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Abstract

Previous studies in adrenalectomized (Adx) rats suggest that
aldosterone may regulate ion transport in the ascending por-
tion of Henle's loop. In order to examine directly the effect of
adrenalectomy on transport, medullary thick ascending limb
(Mtal) segments were isolated from Adx, Adx replaced with
aldosterone (Adx + Ald, 0.5 &g* 100 g* body wt * d), and con-
trol Sprague-Dawley rats. Both net sodium and net chloride
fluxes were significantly less in the Mtal segments from Adx
rats compared with those in the control or Adx + Ald group.
Physiologic levels of exogenous aldosterone increased net so-
dium chloride flux toward control values in the Adx + Ald
group. Net potassium flux was not different among the three
groups. We conclude that adrenalectomy impairs reabsorptive
NaCl but not K transport in the Mtal, and that aldosterone
restores this process. This reabsorptive defect may contribute
to the urinary concentrating and diluting abnormality asso-
ciated with adrenal insufficiency.

Introduction

It is generally agreed that a primary site of action of aldoste-
rone is in the collecting duct. Recently, biochemical and func-
tional evidence has accumulated that suggests the loop of
Henle may also be an important target site for aldosterone.
Horster and co-workers demonstrated that adrenalectomy
caused a decrease in Na-K-ATPase in both thick ascending
limb and collecting duct of rabbits (1). Aldosterone, when
added in vitro to these nephron segments, restored Na-K-
ATPase activity to normal within 1 h of incubation in both
thick ascending limb and cortical collecting tubule. Marver
and Lombard found that adrenalectomy reduced citrate
synthase activity, a mitochondrial enzyme, in the medullary
thick ascending limb. Moreover, acute administration ofaldo-
sterone returned activity to normal (2). Farman and Bonvalet
have investigated specific aldosterone binding by the renal tu-
bule of adrenalectomized rats (3). In these studies, the cortical
collecting tubule was the more specific aldosterone target seg-
ment, but, significant aldosterone binding was demonstrated
throughout the loop of Henle including the medullary thick
ascending limb.

An effect of aldosterone on sodium chloride reabsorption
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by the loop of Henle has been found in adrenalectomized rats
using both free flow micropuncture and microperfusion tech-
niques. In free-flow micropuncture studies by Hierholzer and
co-workers, the distal tubule fluid-to-plasma (TF/P) sodium
concentration was significantly higher in adrenalectomized
rats than in intact rats (4). In a recent study by Stanton using in
vivo microperfusion of the loop segment, adrenalectomy in-
hibited sodium reabsorption in the superficial loop of Henle;
exogenous aldosterone replacement returned sodium trans-
port to control levels (5).

These biochemical studies demonstrating specific aldoste-
rone binding in the thick ascending limb of the loop of Henle
and functional studies revealing a defect in sodium chloride
transport in the thick ascending limb in adrenalectomized rats,
suggest that aldosterone plays an important role in regulating
sodium chloride transport in this segment ofthe nephron. The
purpose of this study was to examine directly the effect of
aldosterone on sodium chloride transport in the thick ascend-
ing limb.

Methods

Animals. The experiments were conducted using medullary thick as-
cending limb segments dissected from kidneys of barrier-maintained
male Sprague-Dawley rats (Taconic Farms, Germantown, NY) weigh-
ing 60-125 g. The rats were housed in individual sterilized cages with
filter covers and fed sterilized standard rat chow. Three groups of
animals were studied: control rats with intact adrenal glands drinking
tap water ad lib., adrenalectomized rats, and adrenalectomized rats
administered exogenous aldosterone. Both groups of adrenalecto-
mized rats were given 0.9% NaCl to drink ad lib. instead ofwater. The
adrenalectomized rats were obtained from the same supplier and kept
for at least 4 d before experimentation to allow endogenous hormone
levels and steroid-dependent transporters to decrease to basal values.
The adrenalectomized rats replaced with aldosterone received the hor-
mone by means of an osmotic minipump (Alzet; Alza Corp., Palo
Alto, CA) at a rate of 0.5 ug/I00 g body wt per d. This replacement
dose was shown in previous studies to result in plasma levels ofaldoste-
rone similar to those measured in awake, unstressed rats fed the same
diet (6, 7). This group ofrats was kept for at least 4 d after implantation
ofthe osmotic minipump (range, 4 to 6 d postimplantation ofosmotic
minipump) to allow aldosterone-dependent transporters to increase to
steady state levels.

In vitro isolatedperfused tubule studies. Rats were killed by decap-
itation immediately before dissection. Segments were isolated as pre-
viously described (8). Briefly, both kidneys were removed, decapsu-
lated, and sectioned into 4 or 5 cross sections per kidney and immedi-
ately placed in a Petri dish containing bathing solution with 0.1%
bovine albumin. Each section was stripped from the papillary tip to the
cortex into smaller wedges and then transferred to a second dish under
a dissection microscope. This minimized the number of tubule frag-
ments that tend to obscure the dissection field. The corticomedullary
junction and inner and outer stripe of outer medulla were identified
and individual medullary thick ascending limbs were isolated by dis-
section.

The tubule segments were transferred to a thermo-regulated Lucite
chamber containing albumin-free bathing solution (see below) initially
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at room temperature. After one end of the tubule was pulled into an
outer holding pipette, an inner pipette containing the perfusate was
advanced into the tubule lumen. The opposite end of the tubule was
pulled into a glass micropipette for collecting the perfusate. The perfu-
sion rate was maintained between 6 and 16 nl/min with an air reservoir
pressure system. The experiments were carried out at 380C.

The bathing solution was a phosphate buffer solution containing
the following (in mM): 10 Na acetate, 5 KCI, 5 NaH2PO4/Na2HPO4, 2
CaCl2, 1.2 MgCl2, 5.6 D-glucose and 6 L-alanine. NaCl was added to
bring the final osmolality to 310 mosmol. The bathing solution was
adjusted to 7.4 and continuously bubbled with 100% 02. The compo-
sition of the perfusate was identical to that of the bathing solution.

Transepithelial voltage measurements and analytical determina-
tions. Perfusion rates were measured using dialyzed tritiated [3H]-
methoxyinulin; the volume of collected fluid was measured with a
constant bore pipette. Transepithelial voltage was measured between
the perfusion pipette and the bathing solution using bridges containing
0.9% NaCl and 4% agar connected via 3 M KCI tubing to calomel half
cells. The half cells were connected to a differential amplifier, as de-
scribed previously (8, 9).

The electron probe was used to determine the concentration of Na,
K, and Cl in samples of the perfused and collected fluids. Samples
obtained during perfusion were transferred and deposited under oil
onto a Petri dish. The nanoliter sized drops were transferred with a 80
pl volumetric pipette and deposited under oil on a beryllium block.
The oil was washed off with chloroform, leaving the deposited salts.
The beryllium blocks were mailed in airtight containers. After their
arrival at Stanford the samples were rehydrated by placing the beryl-
lium block on a thermoelectric cooling plate (Cambion model
806-1001-01, Cambridge Thermionic Corp., Cambridge, MA) until
ambient air began to condense on the surface of the block. The block
was then placed on a piece of dry ice for 2-3 s to freeze the rehydrated
droplets, and immediately transferred to a cold brass disk inside a
small vacuum chamber to be freeze dried. The block was allowed to
return to room temperature under vacuum for at least 2 h.

The freeze-dried samples were analyzed at the Stanford University
Center for Materials Research on a JEOL 733 electron microprobe,
equipped with 5 wavelength dispersive spectrometers and automated
by a DEC 1 1/23+ computer. The counting conditions were as follows:
accelerating voltage 15 kV; beam current 300 nA; beam diam 70-100
Mm; counting time 10 s for Na and Cl and 20 s for K.

The procedure of sending volumetric, air-dried samples through
the mail to be rehydrated, freeze-dried, and analyzed at their destina-
tion was tested by sending and analyzing four beryllium blocks con-
taining 12-18 test samples each, on four separate occasions. The test
samples were artificial solutions whose Na, C1, and K concentrations
had been measured by macro methods at Birmingham. The macro
values were compared to those obtained by electron probe analysis.
Table I summarizes the results of 55 consecutive comparisons of elec-
tron probe determinations in Stanford with macro determinations
(flame photometer and chloridometer) in Birmingham.

The net flux of sodium, chloride, and potassium across the tubule
epithelium was calculated as, J, = (C0V0 - C1V1)/L, where J, is the flux
of the i'th ion (pmol * min-' * mm-l tubule length), C0 is the concen-

Table L Comparison ofElectron Microprobe
with Macro Determinations

Electron probe
Element N Range of values to macro ratio SD

meqiliter

Sodium 55 12.0-191 1.021 0.069
Chloride 55 15.6-227 1.012 0.054
Potassium 55 1.2-24.2 1.016 0.076

Table II. Plasma Aldosterone

Group Number* Plasma aldosteronet

Adx 17 Undetectable
Adx + Aldo 11 3.9±0.3
Intact 9 3.3±1.6

* Number of rats in each group.
tPlasma aldosterone (ng/dl, mean±SEM).

tration of the i'th ion in the perfusion fluid (pmol * nl-'), Cl is the i'th
concentration (pmol * nl-') in the collected fluid, V0 is the perfusion
rate (nl * min-'), VI is the collection rate (nl * min-') and L is length of
the tubule (mm). The mean value for each tubule sample was calcu-
lated from three to six measurements. Values for individual tubules
were averaged to obtain the group means and to calculate the standard
error of the mean.

To document the adequacy of aldosterone replacement, plasma
aldosterone was measured in separate, identically treated groups of
rats. Blood was collected from undisturbed, isolated animals by de-
capitation and plasma aldosterone was determined by radioimmuno-
assay (Coat-A-Count, Diagnostic Products, Los Angeles, CA).

To examine the effect of the short term exogenous aldosterone
replacement on glomerular filteration rate, inulin clearance was mea-
sured in separate, identically treated groups of adrenalectomized rats
and adrenalectomized rats administered exogenous aldosterone.
Briefly, rats were anesthetized with Inactin (Byk Gulden, Konstanz,
W. Germany), 100 mg/kg body wt i.p. and a tracheostomy tube was
inserted to ensure adequate ventilation. Body temperature was main-
tained at 380C throughout the clearance study. The right femoral
artery and right external jugular vein were cannulated for the with-
drawal of blood and the infusion of inulin, respectively. A bladder
catheter was inserted to allow complete collection of urine. After a
priming dose of tritiated inulin (New England Nuclear, Boston, MA)
was given, a maintenance Ringer infusion containing sufficient isotope
to provide 25 MCi/h was started at a rate of 1 ml/h. This was followed
by an hour equilibration period prior to two 30-min urine collections.
Blood samples were obtained at the initiation and at the end of the
urine collections. Inulin concentrations in urine and plasma were de-
termined in a scintillation counter and urine volume was determined
gravimetrically. Inulin clearance was calculated by the standard
method.

Significance was estimated using a one way analysis of variance.
The criterion for statistical significance was P < 0.05. If there was a
significant difference among means, the Scheffle test was used to evalu-
ate the statistical significance between mean values (10).

Results

Plasma aldosterone levels for control (intact), adrenalecto-
mized (Adx),' and adrenalectomized rats replaced with exoge-
nous aldosterone (Adx + Aldo) are given in Table II. Plasma
aldosterone was undetectable in the Adx group. The replace-
ment dose of aldosterone used in the Adx + Aldo group re-
sulted in plasma aldosterone levels similar to those measured
in the adrenal-intact group. There was no significant difference
in glomerular filtration rate as determined by inulin clearance
between the adrenalectomized and the adrenalectomized rats
replaced with exogenous aldosterone (Table III).

Table IV summarizes the microperfusion data. The tubule

1. Abbreviations used in this paper: Adx, adrenalectomized; Aldo, al-
dosterone; GFR, glomerular filtration rate.
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Table III. Glomerular Filtration Rate

Group Number* GFRt

Adx 9 1.052±0.134
Adx + Aldo 8 1.127±0.142

* Number of rats in each group.
$ ml/min/100 g body wt (mean±SEM).

segments for all groups averaged 0.49±0.04 mm in length
(mean±SEM). There was no significant difference in collec-
tion rate among the three groups: 10.7±2.1, 11.2±0.9, and
13.5±1.2 nl min-' for the Adx, Adx + Aldo, and intact
groups, respectively. There was no significant fluid absorption
by the tubules in any ofthe groups. Net chloride flux averaged
- 15% higher than net sodium flux. Both net fluxes were
significantly less in the segments from adrenalectomized rats
compared with those in the intact or Adx + Aldo group. Exog-
enous aldosterone treatment increased net sodium chloride
flux toward control values (Table IV and Fig. 1). The transepi-
thelial voltage was lumen-positive in all three groups but
tended to be lower in the Adx group. However, only the Adx
and the Adx + Aldo mean transepithelial voltages were signifi-
cantly different (Table IV).

In contrast, net potassium fluxes varied widely and were
not different between groups (Table IV).

Discussion

This study demonstrates directly that adrenalectomy impairs
net sodium chloride absorption in the rat medullary thick as-

Net Flux

pmol/min/mm

6C0

400

200 -

ADX ADX+ALDO INTACT

Figure 1. Effect of adrenalectomy on sodium and chloride net fluxes.
*P < 0.05 ADX versus ADX + ALDO and INTACT. Data represent
mean±SE. *, Jnet Na; n, Jnet C1.

cending limb and physiological levels ofaldosterone return net
sodium chloride reabsorption toward normal. This reabsorp-
tive defect in the medullary thick ascending limb may contrib-
ute to the impaired urinary concentrating and diluting ability
(4) and to the salt wasting associated with adrenal insuffi-
ciency (1 1).

Previous observations suggest that aldosterone may regu-
late salt transport in the loop of Henle. To clarify why adrenal
insufficiency impairs urinary dilution in the absence ofantidi-
uretic hormone, Green and co-workers investigated the re-
sponse to a water load in Brattleboro rats, a strain with heredi-
tary hypothalamic diabetes insipidus (12). After adrenalec-

Table IV. Results ofMicroperfusion of the Medullary Thick Ascending Limb

Group Tubule Length Collection rate Jnet Na Jnet Cl Jnt K Ve

mm nl/min pmol/min/mm pmol/min/mm pmol/min/mm mV

Adx 1 0.60 5.6 174 240 3.7 4.2
2 0.65 5.7 295 300 9.5 9.5
3 0.40 13.3 374 501 26.0 1.9
4 0.92 14.4 209 169 13.4 0.9
5 0.58 14.6 219 259 2.3 1.30

Mean±SEM 0.63±0.08 10.7±2.1 254±36 294±56 11.0±4.2 2.1±0.7
Adx + Aldo 1 0.38 11.6 401 381 14.3 6.8

2 0.30 7.7 430 661 -0.9 6.4
3 0.50 11.3 423 503 9.7 8.3
4 0.35 13.2 562 742 25.1 4.6
5 0.47 12.0 535 623 15.4 12.3

Mean±SEM 0.40±0.04 11.2±0.9 470±33 582±63 12.7±4.2 7.7±1.3
Intact 1 0.44 9.9 316 447 0.4 8.2

2 0.61 15.2 867 729 24.7 2.7
3 0.48 11.9 487 397 5.7 4.6
4 0.45 16.4 817 895 15.8 ND
5 0.22 14.2 438 636 21.0 2.3

Mean±SEM 0.44±0.06 13.5±1.2 585±109 621±91 13.5±4.6 4.6±1.3
Statistical comparisons
Adx vs. intact NS NS P < 0.05 P < 0.05 NS NS
Adx vs. Adx + Aldo NS NS P < 0.05 P < 0.05 NS P < 0.05
Adx + Aldo vs. intact NS NS NS NS NS NS
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tomy, the rats were studied before and after mineralocorticoid
or glucocorticoid replacement. Replacement of glucocorticoid
alone fully restored the rats' capacity to excrete a water load
but not their ability to maximally dilute the urine. Replace-
ment of mineralocorticoid alone completely restored the di-
luting capacity, but not the capacity to excrete a water load;
replacement of both steroids normalized both responses.
These findings are consistent with the thesis that in the absence
of aldosterone less sodium chloride is reabsorbed in the thick
ascending limb so that less free water is generated.

The binding of aldosterone to its specific receptor in the
tubule has been examined recently by Farmen and Bonvalet in
the rat kidney (3). Although the cortical collecting tubule ex-
hibited the highest specific nuclear labeling, significant specific
aldosterone binding was demonstrated throughout the loop of
Henle including the thin descending limb, thin ascending
limb, and the medullary and cortical thick ascending limb
segments. Cooke and Steenburg demonstrated that aldoste-
rone administration significantly increased tissue sodium and
urea concentrations in the outer medulla and papilla in adre-
nalectomized dogs (I 1). This is consistent with enhancement
ofsodium chloride reabsorption in the thick ascending limb of
the loop of Henle.

Several studies have examined the effect of adrenalectomy
on sodium transport in vivo by micropuncture or by micro-
perfusion of superficial loops of Henle. Adrenalectomy results
in increased tubule fluid-to-plasma Na ratios in the early distal
tubule (4, 5, 13) suggesting a defect in sodium reabsorption
somewhere in the loop of Henle. Since the only segments that
can lower the sodium concentration below that ofthe systemic
plasma are the medullary and cortical thick ascending limbs,
these findings suggest the impairment was in these segments.
The results of studies examining the effect of exogenous aldo-
sterone replacement in adrenalectomized rats, however, have
been variable. Cortney failed to find an effect of exogenous
aldosterone on sodium transport in the loop of Henle of the
adrenalectomized rat (14). Murayama and co-workers could
demonstrate normalization of sodium transport in the loop
but only if cortisol was administered with aldosterone (13).
Recently, Stanton has utilized in vivo microperfusion of the
superficial loop segment to examine sodium transport by the
loop of Henle (5). He found that physiological aldosterone
replacement alone in the adrenalectomized rat restored so-
dium transport to normal. Possible explanations for the dis-
cordance in findings between the earlier studies (13, 14) and
that by Stanton include alterations in glomerular filtration rate
(GFR), tubule fluid flow rate, and solute delivery to the loop of
Henle caused by adrenalectomy that were not controlled in the
earlier studies. One advantage of the in vitro microperfusion
technique employed in the present study is that these variables
are all eliminated, which allows the effect of aldosterone on
sodium chloride transport in the medullary thick ascending
limb to become manifest.

Although the in vitro microperfusion technique eliminates
several potential confounding variables, the augmentation in
sodium chloride transport rate observed in the Adx + Aldo
group could be an indirect effect of aldosterone secondary to
an in vivo "conditioning effect" not seen in the Adx group. An
increase in NaCI load to the medullary thick ascending limb
secondary to an increase in GRF would represent such a con-
ditioning effect, which could result in load-dependent in-
creases in Na-K-ATPase activity in this segment. This in turn

could cause the observed increase in the in vitro NaCl trans-
port rate. However, GFR was not different with or without
short term exogenous aldosterone replacement (Table III).
Stanton and co-workers also found that short-term, physio-
logic replacement of aldosterone in adrenalectomized rats did
not alter GFR (7). Thus, the increase in sodium chloride trans-
port appears to be a direct effect of aldosterone on the medul-
lary thick ascending limb.

Impairment of NaCl transport in the medullary thick as-
cending limb indicates why lack of aldosterone compromises
both the ability to concentrate and dilute the urine. It also may
play a role in the salt wasting that occurs in adrenocortical
insufficiency. In vivo the loop of Henle is quantitatively the
second most important tubule segment after the proximal
convoluted tubule with regard to sodium reabsorption, ac-
counting for 40% of reabsorption of the filtered load of
sodium. Most ofthis presumably occurs in the medullary thick
ascending limb. Based on comparative reabsorptive rates of
NaCl by the medullary and cortical thick ascending limb seg-
ments in vitro, approximately twice as much NaCl is reab-
sorbed by the medullary thick ascending limb (15, 16). Re-
moval of aldosterone reduced NaCl reabsorption by twofold.
One can estimate that instead of the usual delivery of 10% of
the filtered load of Na to the beginning of the distal tubule,
adrenalectomy would increase the delivery to 20 or 25%. Even
though adrenalectomy may result in a lower GFR (and there-
fore, filtered load of Na), it is still very likely that the striking
increase in Na delivery to the distal nephron, where NaCI
transport capacity is limited, would contribute to salt wasting.

The generally accepted model oftransport in the medullary
thick ascending limb includes a secondarily active 1 potas-
sium, 1 sodium, 2 chloride ions across the apical (luminal)
membrane (17, 18). Thus, one might expect that impairment
of sodium chloride transport in the medullary thick ascending
limb by adrenalectomy, would also affect potassium transport.
However, adrenalectomy did not alter net potassium trans-
port. This incongruity may be explained by the recent obser-
vations of Hebert and collaborators that potassium is the prin-
cipal conductive species in the apical membrane of the mouse
medullary thick ascending limb (17). Their findings support
the view that the majority of potassium efflux from cell to
lumen through the apical potassium conductive pathway is
recycled into cells by the sodium, potassium, 2-chloride co-
transporter (16). Thus, adrenalectomy might be expected to
reduce overall cycling of potassium across the apical mem-
brane without changing net transepithelial potassium flux.

In summary, this study demonstrates that physiological
levels of aldosterone modulate sodium chloride reabsorption
in the medullary thick ascending limb. The reabsorptive defect
in the medullary thick ascending limb caused by the lack of
aldosterone may contribute to the urinary concentrating ab-
normality and the salt wasting associated with adrenal insuffi-
ciency.
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