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Adenylate Cyclase Responsiveness to Hormones

in Various Portions of the Human Nephron

DANIELLE CHABARDES, MICHELE GAGNAN-BRUNETTE, MARTINE IMBERT-TEBOUL,
OLGA GONTCHAREVSKAIA, MADELEINE MONTEGUT, ANDRE CLIQUE, and
FRANCOIS MOREL, Laboratoire de Physiologie Cellulaire, College de France,

75231 Paris Cedex 05

ABSTRACT The action sites for parathyroid hor-
mone (PTH), salmon calcitonin (SCT), and arginine-
vasopressin (AVP) were investigated along the human
nephron by measuring adenylate cyclase activity, us-
ing a single tubule in vitro microassay. Well-localized
segments of tubule were isolated by microdissection
from five human kidneys unsuitable for transplantation.

PTH (10 IU/ml) increased adenylate cyclase activity
in the convoluted and the straight proximal tubule, in
the medullary and cortical portions of the thick ascend-
ing limb, and in the early portion of the distal con-
voluted tubule (corresponding stimulated:basal activity
ratios were 64, 19, 10, 18, and 22, respectively).

SCT (10 ng/ml) increased adenylate cyclase activity
in the medullary and cortical portions of the thick as-
cending limb, in the early portion of the distal con-
voluted tubule, and, to a lesser extent, in the cortical
and the medullary collecting tubule (activity ratios
were 7, 14, 15, 3, and 3, respectively).

AVP (1 uM) stimulated adenylate cyclase activity
in the terminal nephron segments only, i.e., the late
portion of the distal convoluted tubule, the cortical
and medullary portions of the collecting tubule (activity
ratios 81, 51, and 97, respectively).

As measured in one experiment, nearly one-half max-
imal responses were obtained with 0.1 IU/ml PTH or
0.3 ng/ml SCT in thick ascending limbs and with 1 nM
AVP in collecting tubules, suggesting that enzyme sen-
sitivity to hormones was well preserved under the con-
ditions used in this study.
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INTRODUCTION

Little is yet known about the sites and mechanisms
of hormonal action along the nephron in the human
kidney. Of the current physiological approaches used
in animals, clearance studies have been widely applied
to man. Unfortunately, however, they only permit
measurement of overall effects, which cannot be lo-
calized on the scale of the nephron. Micropuncture
techniques cannot be used in man for obvious reasons.
In vitro microperfusion of isolated tubules has only
been applied to human kidney in very few cases (1, 2).
Thus, Abramow and Dratwa (1) observed the response
of a single fetal collecting tubule to vasopressin.

Specific biochemical approaches were also applied
to studies using human kidneys. Vasopressin (3) and
also glucagon and isoproterenol (4) were reported to
stimulate adenylate cyclase contained in human kidney
medulla, whereas parathyroid hormone (5, 6) and, to a
lesser extent, glucagon, isoproterenol, and calcitonin
(6) enhanced enzyme activity in the cortex. The exact
sites of action of these hormones, however, could not
be deduced from these studies, because they used
whole tissue homogenates. To overcome this limita-
tion, inherent in the cell heterogeneity of renal tissue,
it is necessary to investigate the effects of hormones
on adenylate cyclase activity by using samples con-
taining only pure, homogeneous, and well-localized
segments of the nephron. One possibility is to apply
an adenylate cyclase microassay to samples containing
a single piece of tubule, as they can be isolated by
microdissection of collagenase-treated kidneys (7, 8).
This method was used in the present study to inves-
tigate the action of parathyroid hormone, calcitonin,
and vasopressin on the adenylate cyclase contained
in most of the segments of the human nephron.

METHODS

Kidneys. Five adult, human kidneys were used in this
study. They were kindly provided by France-Transplant
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(Hopital Necker, Paris) after having been judged unsuitable
for transplantation. According to the information we were
given, all kidneys were perfused with Collins’ solution
via the renal artery (500 ml in about 4-5 min), then
immersed in ice-cold Collins’ solution as for transplanta-
tion. The composition of the Collins’ solution is: NaHCO,,
10 mM; KCl, 15 mM; KH,PO,, 15 mM; K,HPO,, 42.5 mM;
and glucose 150 mM. The kidneys were stored under
these conditions until the experiments started. The origin
and length of storage of the kidneys were as follows:
kidney No. 1, from a 18-year-old male killed in a traffic ac-
cident, storage, about 24 h; kidney No 2, from a 16-year-old
male also killed in a traffic accident, storage, about 36 h; kidney
No. 3,age and cause of death not indicated, storage, about 48 h;
kidney No. 4, from a 53-year-old male who died of a brain
hemorrhage, storage, 48 h; kidney No. 5, from a 48-year-old
female, cause of death not indicated, storage about 12 h.
Experimental procedure. At the time of the experiment,
a polyethylene tube was inserted into a branch of the renal
artery and collagenase solution (see Solutions), colored by
lissamine green, was perfused for a few minutes at a low
temperature. The perfused zone of the kidney, as judged by
the presence of the dye, was excised and then cut with a
razor blade into small tissue pyramids including both cortex
and outer medulla. These kidney pieces were incubated at
35°C in gassed collagenase solution for 60—90 min. They were
then transferred for microdissection into Petri dishes filled
with ice-cold microdissection solution (see Solutions). The
required nephron segments were isolated by hand with fine
steel needles under stereomicroscopic observation. Each iso-
lated structure (0.5-1.5 mm in length, depending on the seg-
ment) was sucked out and transferred with a small droplet of
microdissection solution onto the hollow part of a concave
bacteriological glass slide. The piece of tubule was then photo-
graphed for subsequent measurement of its length, the glass
slide was tightly covered, and the sample was processed for
adenylate cyclase activity measurement, as reported in detail
(7, 8). Briefly, the droplet of solution was aspirated and re-
placed by 0.5 ul hypoosmotic solution (see Solutions) con-
taining the hormones when necessary. After about 30 min
preincubation at ice-cold temperature, permeabilization of the
tubule was completed by briefly freezing the sample (by con-
tact of the slide with dry ice). 2 ul of incubation solution
(see Solutions) were then added to each sample, the mixture
was stirred by the action of an air stream, the glass slide was
again tightly covered; and the sample was incubated for 30
min at 30°C by immersion in a temperature-regulated water
bath. The enzyme reaction was terminated by adding 150 ul
arrest solution (see Solutions) to the sample. The mixture
was collected, added to 1 ml distilled water, and successively
filtered through a Dowex (Dow Corning Corp., Midland,
Mich.) and an alumin column according to Salomon et al. (9),
to separate the 3?P-labeled cyclic AMP (cAMP)! formed from
its a-32P-ATP precursor and from the other 3?P-nucleotides.
The yield of **P-cAMP recovered was measured in all samples
by adding tracer amounts of 2H-cAMP to the arrest solution.
Calculations. The adenylate cyclase (AC) activity of each

! Abbreviations used in this paper: AC, adenylate cyclase;
AVP, arginine-vasopressin; CAL, cortical portion of the thick
ascending limb of the loop of Henle; cAMP, cyclic AMP;
CCT, cortical collecting tubule; DCT, distal convoluted tu-
bule; MAL, medullary portion of the thick ascending limb
of the loop of Henle; MCT, medullary collecting tubule;
PCT, convoluted portion of the proximal tubule; PR,
straight portion of the proximal tubule; PTH, parathyroid hor-
mone; SCT, salmon calcitonin; V.., maximum velocity.
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sample, i.e., the amount of ATP converted into cAMP during
the incubation period, was obtained by dividing the 3*P-cAMP
radioactivity counted (after correction for the radioactivity of
blank samples and for cAMP recovery) by the 3?P-ATP spe-
cific radioactivity measured under the same conditions. Be-
cause the protein content per sample (~0.1-0.2 ug) was far
too low to be measured, the length of the piece of tubule was
used as the reference, and the results were expressed as
femtomoles cAMP formed per millimeter of tubule per 30
min incubation time at 30°C.

When possible, three to five replicate samples of the same
nephron portion were measured per experiment under each
condition tested (basal and hormone-stimulated AC activities).
This allowed statistical independent ¢ test to be applied to
each individual experiment. It was not possible, however, to
analyze the effects of parathyroid hormone (PTH), salmon
calcitonin (SCT), and arginine-vasopressin (AVP) on all neph-
ron segments in each experiment, since only about 80-100
samples of tubule could be dissected and prepared per kidney.
For those nephron segments that could not be obtained in a
large enough number of samples per experiment, mean value
calculations and statistical analysis were performed by pooling
all the data obtained in the experimental series. In the tables,
all mean values are given with the corresponding SEM and
the number of samples.

Morphological controls. The photographs of the freshly
microdissected tubules were not only used to measure the
length of each sample, but also to calculate tubular outer diam-
eters. For each picture, 8-12 measurements were made at
different sites along the piece of tubule. The corresponding
average value was assumed to be an accurate outer diameter
value because no great changes in diameter were generally
noted along the structure.

Finally, in experiments 4 and 5, some pieces of kidney
tissue were also macerated in hydrochloric acid according
to Oliver (10). It was possible to isolate by microdissection
17 complete, unbroken human nephrons from these pieces
of kidney. The average full length of the distal segments used
for AC measurement was calculated from these nephrons.

Solutions. The microdissection solution was a modified
Hanks’ solution (11) containing, in millimolars: NaCl, 137;
KCl, 5; MgSO,, 0.8; Na,HPO,, 0.33; KH,PO,, 0.44; MgCl,,
1; Tris HCI, 10; and CaCl,, 0.25; pH, 7.4. The collagenase
solution was similar to the microdissection solution except
that it contained 1 mM CaCl, and 0.1% wt/vol of both col-
lagenase and bovine serum albumin. The hypoosmotic solu-
tion contained in millimolars: EDTA, 0.25; MgCl,, 1; Tris HCI,
8; and bovine serum albumin, 0.1%; pH, 7.4. When necessary,
hormones were added to this solution at a concentration five-
fold that required in the final incubate. The incubation solu-
tion had a composition calculated so as to obtain a final in-
cubate (2 pl incubation solution added to 0.5 ul hypoosmotic
solution) with the following concentrations: a-32P-ATP, 0.25—
0.3 mM, ~1 uCi/sample; cAMP, 1 mM; EDTA, 0.25 mM;
MgCl,, 4.0 mM; phosphocreatine, 20 mM; creatine kinase,
1 mg/ml; and Tris HCI, 100 mM; pH 7.4. The arrest solution
contained: ATP, 3.3 mM; cAMP, 5 mM, including tracer
amounts of *H-cAMP and Tris HCI, 50 mM; pH 7.6.

Hormones and radiochemicals. PTH: 1-34 synthetic frag-
ment of bovine PTH (3850 IU/mg) was purchased from Beck-
man Instruments, Inc., Fullerton, Calif. Calcitonin: synthetic
SCT was kindly provided by Sandoz Pharmaceutical Div.,
Hanover, N. ].; arginine-vasopressin: highly purified AVP,
prepared according to Pruzik et al. (12) was generously
donated by T. Barth (Czechoslovak Academy of Sciences,
Institute of Organic Chemistry and Biochemistry, Praha).
a-32P-ATP (10-20 Ci/mmol, sp act) was purchased from
New England Nuclear, Boston, Mass. and 3H-cAMP, from



Commissariat a I'Energie, Saclay, France. Collagenase was
extracted from clostridium histolyticum (Type I; Sigma Chemi-
cal Co., St. Louis, Mo.). Other reagents were of grade A as
specified (13).

RESULTS

Segments analyzed. AC sensitivity to PTH (10
IU/ml), SCT (10 ng/ml), and AVP (1 uM) was investi-
gated in the following segments of the human nephron:
the convoluted (PCT) and straight (PR) portions of the
proximal tubule. The medullary (MAL) and cortical
(CAL) portions of the thick ascending limb of the loop
of Henle. PR and MAL samples were dissected from
the outer medulla of the kidney and were easily dis-
tinguished from each other and from the medullary
collecting tubules according to diameter, appearance
under stereomicroscopic observation, and their level of
transition into a thin segment. CAL samples were dis-
sected in the cortex and identified by their small outer
diameter, their bright aspect, their radial orientation,
and their contact with a glomerulus at the macula densa
site. In the case of distal convoluted tubules (DCT),
dissection along their entire length was never possible
in collagenase-treated human kidneys, because of in-
complete collagen hydrolysis, packed organization of
the convolutions, and fragility of the tubules. However,
we did obtain samples of the early DCT portion meas-
uring up to about 1.5 mm starting from the macula
densa. A few samples of the late DCT portion (up to 1
mm) were also obtained by dissecting distal tubules
from their branching with a collecting tubule (CCT).
When possible, the hormone-sensitive AC contained in
these DCT samples was compared to that of the ad-
jacent segment of the same nephron (CAL or CCT)
tested under the same experimental conditions. CCT
were dissected in all experiments. They were identi-
fied by their typical, light appearance, by the occasional
presence of branching, and by their radial position in
the “medullary rays” of the cortex. Finally, a few
medullary collecting tubules (MCT) were dissected
out of the outer medulla. The following nephron por-
tions were not investigated: the glomerulus, the thin
segments of the loop of Henle, the middle DCT por-
tion, and the papillary collecting tubule.

Table I indicates the average outer diameter of the
different nephron segments tested for their hormone-
sensitive AC activity. The table also gives the average
length for the distal nephron portions defined above,
as measured on unbroken nephrons dissected from
pieces of human kidney macerated in hydrochloric acid.

Proximal tubule. Table II indicates the effects ob-
tained with PTH and SCT on the PCT and the PR
from kidneys 2 and 3. Compared to basal activity, PTH
stimulated AC 40- to 50-fold in PCT, and 12- to 20-fold
in PR. Two PCT and two PR samples were also meas-
ured in experiment 1 in the presence of PTH, 10 IU/ml

Hormone-dependent Adenylate Cyclase along the Human Nephron

TABLE 1
Tubular Length and Diameter of
Human Nephron Segments

Outer

Segment Length (n) diameter (n)
mm=SEM um=SEM
PCT — 53.6+0.76 (55)
PR — 45.8+0.56 (56)
MAL 3.3x0.17 (17) 30.0+0.56 (62)
CAL 4.6+0.18 (17) 31.6+0.02 (109)
MAL + CAL (7.9+0.17 (17)) —
Early DCT 2.3+0.12 (17) 47.0+0.82 (45)
Middle DCT 1.7+0.10 (17) —
Late DCT 0.8+0.06 (17) 38.0+0.70 (26)
Whole DCT (4.9+024 (17)) —
CCT — 46.8+0.69 (48)
MCT — 50.1+1.06 (19)

Tubular lengths indicated in this table are the mean values
of the entire length of the corresponding segments measured
on 17 unbroken microdissected nephrons from pieces of
kidneys 4 and 5, macerated in hydrochloric acid. Tubular
diameters correspond to mean values measured from the
photographs of tubule samples used for AC activity
measurement (kidneys 1-5). In brackets, the number of
tubules used for such determinations.

(PCT, 1,038+205 SE and PR 371+170 fmol/mm-30
min). It is therefore clear that human PCT and PR
contain AC sensitive to PTH. Moreover, higher re-
sponses to PTH were obtained in PCT than in PR in
these three human kidneys, as observed earlier in
rabbit (14) and mouse (15) kidneys.

SCT induced no significant increase in AC activity
compared to basal activity in these experiments, except
in the PR samples of experiment 3, where the 31.9
mean value was statistically different (P < 0.05) from
the corresponding control value. However, this SCT

TABLE I1
AC Activities Measured in the PCT and PR in the Absence
(Basal) or the Presence in the Incubate of either
PTH (10 1U/ml) or SCT (10 ng/ml)

AC activity (+SEM)

Condi-
Kidney tion PCT PR
fmol/mm -30 min

2 Basal 74+2.1 (4) 10.7+1.6 (3)
SCT 77+3.1 (4) 11.8+1.8 (4)
PTH 278.3+27.1 (4) 123.8+25.3 (3)

3 Basal 6.4+x2.8 (4) 10.9+2.1 (4)
SCT 86=+1.0 (6) 31.9x69 (4)
PTH 330.1+65.3 (5) 193.3+13.1 (5)

In brackets, the number of samples used.
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effect was of very limited magnitude compared to the
action of PTH. In addition, when the data obtained
in the different experiments were pooled, SCT pro-
duced no statistically significant effect on either PCT
or PR AC activities.

In these experiments, AVP (1 uM) had no effect
on PCT (10.0+3.0 SE [6]; control, 6.9+1.6 [8]) and in-
duced a nonsignificant increase in PR (34.8+12.4 [6];
control 10.8+1.3 [7], P > 0.05).

Thick ascending limb of the loop. The results ob-
tained with PTH, SCT, and AVP on the MAL (three
experiments) and the CAL (five experiments) of the
thick limb are shown in Table III. AVP induced no
stimulation of AC in either MAL or CAL in any ex-
periment except but No. 3. In contrast, PTH and SCT
increased the AC activity of both structures in each
experiment. On an average, the stimulated over basal
activity ratio was 13 (SCT) and 18 (PTH) in CAL, and
8 (SCT) and ~10 (PTH) in MAL. The effects were
highly significant for each experiment (<0.01), as well
as for the average value (P < 0.001). In both structures,
the response induced by PTH was always definitely
higher than that induced by SCT. Therefore, in human
kidneys, the MAL and CAL contained AC of similar
sensitivity to the three hormones tested, i.e., AC was
responsive to PTH and SCT and unresponsive to AVP.

DCT. Theresults obtained with the same hormones
on the samples of early and late DCT from three kid-
neys (experiments 2, 3, and 5) were pooled and are
given in Table IV. The average lengths of the cor-
responding samples of tubule are also shown in this
table.

The early DCT portion (~1 mm long) exhibited high
AC responsiveness to PTH (22-fold increase) and to SCT
(15-fold increase). Absolute values per millimeter of
tubule were clearly higher in early DCT than in MAL
and CAL for the two hormones (compare Tables III
and IV). Vasopressin produced no AC stimulation in
early DCT.

In late DCT portions (~0.5 mm long), AC exhibited
much lower responsiveness to SCT and PTH than in
early DCT portions. In contrast, late DCT was highly
sensitive to AVP. Thus, the early and late portions of
DCT contain AC of different responsiveness to the
three hormones. The changing AC sensitivity pattern
along the human DCT was not analyzed because, as
indicated, samples of the middle DCT portion could
not be microdissected in collagenase-treated human
kidneys. Paired samples corresponding to successive
portions of the same nephron were, nevertheless,
analyzed in the presence of either PTH or AVP. The
data are shown in Fig. 1. Clearly, early DCT samples
responded to PTH more than the paired CAL samples
(500-1000 instead of 150-300 fmol/mm-30 min, re-
spectively). PTH responses were of limited magnitude
in late DCT samples and absent in the paired CCT
samples. As regards the response to AVP, it was negligi-
ble in CAL and early DCT samples, high in late DCT
samples, and even higher in the paired CCT samples.

CCT. The results obtained on CCT are given in
Table V. SCT induced a small two- to three-fold AC
stimulation, which was statistically significant in ex-
periments 1, 3 (P < 0.025), and 5 (P < 0.005), and for
the mean value (P < 0.001). With PTH, a statistically

TABLE II1
AC Activities Measured in the MAL and CAL in the Absence of Hormone (Basal) or
the Presence of Either SCT (10 ng/ml), PTH (10 1U/ml), or AVP (1 uM)

AC activity (+SEM)

Kidney Basal SCT PTH AVP

fmol/mm -30 min

MAL
2 14.2+1.3 (4) 79.7+8.3 (4) 1165x153(4) 17.6=1.8(6)
3 11.120.7 (3) 196.9 (@) 247.9+92 (3) 22.5+0.9(3)
4 38.7+5.4 (5) 231.7+25.6 (5) 306.7+48.3(7) 37.7+6.3 (6)
mean 21.3+8.7 (3) 169.4+46 (3) 223.7+56.2(3) 25.9+6.1(3)
CAL
1 24.9+2.1(6) 364.6+17.0(6) 509.9+46.0(6) 29.3+1.9(10)
2 15.0+2.5 (4) 2295+17.1(4) 289.6+132(5) 169 (2
3 12.7+1.5 (4) 224.1+30.0 (4) 242.3+43.0(4) 23.7+2.1(4)
4 22.1+6.6 (5) 164.8+32.8(6) 317.9+45.3(6) 30.9+3.2(4)
5 10.5+4.0 (4) 138.9+23.6 (4) 206.5:16.4(5)  8.4+0.7 (4)
mean 17.0+2.8 (5) 224.4+39.1 (5) 313.2+52.8(5) 21.8+4.2(5)

In brackets, the number of samples used. Mean, the average value (+SEM) for the
different experiments.
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TABLE IV
AC Activity and Average Tubular Length Measured in the Early and the Late Portions
of DCT Dissected from Kidneys 2, 3, and 5

Early DCT Late DCT

Condi-

tion AC activity Length (n) AC activity Length (n)

fmollmm -30 min fmollmm -30 min

Basal 37.2+3.5 0.62+0.08 9 6.0+2 0.44+0.09 3)
SCT 566.2+38.9 1.20+0.08 (9) 35.6 0.51 (2)
PTH 812.6+74.0 1.02+0.10 (13) 107.5+24.2 0.56+0.07 (11)
AVP 44.0+6.2 1.05+0.11 (7) 493.6+22.5 0.51+0.08 (6)

All data were pooled. (n), number of samples used. SCT, 10 ng/ml; PTH, 10 IU/ml; AVP 1 uM

in the incubate.

significant increase in AC activity was obtained in ex-
periment 4 only (P < 0.01). In contrast, huge AC ac-
tivities were always obtained with AVP. On an average,
AVP stimulated 50-fold the enzyme contained in CCT.

MCT. Results similar to those for CCT were ob-
served in the medullary portion of the collecting
tubule as tested in experiments 3 and 4: basal, 12.1
+2.1 SE (6); SCT, 27.8+2.5 (3) (P < 0.01); and AVP,
1035.5+60.6 (6). PTH action was not tested.

Fig. 2 summarizes the results obtained in this study

as regards the effects of PTH, SCT, and AVP on the
AC activity contained in the different nephron seg-
ments. Each column gives the average increase in AC
activity obtained by pooling all the samples measured
under the corresponding experimental condition.
Hormonal response sensitivity. All data given in
Tables II-VI and in Fig. 2 probably correspond to
maximal effects because the hormonal concentrations
used in this study were about ten times higher than
those observed to induce maximal AC stimulations in

cAMP formed e PTH
fmol /mm,/30min o AVP
1000} 11000
! )
500} 4500
| o —of=0—0—0 . . d
o - 0 05 1 15 7 05 0 0
CAL eDCT (mm) ¢DCT(mm) CCT

FIGURE 1 Changes in hormone-dependent AC activity along the distal segments. The lines on
the figure join either CAL and early DCT (e DCT) samples or CCT and late DCT (IDCT) samples
microdissected from the same nephron. Early DCT samples were separated from CAL samples
by cutting the tubule at the macula densa. Late DCT samples were separated from CCT samples
by cutting the tubule at the first branching site. In some cases, early or late DCT were further
subdivided into two samples. In abscissa, left hand scale, the distance (in millimeters) from the
macula densa site to the half-length point of early DCT samples, or, right hand scale, the distance
from the half-length point of late DCT samples to the first branching site. In ordinate: AC
activities measured in the presence of either PTH (10 IU/ml, @) or AVP (1 uM, O). Note the
striking difference in hormonal sensitivity exhibited by the two end portions of the distal

convoluted tubule.

Hormone-dependent Adenylate Cyclase along the Human Nephron
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TABLE V
AC Activities Measured in the CCT

AC activity (+SEM)

Kidney Basal SCT PTH AVP
fmolimm -30 min
1 29.8+5.6 (3) 63.6+18.0 (4) — 1,210.8+157.9 (4)
2 28.2+2.7 (4) 56.4+14.2 (3) 39.2+5.6 (5) 676.8+59.3 (4)
3 8.0+1.1(4) 28.8+8.6 (3) 16.7+2.6 (9) 988.0 (2)
4 12.5+3.5 (3) — 29.7+3.2 (4) 836.2+48.9 (5)
5 15.9+0.3 (4) 36.1x4.1 (4) 24.8+8.8 (5) 1,044.9+113.8 (7)
mean 18.9+4.3 (5) 46.2+8.2 (4) 27.6+4.7 (4) 951.4+91.1 (5)

SCT, 10 ng/ml; PTH, 10 IU/ml; AVP, 1 uM in the incubate. In brackets, the number

of samples used.

isolated rabbit tubules (14, 16, 17). In one experiment
(No. 5) the sensitivity of the cyclase to hormones was
estimated for vasopressin in CCT, and for calcitonin
and PTH in CAL by measuring the response obtained
in the presence of much lower hormonal concentra-
tions. The concentrations selected for this experiment
were those observed to induce about one-half maximal
stimulations in rabbit tubules. The results are given
in Table VI, which shows that in CAL, 0.1 IU/ml PTH
induced exactly one-half the response obtained with

A c AMP formed
fmol/mm/30 min

1000.

PTH
® scT
O avp

PCT PR MAL

CAL

10 IU/ml. The CAL response to 0.3 ng/ml SCT was
36% of that obtained with 10 ng/ml. Finally, in CCT
samples, the response to 1 nM AVP amounted to 45%
of that induced by 1 uM AVP. Thus, in these human
segments, AC sensitivity to AVP, PTH, and SCT was
roughly similar to that reported for the rabbit.

DISCUSSION

The results shown in Tables II-VI demonstrate that
high hormone-dependent AC activity can be measured

s ..l.
1

L -

tDCT CCT MCT

eDCT

FIGURE 2 Distribution of hormone-sensitive AC activity along the human nephron. AC activities
are given as increases in cAMP generation (stimulated minus basal). AC stimulation was induced
by PTH (10 IU/ml), SCT (10 ng/ml), or AVP (1 uM). Each bar is the mean value calculated by
pooling all data obtained in the different experiments. Standard error of the mean is indicated
for each experimental condition. eDCT, early DCT; IDCT, late DCT. Asterisks indicate levels
of statistical significance compared to the corresponding basal mean value; * = p < 0.05; ** = p
< 0.005. Note that in late DCT AC stimulation by PTH was not statistically significant because

of the large scatter of the data (see Table IV).
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TABLE VI
AC Sensitivity

Condition AC activity Level of significance
Sfmollmm -30 min
CAL
Basal 10.5+4.0 (4)
PTH, 0.1 IU/ml 107.6+x12.1 (5) P < 0.001 vs.
basal
PTH, 10 IU/ml 206.5+16.4 (5) P < 0.001 vs.
PTH 0.1 1U/ml
SCT, 0.3 ng/ml 57.2+6.8 (5) P < 0.001 vs.
basal
SCT, 10 ng/ml 138.9+23.6 (4) P <0.01 vs. SCT
0.3 ng/ml
CCT
Basal 159+0.3 (4)
AVP, 1 nM 468.8+62.6 (5) P < 0.001 vs.
basal
AVP, 1 uM 1,044.9+301.0 (7) P <0.01 vs.
AVP 1 nM

Kidney No. 5. AC activity (+SEM) was measured in samples
of the CAL in the presence of two concentrations of either
PTH or SCT. Similarly, AC activity was measured in samples
of the CCT in the presence of two concentrations of AVP.
In brackets, the number of samples used.

in single tubules of human nephrons after up to 48 h
of kidney storage at low temperature under the con-
ditions used for organ transplantation. The scatter in
AC activities observed from one experiment to another
was not correlated with the duration of kidney storage.
In experiment 5 for example (12 h storage), lower basal
and PTH- or SCT-stimulated activities were measured
in CAL than in the four other kidneys, whereas the
effect of AVP in CCT was as high in this experiment
as in the others. Similar variations in AC activities were
also observed when freshly prepared homogenates or
tubules (18, 19) from animal kidneys were used. The
variable and generally lower AC response to PTH ob-
tained in human as compared to mouse PCT (830
fmol/mm 30 min) (15) might be accounted for by the
fact that 60-90 min of collagenase treatment at 35°C
had to be applied to the human kidneys to make micro-
dissection of the tubules possible. Nevertheless, the
absolute activities measured in the other segments are
in the same range of magnitude as those reported for
rabbit with PTH (14, 20), calcitonin (16), and vaso-
pressin (17, 20) under the same experimental condition.
Furthermore, it is worth mentioning that the outer di-
ameters measured here for isolated human kidney
tubules (Table I) are not much larger than those meas-
ured in the corresponding segments of the rabbit neph-
ron (unpublished results).

To compare the data given here with those reported
in literature for human kidney homogenates, AC ac-
tivities expressed per millimeter tubular length had

Hormone-dependent Adenylate Cyclase along the Human Nephron

to be converted into activities expressed per unit pro-
tein content. Tubular volumes per millimeter of length
were calculated for each segment from outer diameter
values (Table I). Protein content per millimeter of tu-
bule was measured in different segments of rabbit kid-
ney, microdissected under the same experimental con-
ditions as those used here (8). From the corresponding
outer diameters, it was calculated that the protein con-
tent corresponded to ~13% of the tubular volume in
these rabbit segments. The protein content per milli-
meter of tubular length was calculated for the human
segments, assuming the same value. Table VII gives
the corresponding figures, as well as the mean values
for AC activities, expressed as picomoles cAMP formed
per minute per milligram proteins.

In homogenates from normal human kidney tissue,
basal AC activities ranging from 5 to 20 pmol/min-mg
were reported for the cortex (5, 6) and from 7 to 12
pmol/min-mg for the medulla, depending on the con-
ditions used by the different authors (3, 4). Our basal
values are lower, at least for the cortical segments.

Kim et al. (6) measured the AC response to PTH
(19 IU/ml), AVP (1 uM), and calcitonin (0.2 mg/ml) in
fresh homogenates of normal tissue cortex from a series
of 10 patients. The PTH effect reported by these au-
thors (120 pmol/min-mg protein) is greater than that
reported by Brezner et al. (5) (Vyax 32 pmol/min-mg),
but is comparable to the values obtained in this study.
This agreement is not surprising because we observed
that most of the tubular segments contained in the cor-

TABLE VII
Estimated AC Acticity per Milligram Protein Content
A cAMP
Protein

Segment content Basal PTH SCT AVP

pglmm pmol/min-mg protein
PCT 0.29 0.8 50 0 0
PR 0.21 1.7 31 2 4
MAL 0.09 8.8 80 54 1
CAL 0.10 5.9 102 78 2
Early DCT 0.22 5.6 118 80 1
Late DCT 0.15 1.3 22 7 108
CCT 0.22 2.8 1 4 142
MCT 0.26 1.7 — 2 131

In this table, average AC activities, calculated by pooling
all data available for each experimental condition (Fig. 2)
are expressed per minute incubation time and per milligram
protein content. Responses to hormones are expressed as the
average increase in AC activity (stimulated minus control
AC mean values). Protein content per millimeter of tubular
length was calculated for each nephron segment from outer
diameter measurements (Table I), and by assuming that
protein content represented 13% of tubular volume (wt/vol)
(the volume of the lumen was disregarded in these
calculations).
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tex, namely, PCT, PR, CAL, and DCT were PTH-sen-
sitive. Only CCT was PTH-insensitive. As regards cal-
citonin and AVP, Kim et al. (6) observed very limited
average effects in cortex homogenates, namely, in pmol/
min-mg: 17 (calcitonin) and 25 (AVP) compared to 14
(basal). When isolated tubules were used, these hor-
mones induced huge responses, but only in very short
nephron portions of the cortical structures, i.e., CAL
and early DCT for calcitonin and late DCT and CCT
for vasopressin. The larger cortical segment, PCT, was
unresponsive. This probably explains the low responses
to these hormones measured in homogenates. In the
sensitive segments, however, SCT and AVP induced
maximal responses of a magnitude comparable to that
elicited by PTH on its own target portions. In homog-
enates of human kidney medulla, vasopressin stimu-
lated AC about four- to fivefold (Vyay, 50-60 pmol/
min-mg) according to Mulvehill et al. (4) and Dousa
(3). Compared to these data in the literature, our use
of isolated tubules led to V., values in the collecting
tubules that were almost three times higher (Table VII).
Here too, the difference might be accounted for by the
presence of AVP-insensitive structures in homogenates
of human medulla (PR and MAL).

Because of microdissection limitations, it was not
possible to prepare enough samples of the same struc-
ture in human kidneys to establish complete dose-re-
sponse curves. In experiment 5 (Table VI), however,
the effects induced by low hormonal concentrations
(roughly corresponding to the K, values measured in
rabbit segments) were compared to the maximal effects
induced by high concentrations. From the results of
Table VI, it may be estimated that in this human kidney,
one-half maximal responses (K, values) corresponded
to 0.1 IU/ml (6 nM) for PTH in CAL, to about 0.5 ng/ml
(0.15 nM) for SCT in CAL, and to 1-2 nM for AVP
in the CCT. These values are similar to those meas-
ured in the corresponding segments of the rabbit (14,
16, 17). In homogenates from human kidney cortex,
Drezner et al. (5) obtained one-half maximal stimula-
tion with PTH concentrations of about 20 IU/ml, and
Monet et al. (21) with PTH concentrations (1-34 bovine
fragment) of about 4 IU/ml. In homogenates from hu-
man kidney medulla, Dousa (3) measured 20 nM as the
apparent K, value for AC stimulation by AVP. All these
values determined in homogenates are at least 10 times
higher than those estimated here for the same hormone
in isolated responsive segments.

In Man, as in other species, the sensitivity of AC
to hormones is therefore better preserved in isolated
tubules than in tissue homogenates. As discussed earlier
(8) this might be a result of the absence of mechanical
disruption of the cells when the single tubule micro-
method is used.

The high AC sensitivity to low hormonal concen-
trations observed here, as well as the magnitude,
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specificity, and reproducibility of the stimulations ob-
tained, suggest that the responsive segments (as re-
vealed by this in vitro AC microassay) probably cor-
respond to physiological target sites for the correspond-
ing hormones in the living human kidney. As shown
in Fig. 2 and Table VII, PTH stimulated AC activity
in the proximal tubule (PCT and PR), the thick as-
cending limb (MAL and CAL), and the early portion
of the DCT. Salmon calcitonin activated AC in the
thick ascending limb (MAL and CAL), the early DCT,
and, to a much lesser extent, in the CCT. Finally,
AVP activated AC in the last nephron portions; the
late DCT, the CCT, and the MCT. As already indi-
cated, the middle portion of the DCT could not be
tested in the human kidney. Because the entire DCT
length is close to 5 mm in the human kidney (Table I)
and because the tested portions were only about 1 mm
for early DCT and 0.5 mm for late DCT, the
larger DCT portion was not investigated here. In
view of the marked differences noted for DCT
between rabbit and mouse (22), it is difficult to specu-
late about possible AC sensitivity to the hormones of
this middle portion by extrapolating to man the data
so far obtained in other species of mammals. The high
AC sensitivity towards PTH and SCT noted in human
early DCT (Table IV) resembles that of the mouse (15)
rather than the rabbit (16, 20) early DCT portion.
Finally, human late DCT is likely to correspond to the
late DCT portion of the mouse and superficial rabbit
nephrons, judging from their common high respon-
siveness to vasopressin (22).

As regards the results obtained in the other seg-
ments of the human nephron, the MAL deserves men-
tion. As shown in Table I1I, MAL AC in man was highly
responsive to PTH and calcitonin, but not to vasopres-
sin. This contrasts with the data reported for the three
other species studied until now. In rat (18), mouse (22),
and to a lesser extent, rabbit (17, 23) MAL always con-
tained vasopressin-sensitive AC, whereas none of these
species responded to PTH. The absence of vasopressin
effect in human MAL as observed here might have
resulted from some alteration of the receptor-coupling
system caused by the conditions under which the kid-
neys were stored. However, such a specific loss in
responsiveness to vasopressin remains an unlikely ex-
planation in view of the following arguments. (a) The
AC contained in collecting tubules responded to AVP
under these storage conditions in man as much as in
rabbit and rat under standard conditions. (b) Although
insensitive to vasopressin, the enzyme contained in
human MAL was highly responsive to PTH and SCT.
(¢) Finally, we performed a control experiment on a
rat kidney that was perfused with Collins’ solution and
stored for 3 d in chilled Collins’ solution before micro-
dissection as for the human kidneys used here. All
hormonal responses were found similar to those meas-



ured in freshly dissected tubules. In particular, the
response of the MAL to 1 uM vasopressin was well-
preserved (basal, 18.2+2.1 SE [n = 5]; AVP-stimulated,
658+80 [n = 5] fmol/min-30 min). It is therefore likely
that AC is coupled to PTH and SCT receptors but not
to vasopressin receptors in MAL of man, in contrast
with MAL of rat, rabbit, and mouse.

The physiological significance of the species differ-
ence will be difficult to ascertain until we know better
the nature of the final effects of PTH and calcitonin
on the various responsive portions of the human neph-
ron. Such species differences, however, indicate that
the results obtained in laboratory animal species re-
garding the way hormones affect kidney functioning
cannot be extrapolated to man without a great deal of
caution.

In conclusion, this paper shows that hormone-sensi-
tive AC can be measured in single tubules isolated
from human kidneys stored for up to 2 d under trans-
plantation conditions. As regards magnitude and sen-
sitivity, the AC responses to PTH, SCT, and AVP are
similar to those measured in freshly prepared rabbit
kidney tubules. Species differences, however, are ap-
parent in the distribution pattern of hormone action sites
along the successive nephron portions.

In strains of rats (24) and mice (15) with inherited
genetic diseases, specific changes in AC responses to
either AVP or PTH, and SCT can be noted in some of
the target nephron segments but not in others. Applica-
tion of a single tubule AC microassay, such as the one
described here, to the analysis of kidney tissue or
biopsies from patients with various endocrine or met-
abolic diseases would no doubt produce similar in-
formation of use in pathophysiology and diagnosis.
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