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Abstract

Recent studies have suggested a selective effect of atrial natri-
uretic peptide (ANP) in regulating NaCl reabsorption in juxta-
medullary nephrons. We examined (a) functional differences
between medullary thick ascending limbs from long and short
loops of Henle (IMAL and sMAL, respectively) and (5) the
interaction of ANP and arginine vasopressin (AVP) on Cl-
transport (J5) in these two segments. AVP-, glucagon-, and
calcitonin-stimulated cAMP accumulation was higher in IMAL
than in SMAL. 10 ® M AVP increased Jg, in IMAL but not in
SMAL. ANP-stimulated ¢cGMP production was higher in
IMAL than in sSMAL. 107'° and 10~ M ANP inhibited AVP-
stimulated J, in IMAL by 26-30% (from 70.3+11.4 to
51.7+13.6 pmol/mm per min and from 88.1+10.1 to
61.8+11.7 pmol/mm per min, respectively), and this effect
was mimicked by 10 to 10 ~* M cGMP. This effect of ANP in
IMAL could account for a large part of the ANP-induced natri-
uresis and diuresis in vivo, in that the rate of NaCl reabsorption
in MAL is the largest among distal nephron segments, provid-
ing the chemical potential energy for the renal countercurrent
multiplication system. (J. Clin. Invest. 1992. 90:349-357.) Key
words: atrial natriuretic peptide « chloride transport « long and
short loop nephron ¢ medullary thick ascending limb « vaso-
pressin

Introduction

Acting through cyclic GMP (cGMP), atrial natriuretic peptide
(ANP)! causes numerous important physiological effects, such
as natriuresis, diuresis, smooth muscle relaxation, and a de-
crease in blood pressure (1-4). However, the mechanism of
the natriuresis and diuresis caused by ANP is still incompletely
understood (5). The chief target sites for ANP in the kidney
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1. Abbreviations used in this paper: ANP, atrial natriuretic peptide;
AVP, arginine vasopressin; CCD, cortical collecting duct; IMCD, inner
medullary collecting duct; Jq, chloride transport (flux); MAL, medul-
lary thick ascending limb of Henle’s loop; similarly, IMAL and sMAL,
MAL from long and short loops of Henle; PD, potential difference.
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have been considered to be glomeruli and inner medullary col-
lecting ducts (IMCD) (1-5). ANP increases the glomerular
filtration rate (1-4) and inhibits water and Na reabsorption in
IMCD (6-11). ANP also inhibits water and NaCl reabsorption
in cortical collecting ducts (CCD) (12, 13), but those effects
may not fully explain ANP-induced natriuresis and diuresis
(5). Micropuncture studies have suggested an action site up-
stream of the IMCD and the possibility that ANP selectively
inhibits NaCl reabsorption in juxtamedullary nephrons (7,
14), that is, in the subpopulation of nephrons with long loops
of Henle that reach into the inner medulla. The medullary
thick ascending limb of Henle’s loop (MAL) has the largest
ability to absorb NaCl among distal nephron segments (15)
and provides the chemical potential energy that drives the renal
countercurrent multiplication system. However, MAL was re-
ported to be insensitive to ANP in rabbits, when ANP was
applied to nonstimulated tubules (16).

Arginine vasopressin (AVP), a key hormone for urine con-
centration, has been reported to stimulate adenylate cyclase in
MAL of rodents ( 17) and NaCl transport in MAL of the mouse
and the Brattleboro rat, but not in the human and the rabbit
(18-21). There are two types of MAL: that from long and from
short loops of Henle (IMAL and sMAL, respectively). The
ratio of long to short loops of Henle differs among species.
Humans and rats have more short loops than long loops,
whereas rabbits have more long loops than short loops (22,
23). Functional differences between IMAL and sMAL have
not yet been demonstrated. Some of the action of ANP is
caused by interaction with other hormones. ANP has been re-
ported to inhibit AVP action in collecting ducts (6, 12, 13).
However, there are no reports concerning interaction of ANP
and AVP in MAL. We hypothesized that: (a) there is inter-
nephron heterogeneity in MAL; IMAL and SMAL exhibit dis-
tinct regulation of transport functions, especially by AVP; and
(b) a portion of the natriuretic action of ANP may be due to
inhibition of AVP-stimulated NaCl reabsorption in one or
more of these segments. Consequently, we investigated the
functional differences between IMAL and sMAL, and the in-
teraction of ANP and AVP on Cl™ transport (Jg) in these two
segments of rats.

Methods'

Pathogen-free male Sprague-Dawley rats weighing 50-100 g were ob-
tained from Japan Laboratory Animals Inc. (Tokyo). AVP, salmon
calcitonin, glucagon, cGMP, dibutyryl cyclic AMP (dibutyryl cAMP),
and collagenase were purchased from Sigma Chemical Co. (St. Louis,
MO). ANP was obtained from Peptide Institute (Osaka, Japan). Other
chemicals were of the first grade.

Peptide hormone-dependent cAMP and ¢GMP accumulation.
cAMP accumulations stimulated by AVP, salmon calcitonin, and glu-
cagon, and cGMP accumulation stimulated by ANP, were compared
between IMAL and sSMAL. Rats were killed by decapitation and the left
kidney was perfused with 10 ml of ice-cold dissection solution contain-
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ing 1 mg/ml collagenase (type 1, 300 U/mg) and 1 mg/ml BSA. Coro-
nal slices were incubated in the dissection solution containing collage-
nase for 30 min at 37°C under aeration with 100% O,. After the incu-
bation, the slices were washed with the dissection solution.
Microdissection was performed using needles under a stereomicro-
scope at 6-8°C in the dissection solution containing 0.05% BSA.

IMAL and sMAL were dissected from the inner stripe of the outer
medulla. Fig. 1 is a photograph of microdissected IMAL and sSMAL.
IMAL was confirmed by the attachment of the thin ascending limb,
which comes from the inner medulla. sSMAL was identified by the bend
and by the attachment of the thin descending limb, which comes from
the outer stripe of the outer medulla. SMAL was consistently larger in
diameter than IMAL. The thin ascending limbs were much thicker
than the thin descending limbs.

The dissection solution had the following composition (in mM):
130 NaCl, 5 KCl, 1 NaH,PO,, 1 MgSO,, 1 Calactate, 2 Na acetate, 5.5
glucose, 5 L-alanine, 2 L-leucine, 10 Hepes; pH was adjusted to 7.4 by
adding NaOH.

After microdissection, tubular length was measured by means of an
ocular micrometer. A 5- to 10-mm-long IMAL or sMAL was used for a
single determination of CAMP content. A 30- to 80-mm-long IMAL or
sMAL was used for a single determination of cGMP content.

We used previously described procedures (24, 25) for the measure-
ment of cyclic nucleotide contents. Microdissected IMAL and sMAL
were transferred with 2 ul of the dissection solution containing 0.05%
BSA, using a siliconized glass pipette, into 1.5-ml plastic centrifuge
tubes containing 18 ul of the dissection solution with 0.5 mM 3-isobu-

Figure 1. A photograph of IMAL (right) and SMAL (middle). Two
SMAL are shown in the middle. The outer medullary collecting duct
from the inner stripe of the outer medulla is shown at the left for
comparison. IMAL and sMAL were dissected after collagenase treat-
ment of kidney slices (24, 25). Note that the SMAL begins just before
the bend and is thicker than the IMAL.
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tyl-1-methylxanthine. The samples were incubated for 10 min at 37°C -
before the addition of peptide hormone (A VP, salmon calcitonin, glu-
cagon, or ANP). After a 3-min incubation, the reaction was stopped by
the addition of 50 gl of ice-cold trichloroacetic acid (TCA). Each tube
was centrifuged for 5 min at 3,000 rpm at 4°C. 75 ul of supernatant was
stored at —20°C until the assay of cyclic nucleotide. Blank samples
containing medium and TCA without nephron segments were also
stored for use as standards in each experiment.

Frozen samples were thawed at room temperature, and TCA was
extracted by water-saturated ether. Samples were dried, and 100 ul of
50 mM sodium acetate buffer (pH 6.2) was added. cAMP (2.5-1,000
fmol) and cGMP (0.5-1,000 fmol) standards in 50 mM sodium ace-
tate buffer were added to blank samples. Samples and standards were
acetylated and assayed for CAMP or cGMP by using radioimmunoas-
say kits (New England Nuclear, Boston, MA).

Na-K-ATPase activity. Na-K-ATPase activity in IMAL and sSMAL
was determined as described previously with a slight modification
(26). Briefly, dissected IMAL and sMAL were stored in 10 ul of solu-
tion and permeabilized by freeze-thawing. 10 ul of incubation medium
was added to each sample. The final composition of the incubation
medium was as follows (in mM): 120 NaCl, 10 KCl, 100 imidazole, 5
MgCl,, 1 EGTA, 10 Na,ATP, 20 phosphoenolpyruvate, 2 ascorbic
acid, 2 NADH, 2.8 U/ml pyruvate kinase, 4 U/ml lactate dehydroge-
nase; pH 7.0. NaCl and KCl were replaced by 130 mM choline Cl, and
1 mM ouabain was added for the assay of ouabain-insensitive ATPase
activity. Each sample was incubated for 10 min at 37°C, and the reac-
tion was stopped by the addition of 20 ul of 0.5 N HCI. After 20 min at
room temperature, 40 ul of acidified sample was transferred to 600 ul of
6 N NaOH and immediately mixed. The tube was placed at 60°C for 60
min in the dark, to convert the NAD to a condensed form of NAD. The
fluorescence in each tube was measured. Various amounts of ADP
were added to an incubation medium for use as standards.

Because Jq decreased with time in both IMAL and SMAL in the
absence of AVP (see Results), we also examined whether Na-K-AT-
Pase activity decreases with time. IMAL or sSsMAL was incubated in
perfusion solution (see below) for 30 min at 37°C in the presence of 5%
CO,-95% O,. Na-K-ATPase activity was compared before and after the
incubation in both IMAL and sMAL.

A 5-to 10-mm-long IMAL or sMAL was used for a single determi-
nation of Na-K-ATPase activity. Total ATPase activity was deter-
mined in the absence of ouabain, and ouabain-insensitive ATPase ac-
tivity was determined in the presence of | mM ouabain. Na-K-ATPase
activity was determined as the ouabain-sensitive ATPase activity (total
ATPase activity minus ouabain-insensitive ATPase activity).

Fluid transport study using isolated tubule perfusion. MAL has
been reported to be impermeable to water (18-21, 27). The absence of
fluid absorption in IMAL and sSsMAL was examined using isolated tu-
bule perfusion (13, 28). IMAL or sMAL was obtained without collage-
nase treatment. Rats were decapitated and coronal slices of the kidneys
were used for dissection. The dissection solution was the same as men-
tioned above, and it was continuously gassed with 100% O,. IMAL or
sMAL was dissected with forceps and perfused in vitro at 37°C. The
perfusion solution and the bath solution were identical and had the
following composition (in mM): 118 NaCl, 25 NaHCO;, 2.5 K,HPO,,
1 MgSO,, 1 Ca lactate, 2 Na acetate, 5.5 glucose, 5 L-alanine, 2 L-leu-
cine. The solution was continuously gassed with 5% C0O,-95% O,. To
measure fluid transport, 10 mM creatinine was added to both the per-
fusate and the bath solution (13). In this experiment, tubules were
perfused at slow flow rates (1-2 nl/mm per min). The creatinine con-
centrations in the perfusate, bath, and the collected fluid were mea-
sured by using a continuous-flow ultramicrocolorimeter (Otsuka Elec-
tronics, Osaka) (29). The rate of fluid absorption was calculated as J
=(Xp/Xo — 1)VL/ L, where X, is the concentration of creatinine in the
collected fluid, X, is the concentration of creatinine in the perfusate, V;
is the rate at which fluid is collected at the end of the tubule, and L is the
tubule length.

Net chloride transport study using isolated tubule perfusion. The
effects of AVP and ANP on the net chloride absorption and potential



difference (PD) in IMAL and sMAL were studied by using the same
isolated tubule perfusion as in the fluid transport study. Tubules were
perfused at relatively fast flow rates (5-15 nl/mm per min).

At first, the change of J, with time was examined in both IMAL
and sSMAL. Then, the effect of AVP on J, was examined both in IMAL
and in SMAL. Tubules were perfused and bathed in the same solution
at 37°C. Usually ~ 45-90 min for IMAL and 20-60 min for sMAL
were allowed for equilibration, in that the decrease of Jo with time was
larger in SMAL than in IMAL. After two to five collections, 107!° M
AVP was added only to the bath. Two to five experimental collections
were made after 15-20 min. Next, the effect of ANP on J was studied
in the absence of AVP. After control collections, 10~ M ANP was
added only to the bath. Finally, the effect of ANP was examined in the
presence of AVP. For sMAL, 10~'° M AVP was added to the bath from
the beginning. After control collections, 10~ M ANP or vehicle was
added to the bath. Experimental collections were started after 15 min.
For IMAL, 107 M AVP was added to the bath at 45-90 min after
starting perfusion. After the collections of control samples, 10~ M
ANP or vehicle was added only to the bath. Experimental collections
were made after 15-20 min. Then ANP was removed from the bath
and recovery samples were collected after 15-20 min. For the vehicle
group, recovery collection was not performed (two-phase experiment).
Total experimental time was 120-210 min for each tubule. The reason
for the relatively longer experimental time for IMAL was that we had to
wait at least 45 min before the addition of AVP to see the effect of AVP
on PD (see Fig. 7). When we added A VP to the bath at an earlier time
after starting the perfusion, it was difficult to see the effect of AVP on
PD in IMAL. It may take time to wash out intrinsic AVP. A lower dose
of ANP (107" M) was tested in the presence of 5 X 10! M AVP only
in IMAL, because 10~® M ANP was effective only in IMAL (see Re-
sults). When the effect of cGMP was tested, 10~ or 10~> M ¢cGMP was
added only to the bath.

Chloride concentrations in the perfusate, bath, and the collected
fluid were measured using a free-flow ultramicrocolorimeter (Otsuka
Electronics) (30). In that there was no fluid transport in both IMAL
and sMAL (see Results), net J was calculated as Jo = (Co — CL )V, /
L, where Cy and C, are the chloride concentration in the collected
fluid and perfusate, respectively.

Statistics. Two to five measurements were averaged to obtain a
single value for each experimental condition in each tubule. Results are
shown as means+SE. Student’s ¢ test or analysis of variance was em-
ployed for statistical analysis. A P < 0.05 was considered statistically
significant.

Results

Effects of peptide hormone on cAMP or cGMP accumulation in
IMAL and sMAL. AVP, glucagon, and salmon calcitonin
showed much larger effects on cAMP accumulation in IMAL
than in SMAL (Fig. 2). Salmon calcitonin did not stimulate
cAMP accumulation in SMAL. The effect of ANP on cGMP
accumulation was much larger in IMAL than in sSMAL
(0.10+0.05 and 0.04+0.006 fmol/mm per 3 min in IMAL and
sMAL, respectively, n = 10, P < 0.05 [Fig. 3]. Without ANP,
c¢GMP accumulation was 0.01+0.005 and 0.009+0.004 fmol/
mm per min in IMAL and sMAL, respectively). Without
IBMX, cGMP accumulation was not detectable, even in the
presence of ANP.

Na-K-ATPase activity in IMAL and sMAL. Na-K-ATPase
activity in IMAL was significantly higher than that in SMAL
(85.3+10.7 and 70.8+8.8 pmol/mm per min in IMAL and
SMAL, respectively, n = 6, P < 0.05 [Fig. 4]). Na-K-ATPase
activity did not decrease after a 30-min incubation in perfusion
solution both in IMAL and sMAL (from 86.4+15.7 to
78.6+5.3 pmol/mm per min in IMAL, n = 5, P > 0.05, and
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Figure 2. Effect of (top) AVP, (middle) glucagon, and (bottom)
salmon calcitonin on cAMP accumulation in IMAL (solid lines) and
SMAL (dashed lines). Tubules were incubated with hormone for 3
min at 37°C. Values are mean=+SE. and n = 6-16 for each point. * P
< 0.05 vs SMAL by paired ¢ test.

from 60.3+11.3 to 74.3+12.0 pmol/mm per min in SMAL, n
=5, P> 0.05).

Fluid transport in IMAL and sMAL. We confirmed the
absence of a fluid flux in IMAL and sMAL (—0.003+0.006 and
—0.002+0.005 nl/mm/min in IMAL and sMAL, respectively,
n = 4-6. Both values were not statistically different from zero,

P> 0.05).
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Figure 3. Effect of ANP (107° M) on cGMP accumulation in IMAL
and sMAL. Tubules were incubated with or without ANP for 3 min
at 37°C. ANP-stimulated cGMP accumulation in IMAL was higher
than that in SMAL.

Effect of AVP on J and PD in IMAL and sMAL (Table ).
Jq decreased with time in both IMAL and sMAL (series 1 of
Table I, left panel of Figs. 5 and 6) (from 51.5+12.1 to
32.6%5.1 pmol/mm per min in IMAL, P > 0.05, and from
82.8+14.5 to 51.4+6.3 pmol/mm per min in sMAL, P
< 0.05). This decrease of Jy with time was larger in SMAL
than in IMAL. Typical experiments of the effect of AVP on PD
are shown in Fig. 7. 107" M AVP significantly increased J
(from 70.8+9.2 to 107.8+11.0 pmol/mm per min, n = 23, P
<0.001) and PD (from 2.6+0.2 to 3.3+0.3 mV, n = 25, P
<0.001) in IMAL (series 2 of Table I, middle panel of Fig. 5).
In contrast, both values fell in SMAL after AVP addition, as in
the time controls (Jg, from 109.8+24.6 to 75.4+16.3 pmol/
mm per min, n = 10, P < 0.02; and PD, from 3.2+0.5 to
2.8+0.7mV, P> 0.05) (series 2 of Table I, middle panel of Fig.
6). The decrease of Jg in AVP-treated tubules in SMAL was
not statistically different from time controls (P> 0.05 by analy-
sis of variance). 107 M dibutyryl cAMP also increased Jg in
IMAL (from 43.6+8.4 to 68.3+17.8 pmol/mm per min, n = 8,
P <0.05) but not in SMAL (from 63.6+8.5 to 62.3+12.3
pmol/mm per min, n = 7, P> 0.05).
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Figure 5. Effects of vehicle (left), 107'° M AVP (middle), and 10"* M
ANP (right) on net Jq in IMAL. IMAL was dissected without colla-
genase treatment and perfused in vitro at 37°C. AVP, ANP, or vehicle
was added only to the bath solution. Chloride concentrations in the
bath, perfusate, and collected fluid were measured using an ultrami-
crocolorimeter (30).

Effect of ANP on Jg, in IMAL and sMAL in the absence of
AVP (Table I). The effect of ANP on J was studied in the
absence of AVP. After the addition of ANP, J decreased in
both IMAL and sMAL (from 48.2+9.3 to0 40.5+7.8 pmol/mm
per min in IMAL and from 69.6+13.8 to 50.7+14.8 pmol/mm
per min in SMAL) (series 3 of Table I, right panel of Figs. 5 and
6). However, this change was not different from time controls
in both IMAL and sMAL (by analysis of variance). Therefore,
ANP alone did not affect J in both IMAL and sMAL.

Effect of ANP on J, in IMAL and sMAL in the presence of
AVP. Next, the effect of ANP on J, was examined in the pres-
ence of AVP. In sSMAL, the addition of ANP and vehicle
caused a decrease of Jg (from 73.2+10.1 to 43.8+9.7 pmol/
mm per min by ANP and from 89.3+16.3 to 54.3+11.7 pmol/
mm per min by vehicle) (series 4 and 5 of Table I, Fig. 8), but
these decreases were not significantly different (P > 0.05).
Stimulation of J, by AVP in IMAL was sustained over time
(series 6 of Table I, Fig. 9) (from 95.8+9.3 t0 96.6+9.1 pmol/
mm per min). 1078 M ANP reversibly inhibited AVP-stimu-
lated Jo in IMAL by 30% (88.1+10.1, 61.8+11.7, and
72.1£9.9 pmol/mm per min, respectively, before, during, and
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Figure 6. Effects of vehicle (left), 107! M AVP (middle), and 10"* M
ANP (right) on net J5 in SMAL.



Table I. Effects of 107"° M AVP and 10~° M ANP on Net Chloride Absorption in IMAL and sSMAL

[cy, NCR Q. Ja PD
mM nl/mm per min mM pmol/mm per min mv

Series 1 (C = Control, E = Control’)

IMAL 116.6+0.7 C: 12.6+4.2 107.6+4.2 51.5+£12.1 2.8+0.4
(n=6) E: 8.6+£2.0 109.7+3.2 32.6+5.1 1.9+0.2*

sMAL 117.6+0.8 C: 17.5+£6.9 106.7+5.4 82.8+14.5 4.3+0.9
(n=26) E: 13.0+5.3 109.3+4.2 51.4+6.3* 3.0+0.8

Series 2 (C = Control, E = 107'°M AVP)

IMAL 117.7£0.7 C: 9.8+1.1 107.7£1.6 70.849.2 2.6+0.2
(n=23) E: 12.0+1.5 105.4+1.6* 107.8+11.0° 3.3+0.3¢

sMAL 118.0+1.0 C.  14.5%19 1,09.612.0 109.8+24.6 3.2+0.5
(n=10) E: 17.324.1 112.7+1.5* 75.4+16.3% 2.8+0.7

Series 3 (C = Control, E = 10°* M ANP)

IMAL 117.4+1.0 C 7.5+1.6 106.2+5.5 48.2+9.3 3.1+£0.8
n=17) E: 8.6+1.3 111.9+£2.3 40.5+7.8 2.1+0.4

sMAL 112.4+1.8 C: 8.5+1.9 100.7+£3.7 69.6+13.8 3.2+0.6
(n=16) E: 7.9+2.1 105.6+2.1 50.7+14.8*% 2.7+0.9

Series 4 (C = 107" M AVP,E = 107'°M AVP)

sMAL 116.9+1.0 C: 15.6+2.3 110.7+1.6 89.3+16.3 3.1+0.5
(n=17) E: 12.9+2.1 111.9+2.1 54.3+11.7% 2.5+0.6*

Series 5 (C=107"°M AVP,E = 107'°M AVP + 10°* M ANP)

sMAL 0.57+0.14 116.9+1.3 C: 49+1.7 94.7+5.9 73.2+10.1 3.1+0.3
(n=6) E: 3.9+1.5 99.7+1.5 43.8+9.7¢ 2.6+0.3*

Series 6 (C = 107'°M AVP, E = 107'°M AVP)

IMAL 0.50+0.06 116.0+1.1 C: 15.7+2.6 108.8+1.8 95.8+9.3 3.6+0.5
(n=11) E: 13.0+£2.0 108.0+1.4 96.6+9.1 3.5+0.5

Values are mean+SE. Abbreviations: C, control period; E, experimental period; [Cl]., the concentration of chloride in collected fluid; [Cl],, the
concentration of chloride in perfusate and bath; J5, net chloride absorption; L, tubular length; NCR, normalized collection rate; PD, transepi-

thelial potential difference.
*P<0.05*P<0.02;% P <0.001 (vs. control period).

after ANP, n = 8, P < 0.01 by paired ¢ test between the experi-
mental value vs. the mean of control and recovery values; left
panel of Fig. 10) and PD by 11% (3.6+0.5, 3.2+0.5, and
3.4+0.7 mV, respectively, before, during, and after ANP, »
= 10, P < 0.05; series 7 of Table II). 107! M ANP also inhib-
ited AVP-stimulated J5 in IMAL by 26% (70.3x11.4,
51.7£13.6, and 59.0+16.0 pmol/ mm per min, respectively be-
fore, during, and after ANP, n = 8, P < 0.02; middle panel of
Fig. 10) and PD by 14% (3.7+1.3, 3.2+1.1, and 3.4+1.1 mV,
respectively, before, during, and after ANP, n = 8, P < 0.02;
series 8 of Table II). Finally, 107 to 10~> M cGMP signifi-
cantly inhibited AVP-stimulated J (142.5+17.3, 85.6+12.6,
and 105.6+9.5 pmol/mm per min, respectively, before, dur-
ing, and after ANP, n = 6, P < 0.01; right panel of Fig. 10) and
PD (3.7+0.3, 3.3%0.3, and 3.3%+0.3 mV, before, during, and
after ANP, respectively, n = 6, P < 0.05; series 9 of Table II).

Discussion

There has been interest in the past regarding the possibility of
internephron heterogeneity (22, 23), i.e., differences between
long- and short-looped nephrons. The structural and func-
tional significance of having both long- and short-loop
nephrons is still unclear. Bankir and de Rouffignac (23) have
pointed out that there is a good correlation between the urine-
concentrating ability and the degree of nephron heterogeneity;
i.e., the juxtamedullary-to-superficial ratio for glomerular size,
proximal tubule length, and single-nephron glomerular filtra-
tion rate is high in desert rodents. Concerning the heterogene-
ity of MAL, there have been no previous reports on functional
differences between IMAL and sMAL. In fact, rarely have the
two been distinguished (27), partially because of the technical
difficulty in discriminating between them. Knepper (27)
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showed that there was no difference in urea permeabiliiy be-
tween IMAL and sMAL.

In the present study, we have observed functional differ-
ences between IMAL and sMAL for the first time. Our results,
showing differences in Na-K-ATPase activities; AVP-, gluca-
gon-, and calcitonin-stimulated cAMP production; ANP-stim-
ulated cGMP production; and AVP-stimulated electrogenic
Ja in the two segments, raise the possibility that other func-
tional differences may exist between the two. These findings
may help to explain some apparent discrepancies in the litera-
ture. For example, although AVP stimulates adenylate cyclase
inrat MAL (17), no effect of AVP was seen on NaCl transport
in isolated perfused rat MAL (18). The negative result may
have been obtained because predominantly SMAL were dis-
sected. Good (31) reported an effect of AVP on bicarbonate
transport and PD (possibly J) in rat MAL. Furthermore, al-
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Figure 8. Effect of vehicle (left) and 10~® M ANP (right) on net Jg in
the presence of 107'° M AVP in SMAL. ANP had no effect on Jq
in SMAL in the presence of AVP.
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Figure 7. Effect of AVP on transepithe-
lial PD in (a) IMAL and (b and c)
sMAL. AVP increased PD in IMAL. In
sMAL, addition of AVP just after the
peak of PD (b) or during the decrease
of PD (c¢) did not stimulate PD.

though AVP stimulates adenylate cyclase in MAL from ro-
dents, no effect was seen on MAL from human kidneys (32).
The ratio of short to long loops of Henle (SMAL /IMAL) in the
rat is 70:30, while in the human it is much larger: 85:15 (23).
Hence, if the same heterogeneity between sSMAL and IMAL
exists in the human and the rat, one would be less likely to see
an effect of AVP on randomly dissected tubules. Thus, it is
conceivable that AVP stimulates adenylate cyclase and electro-
genic Jg in human MAL as in rat MAL.

Although Sasaki and Imai (18) could not find any stimula-
tive effect of AVP on chloride transport, Work et al. (19) dem-
onstrated an AVP effect on Jg in the Brattleboro rat, which
lacks endogenous AVP. The response of J5 to AVP in our
study may be somewhat weak and variable compared with the
study by Work et al. (19). They did not need to wash out
endogenous AVP, whereas we waited for 45-90 min for IMAL
before the addition of AVP. During that period, Jq decreased
with time. This may be one reason for the differences between
their study and ours. Another reason is that we used only
IMAL, whereas Work et al. might have used both IMAL and
SMAL. The decrease of J with time may represent a gradual
loss of stimulation by endogenous AVP. Sands et al. (29) re-
ported gradual decreases of urea and osmotic water permeabil-
ity with time in IMCD, suggesting a washing out of intrinsic
AVP with time (29). The reason J5 decreased more rapidly in
SMAL than in IMAL and why AVP did not stimulate Jg, in
SMAL is unclear. Kondo et al. (16) also reported a gradual
decrease of Jg with time in rabbit MAL, in which AVP is
known not to stimulate J. Desensitization to AVP may be
greater in rat SMAL and rabbit MAL. Na-K-ATPase activities
did not decrease with time in both IMAL and sSsMAL. However,
we still cannot exclude the possibility of decreasing Na-K
pump activity with time in IMAL and SMAL, inasmuch Na-K-
ATPase activity we measured means maximum activity in the
presence of enough substrates, and some important metabolic
substrates, such as ATP, may decrease more rapidly in SMAL
than in IMAL. There must be some differences between IMAL
and sMAL besides the data we showed. More studies are
needed to learn why SMAL did not respond to AVP.

An important finding in the present study was that ANP
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inhibits AVP-stimulated but not unstimulated electrogenic J4
only in IMAL. Because AVP did not stimulate J in SMAL, we

may have failed to see any effect of ANP on Jq in SMAL. The

effect of ANP on bicarbonate transport must be studied also in
IMAL and sMAL, in that AVP is known to inhibit bicarbonate
absorption in MAL (31). Based on previous studies, the chief
sites of ANP action were thought to be in glomeruli, IMCD,
and CCD (1-13, 24). Although ANP inhibits Na and fluid
reabsorption in IMCD and CCD, which can contribute sub-
stantially to the natriuresis and diuresis of ANP, the results of
micropuncture studies (7, 14, 33) are consistent with a renal
tubular effect earlier in the nephron. A selective effect of ANP
on the juxtamedullary loop of Henle has been proposed in
recent micropuncture studies (14). Our results appear to be
consistent with this view, inasmuch as ANP caused a marked
reduction in active Cl~ absorption in MAL from juxtamedul-
lary nephrons (IMAL). Because the rate of NaCl absorption in
MAL is the largest among distal nephron segments and pro-
vides the chemical potential energy for the renal counter-
current multiplication system, even a small inhibition of Cl~
absorption could result in a large chloride excretion in the

AVP 107"°M AVP 5xX10""'M

urine. ANP inhibited A VP-stimulated J, in IMAL by 26-30%
in the present study (series 7 and 8 of Table II, left and middle
panels of Fig. 10). Taking into account that AVP increased J
in IMAL by 50% (series 2 of Table I, middle panel of Fig. 5),
the inhibition of J5 by ANP is thought to be ~ 80-90% of
AVP-induced increase of J. Although Kondo et al. (16) re-
ported that ANP did not inhibit NaCl transport in MAL from
the rabbit, they did not distinguish between IMAL and sMAL.
Furthermore, because AVP is known not to stimulate NaCl
absorption in the rabbit, they could not study the interaction
between AVP and ANP. Recent studies have suggested that
inhibition of ion transport by ANP is usually caused by an
interaction with other hormones, such as AVP, angiotensin,
and dopamine, which affect renal ion transport (6, 12, 34-36).
Our present data completely agree with these data. However, a
direct effect of ANP on the Na channel in IMCD has been also
reported (9).

The effect of ANP in this segment is thought to be mediated
by cGMP, because cGMP mimicked the effect of ANP. Uri-
nary cGMP is thought to be a biological marker of the renal
activity of ANP (37). ANP increased cGMP accumulation in
both IMAL and sMAL in the presence of phosphodiesterase
inhibitor, IBMX. Terada et al. (38) reported the presence of
guanylate-cyclase-coupled ANP receptors in MAL. However,
the effect of ANP on cGMP accumulation in both IMAL and
SMAL was undetectable without IBMX. More studies may be
required to show clearly that cGMP is a second messenger of
ANP in MAL. The second messenger of AVP for stimulating
chloride absorption is CAMP. The interaction of the cAMP and
cGMP systems in MAL is not known. In human fibroblasts,
ANP reduces cAMP content by activating cAMP phosphodies-
terase (39), but this mechanism seems to be specific to fibro-
blasts. Stimulation of protein kinase C by endothelin is known
to decrease AVP-stimulated cCAMP synthesis in collecting
ducts (40). However, ANP did not decrease AVP-stimulated
cAMP synthesisin MAL (24). So, the mechanism of the inhibi-
tion of AVP action by ANP in MAL is still unknown. NaCl
absorption in MAL is very high, whereas water permeability is
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501 AVP, ANP, and cGMP were added only to the
bath. (e) 107> M ¢cGMP; (0) 10™* M cGMP. After
changing the bath solution, at least 15-20 min
was allowed to equilibrate to a new condition.
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Table I1. Effects of ANP and cGMP on AVP-stimulated Chloride Absorption in IMAL

L (cu, NCR (1. Ja PD
mm mM nl/mm per min mM " pmol/mm per min mv
Series 7(C,R = 100°M AVP,E=10""M AVP + 10°* M ANP) (n = 7)
0.50i0.07 117.8+0.6 C 7.9+1.3 105.8+2.0 88.1+10.1 3.6+0.5
E: 7.9+1.3 108.8+2.1* 61.8+11.7¢ 3.2+0.5*
R: 7.7+£0.6 106.7+1.1 72.1£9.9 3.4+0.7

Series 8 (C,R =5 X 107" M AVP,E=5X 10" M AVP + 107" M ANP) (n = 8)

0.57+0.08 117.0+1.4 C: 8.0x1.5
E: 8.8x1.6
R: 8.2+1.5

Series 9 (C,R = 107'°M AVP, E = 107'° M AVP + 107 to 10™* M ¢cGMP) (n = 6)

0.61+0.09 118.1+0.8 C:  11.7+14
E: 10.5x1.6
R:  11.4%1.6

101.7£5.7 70.3+11.4 3.7+£1.3
105.3+5.6* 51.7+13.6 3.2+1.1%
104.5+5.5 59.0+16.0 3.4x1.1
105.6+1.8 142.5+17.3 3.7£0.3
108.6+2.8* 85.6+12.6¢ 3.3+0.3*
108.0+1.9 105.6%9.5 3.3+0.3

Abbreviations are as in Table I, except for the following: C, control period (AVP only); E, experimental period (AVP + ANP or cGMP); R, re-

covery period (AVP only).

* P <0.05;% P <0.02; % P <0.01 (the value of the experimental period was compared with the mean value of the control and recovery periods).

quite low. Electrogenic Cl~ reabsorption depends on at least
four membrane transport pathways (20, 21): an apical Na*-
K*-2Cl~ cotransporter, an apical K* channel, a basolateral
Cl1~ channel, and Na-K-ATPase in the basolateral membrane.
We have not studied the mechanism of this action. In theory,
ANP could decrease electrogenic Cl~ transport through effects
on any of these pathways. Recently, an inhibitory effect of
ANP on Na-K-ATPase activity in MAL has been reported
(41). This could be one of the mechanisms of ANP action in
IMAL. Measurements of intracellular electrical potential and
ion activities will be required to resolve this issue.

It has been recently reported that the ANP-receptor/guany-
late cyclase gene is a member of a family of membrane-bound
guanylate cyclases whose extracellular domains function as
peptide receptors (42). It is possible that a member of this
family besides the ANP receptors is present in IMAL and may
mediate inhibition of NaCl transport. Two possible physiologi-
cal agonists for this receptor are brain natriuretic peptide (43)
and urodilatin (44). It will be important to test whether these
agents cause a greater increase in cGMP production and a
greater inhibition of NaCl transport in this segment.

In summary, we showed that IMAL is functionally different
from SMAL and that ANP inhibits AVP-stimulated Jg in
IMAL. NaCl reabsorption in this segment is the largest among
distal nephron segments and is the source of the electrochemi-
cal potential energy that drives the countercurrent multiplica-
tion system. We propose that this effect may account for a
significant part of ANP-induced natriuresis in vivo. Our data

also support the importance of long-loop nephrons for urine
concentration.
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