonate and Water Absorption and cAMP Delivery in Late (S,) PCT

Perfused Collected
Group n Length [HCO3] Rate [HCO5] vV Jy Jucos TFoampV
mm megq/liter nl/min megq/liter nl/min nl/mm - min peq/mm- min fmol/mm - min
Control 5 2.21+0.03 24.7+0.1 29.8+0.1 11.5+0.3 24.0+0.1 2.610.1 208+2 4.0+£0.3
Control 29.8+0.1 11.2+0.2 24.1£0.1 2.6+0.1 211x2 3.6£0.4
P< NS NS NS NS NS NS
Control 5 2.25+0.02 24.2+0.2 29.8+0.1 10.8+0.4 23.8+0.1 2.7+0.1 20713 4.310.2
All 29.9+0.1 9.3+0.3 21.7+0.1 3.6+0.1 231+2 3.2+0.2
P< NS 0.001 0.001 0.001 0.001 0.001
Control 5 2.25+0.02 24.4+0.2 29.9+0.3 11.0+0.3 23.8+0.1 2.7+0.4 209+2 4.8+0.1
PTH ) 29.9+0.2 13.8+0.3 24.8+0.4 2.3+0.1 173+2 6.2+0.3
P< NS 0.001 0.001 0.001 0.001 0.005
All 3 2.14+0.07 24.2+0.4 29.9+0.6 10.0+0.5 21.9£0.2 3.7+0.2 235+4 3.840.2
All + PTH 29.7+0.3 11.8+£0.6 22.3+0.3 3.4+0.2 211+1 4.8+0.5
P< NS 0.02 0.001 0.001 0.001 0.05
PTH 3 2.21+0.02 24.8+0.1 29.6+0.3 13.5+0.2 24.910.1 2.3%+0.1 179+3 5.7+0.3
PTH + All 29.7+0.3 11.5+0.5 21.2+0.3 3.9+0.1 223+2 4.0+0.1
P< NS 0.005 0.001 0.001 0.001 0.01
SAR 5 2.36+0.02 24.7+0.1 29.5%0.1 12.4+0.2 26.1+0.2 1.50.1 1723 5.4+0.1
SAR + PTH 29.6+0.1 15.8+0.5 27.0+0.2 1.1£0.1 130+6 7.2+0.2
P< NS 0.001 0.001 0.001 0.001 0.001
PTX 5 2.24+0.03 24.5+0.2 29.9+0.1 10.2+0.3 22.7+0.2 3.2+0.1 224+3 3.4+0.1
PTX + All 29.9+0.1 8.7+0.4 21.240.1 3.9+0.1 245+3 2.5+0.1
P< NS 0.001 0.001 0.001 0.001 0.001
PT 5 2.27+£0.02 24.5+0.2 29.8+0.1 13.2+0.2 25.6+0.2 1.8£0.1 1753 5.1+0.1
PT + All 29.8+0.1 11.7£0.2 25.0+0.5 2.2+0.2 19416 4.4+0.1
P< NS 0.001 0.05 0.05 0.001 0.005
Control 2.22+0.02 24.4+0.3 29.8+0.2 11.4+0.6 23.8+0.1 2.7+0.1 207+4 4.4+0.1
All (luminal) 24.1+0.2 29.8+0.1 9.8+0.5 23.1+0.3 3.0+0.1 222+4 4.0+0.1
P< NS 0.001 0.05 0.05 0.01 0.001

See Table I for abbreviations.

nonspecific interaction between the two parameters, we used a
nonhormonal regulator of proximal bicarbonate absorption to
verify that bicarbonate transport could be changed without
affecting CAMP delivery. Second, it was necessary to demon-
strate that clamping of intracellular cAMP, by exogenous
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Figure 5. Relationship
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E £ tion to tubular fluid
S € CAMP delivery in the
] § 200k late, S, PCT for groups
w g depicted in Table II.
'<z't a The same symbols are
2 v used to designate
@ 2 oo groups as in Fig. 4. Re-
e~ gression equation for

the 72 experimental
points was ¥ = —21.1X
+ 300, r = 0.87, P

< 0.001.

TUBULAR FLUID cAMP

(TE pmp Vo fmol /mm.min)

cAMP administration, prevented the transport response to
angiotensin IL.

To show that a primary stimulant of bicarbonate absorp-
tion, one that did not affect hormone signaling processes, in-
creased transport without altering cCAMP delivery, we raised
luminal perfusion rate from 30 to 45 nl/min (30). This incre-
ment in luminal perfusion rate markedly increased S; PCT
bicarbonate absorption (35719 to 500+13 peq/mm - min, P
< 0.001), as previously reported (30), but was without effect on
cAMP delivery (18.3+0.8 to 18.5+1.0 fmol/mm - min, NS).
The same results were found in the S, PCT (2076 to 2368
peq/mm - min, P < 0.001, and 4.6+0.1 to 4.3+0.2 fmol/
mm - min, NS, respectively).

The data obtained by luminal perfusion using a permeable
form of cAMP, dibutyryl cAMP, are shown in Table III and
Fig. 6. Luminal perfusion with dibutyryl cGMP was also ex-
amined, as a control for any nonspecific effects attributable to
the dibutyryl moiety. Compared with controls without cyclic
nucleotide, dibutyryl cGMP did not significantly alter baseline
bicarbonate absorption nor the angiotensin II absorptive re-
sponse in the S; PCT (159+7 peq/mm - min). However, in the
presence of dibutyryl CAMP, the baseline S, PCT bicarbonate
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Table 111. Effect of Luminal cAMP and cGMP on the PCT Transport Response to Angiotensin II

Perfused Collected
Group n Length [HCO3] Rate [HCO3] 14 J, Jicos
mm meq/liter nl/min meg/liter nl/min nl/mm- min peq/mm - min
Early PCT
Dibutyryl cAMP 5 0.80+0.02 24.7+0.1 29.9+0.1 20.5+0.5 27.940.1 2.5+0.2 199+8
Dibutyryl cAMP + All 29.9+0.1 20.7+0.4 27.9+0.1 2.5+0.2 197+7
P< NS NS NS NS NS
Dibutyryl cGMP 5 0.78+0.01 24.5+0.2 29.7+0.1 17.6+0.1 25.840.1 4.910.1 348+7
Dibutyryl cGMP + All 29.7+0.1 13.8+0.3 24.0+0.1 7.310.2 50711
P< NS 0.001 0.001 0.001 0.001
Late PCT
Dibutyryl cAMP 5 2.20+0.03 29.9+0.1 13.6+0.2 25.0+0.1 2.240.1 18143
Dibutyryl cAMP + AIl 29.9+0.1 13.7+£0.2 25.0+0.1 2.240.1 180+2
P< NS NS NS NS NS
Dibutyryl cGMP 5 2.21+0.03 29.8+0.1 11.3+£0.2 23.5+0.1 2.8+0.1 210+3
Dibutyryl cGMP + All 29.7+0.1 9.8+0.2 21.6+0.1 3.740.1 234+1
P< NS 0.001 0.001 0.001 0.001
See Table I for abbreviations.
absorptive response rate was substantially lower than the con-  Discussion

trol value and the response to angiotensin II was obliterated
(—4+5 peq/mm - min).

The results described thus far examined the biochemical-
physiologic coupling evoked by basolateral receptor occu-
pancy in response to intravenous hormones. Angiotensin II
receptors also exist on the luminal membrane and can evoke a
physiologic response (3, 25). We therefore felt it would be of
interest to examine whether luminal angiotensin II stimulated
bicarbonate absorption by reducing cCAMP. As shown in
Tables I and II and Fig. 7, the bicarbonate absorptive response
in the S; PCT to luminal angiotensin II (10~'> M) was some-
what less (an increment of 55+9 peq/mm - min) than when
angiotensin II had been given intravenously, as previously re-
ported (3). Luminal angiotensin II also depressed cAMP deliv-
ery in the S; PCT (by —3.6+0.4 fmol/mm - min). The quanti-
tative relationship between the increment in bicarbonate ab-
sorption and the depression in cCAMP delivery by luminal
angiotensin II was similar to that previously described for ba-
solateral angiotensin II (Figs. 4 and 5), suggesting similarity
between luminal and basolateral signaling mechanisms.

Figure 6. Effect on the
angiotensin-induced
stimulation of early, S,
L PCT bicarbonate reab-
sorption when no cyclic
nucleotide was present
in the luminal perfusate
(from control studies in
the present and pre-
vious series [2]), com-
pared with the response
when 10~° M dibutyryl
c¢GMP or 103 M dibu-
tyryl cCAMP was added
to the luminal perfusate.
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Angiotensin II was recently shown to exert powerful, direct
epithelial cell receptor-mediated control of S; PCT bicarbon-
ate absorption (2, 3). This modulation of acidification was
amiloride sensitive, implicating the Na*/H* antiporter as a
participant in the transport regulation (3). The present results
provide evidence that the signal transduction system whereby
angiotensin II controls epithelial cell transport is via diminu-
tion in intracellular cAMP.

The ability for angiotensin II to depress adenylate cyclase
activity and intracellular cAMP level has been described in
many tissues (11, 12), including liver (13-15), aorta (16), adre-
nal cortex (17, 18), pituitary (19), and testis (20). In the kidney,
this signaling process has been shown in cortical homogenates
(21), glomeruli (22, 23), juxtaglomerular apparatus (24), tu-
bule suspensions (23), and proximal cells in culture (25). In
some of these studies, the necessary intermediation of a G;
protein was demonstrated by showing that the decrement in
cAMP evoked by angiotensin II was sensitive to pertussis toxin
(13, 19, 20, 24). To date, however, no renal epithelial cell
function has been linked to this intracellular signaling system
used by angiotensin II.

These studies provide the initial evidence in vivo that the
powerful control of S; PCT bicarbonate absorption by angio-
tensin II might occur through derepression of cAMP-mediated
inhibition of the Na*/H* antiporter. The PT sensitivity of the
S, PCT transport effects of angiotensin II (Fig. 3) implied that
a G; protein couples the angiotensin II receptor to the inhibi-
tion of adenylate cyclase. Effects on other PT-sensitive G pro-
teins cannot be excluded, however. The PTH receptor, which
is coupled via a G, protein to activate adenylate cyclase, caused
the expected opposite effects, an increase in intracellular
cAMP and inhibition of bicarbonate transport (26, 27). These
studies are the first to demonstrate that endogenous and exoge-
nous PTH can markedly affect S; PCT transport.
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Bicarbonate absorption was associated with reciprocal
changes in cCAMP over quite a large range (Figs. 4 and 5). The
span of S; PCT bicarbonate absorption affected by hormonally
induced changes in intracellular cAMP concentration was
from 100 to 600 peq/mm - min (Fig. 4). This magnitude of
bicarbonate absorption associated with changes in cAMP, 500
peq/mm - min, represents > 80% of the hydrogen ion secretory
capacity in the S, PCT (30). Hydrogen ion secretion by the S,
PCT is normally responsible for reabsorbing at least half
(500-600 peq/min) of the filtered bicarbonate load (1,000
peq/min) (1). Thus, a substantial portion (approaching half) of
total renal acidification is potentially sensitive to hormonal
modulation via CAMP.

Two further lines of evidence were obtained to support the
contention that reduction in intracellular cAMP was causally
related to the stimulation of acidification induced by angio-
tensin II. First, exogenous dibutyryl cAMP, to clamp the in-
tracellular cCAMP concentration, prevented angiotensin II
from stimulating bicarbonate absorption (Table III and Fig. 6).
Second, a change in luminal flow rate, a nonhormonal modu-
lator of bicarbonate absorption in the PCT (30), did not affect
cAMP delivery.

Fig. 8 depicts a simple model for hormonal control of bi-
carbonate reabsorption in the S; PCT. In this scheme, the
angiotensin II receptor (and perhaps others) inhibits adenylate
cyclase via G; protein(s), while the PTH receptor (and perhaps
others) stimulates adenylate cyclase via G protein(s). Intracel-
lular cAMP is the final common pathway in the transport
regulation; CAMP presumably activates a cAMP-dependent
protein kinase to directly inhibit the Na*/H* antiporter (25).

A dual, positive-negative (ying-yang) control system is en-
visioned in this model in which increasing G; activity is func-
tionally equivalent to decreasing G; activity and vice versa. For
instance, similar changes in bicarbonate absorption and cAMP
delivery were induced by either angiotensin II or PTX (Fig. 2).
The converse changes were induced by either saralasin or PTH
(Fig. 2). When angiotensin II and PTH were added together,

Angiotensin I PTH Figure 8. Model for hormonal
Other ? Other ? regulation of S, proximal bi-
l carbonate reabsorption. The

angiotensin II receptor is cou-
pled to an inhibitory G protein
(G;) that diminishes adenylate
cyclase (AC) activity and de-
presses the level of intracellu-
lar cAMP. cAMP, activating a
cAMP-dependent protein ki-
nase, acts to inhibit the
Na*/H* antiporter. Thus, an-
giotensin II serves to derepress
the antiporter and thereby
stimulates bicarbonate absorp-
tion. The PTH receptor is coupled to a stimulatory G protein (Gy)
and has the opposite effects, to activate adenylate cyclase and in-
crease intracellular CAMP and thereby to depress Na*/H* antiporter
activity and bicarbonate absorption.

Na* H*

there was virtual cancellation of each other’s biochemical and
physiological actions (Fig. 2). These results suggested endoge-
nous levels of both angiotensin II and PTH exert tonic effects
on PCT cAMP levels and bicarbonate absorption. Further-
more, upward and downward changes in the activities of both
hormones can potentially lead to additive functional transport
changes. Further studies are required to identify the role of
cAMP in altering bicarbonate reabsorption under physiologic
conditions. Although the range of systemic angiotensin II con-
centrations used in these studies was within a physiologic
range and without effect on systemic or glomerular hemody-
namics (2, 3), the range of PTH concentrations examined was
not physiologic.

These in vivo results are consistent with the signaling
scheme depicted in Fig. 8, though clearly the model is overly
simplistic and conjectural in many respects. Many other neu-
rotransmitters and hormones, such as muscarinic cholinergic
agents, alpha,-adrenergic agents, adenosine, agonists, dopa-
mine, and opiates have been reported to decrease adenylate
cylase activity in other cell types (11, 12). If receptors for these
substances exist in the PCT, they might also regulate electro-
lyte transport.

Angiotensin II is a relatively unique hormone in the kidney
in possessing functionally active receptors on both the luminal
and basolateral aspects of the epithelial cell (3, 25). The results
shown in Fig. 7 suggest that reduction in intracellular cAMP
may also be the mechanism for transducing the S; PCT trans-
port stimulation when angiotensin II is present in the lumen as
it is when exposed to the basolateral surface.

The possibility is not excluded that angiotensin II uses
other signal transduction mechanism(s) besides reduction in
intracellular cAMP to affect PCT bicarbonate absorption. For
instance, if angiotensin II caused phosphatidylinositol break-
down in the S; PCT as it does in vascular smooth muscle, the
subsequent rise in intracellular calcium and activation of pro-
tein kinase C might be expected to stimulate the Na*/H* ex-
changer (4, 5). In PCT cells, angiotensin II can increase phos-
phatidylinositol breakdown (6) and, in very high concentra-
tions (1078-10~° M), can raise intracellular calcium (7, 8), but
correlative changes in ion transport have not been reported.
Phorbol ester-induced activation of protein kinase C caused an
amiloride-sensitive alkalinization in canine proximal cells,
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suggesting stimulation of the Na*/H* exchanger (9), but per-
fusion of phorbol ester inhibited bicarbonate absorption in the
rabbit S, PCT in vitro (10). In preliminary studies in the rat S,
PCT in vivo, perfusion of phorbol ester enhanced bicarbonate
absorption, but did not prevent further stimulation by angio-
tensin II (Liu, F.-Y., and M. G. Cogan, unpublished observa-
tions).

Angiotensin II has also been reported to stimulate guany-
late cyclase in renal cells (36). However, the PCT lacks particu-
late guanylate cyclase (37) and does not produce cGMP in vivo
under the influence of endogenous angiotensin II (38). Exoge-
nous administration of dibutyryl cGMP had no effect on PCT
bicarbonate absorption and failed to prevent the angiotensin
II-induced stimulation of proximal bicarbonate reabsorption
(Table III and Fig. 6). More information is needed to clarify
the possible interaction of other angiotensin II signaling sys-
tems with the CAMP reduction mechanism in controlling renal
epithelial cell transport.

In conclusion, the stimulation of S; PCT bicarbonate ab-
sorption by angiotensin II was correlated with a decline in
tubular fluid cAMP delivery. PTH had the opposite effects.
The angiotensin-induced transport stimulation was attenuated
by PT, and was abolished by exogenous dibutyryl cAMP. The
results are consistent with a model in which angiotensin II
stimulates early proximal bicarbonate absorption by a G;-me-
diated depression in intracellular cAMP.
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