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Abstract. Chronic infusion of loop diuretics into animals in-< 0.0001). Immunoblot analysis of NCC protein demonstrated
duces structural and functional changes in the distal nephrtimat loop diuretics increased NCC protein abundance by nearly
These changes include increases in the activity of the thiazid®0% (from 2562+ 30 to 5248+ 151 arbitrary unitsP <
sensitive Na/Cl~-cotransporter (NCC). The NCC was-re0.01). Spironolactone decreased NCC protein abundance by
cently demonstrated to be an aldosterone-induced protei6% (to 3532+ 113 units), compared with the furosemide-
These experiments were designed to test the hypotheses tiestted group R < 0.005). Northern blot analysis of NCC
chronic loop diuretic infusion, with replacement of NaCmRNA demonstrated no significant effect of furosemide
losses, increases NCC protein abundance and that this effe€C/glyceraldehyde-3-phosphate  dehydrogenase ratios:
results, in part, from stimulation by aldosterone. Spragugroup 1, 0.6 0.12; group 2, 0.5- 0.05;P > 0.05, NS) These
Dawley rats received vehicle (group 1), furosemide (22 mggsults indicate that increased NCC activity during chronic
100 g body wt per d) (group 2), or furosemide plus spirondeop diuretic infusion is associated with increases in NCC
lactone (22 and 20 mg/100 g body wt per d, respectivelpyotein abundance. A portion of the furosemide effect can be
(group 3). Urine output was higher for groups 2 and 3 than fprevented by blockade of mineralocorticoid receptors.

group 1 (151+ 32, 149+ 24, and 12+ 4 ml, respectivelyP

The Na'/Cl™-cotransporter (NCC) (SLC12A3) of the distaltion. First, chronic diuretic infusion increases distal NaCl
convoluted tubule (DCT) reabsorbs 5 to 10% of filtered sodiunelivery (4). Second, chronic diuretic infusion stimulates
chloride. Disruption of NCC function by gene mutation leadseveral neurohormonal systems. Although Stanton and
to Gitelman’s syndrome, an autosomal recessive disorder chaaissling (5,9) demonstrated that structural and functional
acterized by salt wasting, hypokalemic alkalosis, hypomaghanges in the DCT can occur during loop diuretic infusion
nesemia, low calcium excretion, and low BP (1). Converselgyen if circulating levels of glucocorticoids, mineralocorti-
NCC activity can be stimulated by adrenal steroid hormonesids, and vasopressin are maintained constant, an impor-
and by chronically administered loop diuretics (2), thus comant role of hormonal stimulation remains possible. We
tributing to diuretic resistance. previously demonstrated that dietary NaCl restriction, which
Diuretics are commonly used to treat patients with kidneg a potent stimulus of aldosterone secretion, increased the
disease, hypertension, and edema. Resistance to loop diui§izzide-sensitive component of Naransport by the DCT
ics occurs frequently, and strategies to prevent or revergg. Subsequent experiments demonstrated that chronic al-
resistance continue to be sought. Chronic loop diuretiysterone administration to adrenalectomized rats increased
infusion leads to hypertrophy and hyperplasia of DCT celtfe number of binding sites for metolazone (6,10) and
(3), together with an increase in NCC activity (4,5), afhcreased the transport capacity of the DCT (10). We also
increase in the number of binding sites for the thiazide-likgemonstrated that DCT cells express both mineralocorticoid
drug metolazone (6,7), and an increase in"Na"-ATPase receptors and 1d-hydroxysteroid dehydrogenase, indicat-
activity (8). There is evidence that several factors actingy that these cells are targets of aldosterone action (11).
together may contribute to the structural and function@lim et al. (12) recently demonstrated that dietary salt re-
changes that occur during chronic loop diuretic administragriction or exogenous mineralocorticoid administration in-
creases the abundance of NCC protein in the kidney cortex,
- which indicates that the NCC is an aldosterone-induced
Received June 7, 2000. Accepted December 6, 2000. protein. Becket al. (13) demonstrated that the morphologic
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protein and 2) circulating aldosterone contributes impor- For immunoblotting, 3Qug of the solubilized proteins were sepa-

tantly to this effect. rated by 3 to 8% triacetate polyacrylamide gel electrophoresis and the
proteins were electrophoretically transferred to nitrocellulose mem-
Materials and Methods branes, as previously described (11). After blocking with Blotto-T (5

Animals g/dl nonfat dry milk and 1 ml/L Tween 20 in phosphate-buffered
Male S Dawl ts (200 to 250 q: Harlan S D Isaline), membranes were probed foh with a previously described,
viale Sprague-Law ey.ras( Joto g narian Sprague-Dawle inity-purified, polyclonal antibody (0.Jug/ml in Blotto-T) to the

Indianapolis, .IN) were d'V'de.d |nt9 three groups. Group 1 anNMaEino-terminal domain of the mouse NCC (11). The secondary anti-

(contrgl) rgcglved a constant infusion of vehicle (50% DMSO) via a15‘ody (0.1ng/ml) was goat anti-rabbit IgG conjugated to horseradish

psmotlc minipump (Alzet model 2ML1; Alza Corp., Palo Al_to, CA)peroxidase (Zymed Laboratories, South San Francisco, CA). Immu-

implanted subcutaneously under methoxyflurane anesthesia. The hlots were developed using the ECL Plus kit (RPN2132; Pierce
imals were allowed free access to standard rat chow (Ralston Purifa, .~ =0 Rockford IL) and x-ray film (Kodak Rocheste; NY)

.CO" .St' Low_s, MO) and tap water. Group 2 a_mmals (furose_m| a control, anti-ERp61 antibody was used (StressGen, Victoria, BC,

infusion) received a constant subcutaneous infusion of furosemide 2nada) The band densities of immunoblots were determined using

mg/100 g body wt per d; furosemide was dissolved in 50% DMS H 1 ion 1.61 soft htto: info.nih in-i
with NaOH to maintain the pH between 7 and 8) via an osmot% mage version 1.61 software (http://rsb.info.nih.gov/nih-image/).

minipump and were allowed free access to standard chow and a saline .

drinking solution (0.9% NaCl, 0.1% KClI), to prevent severe volumdorthern Blot Analysis

and potassium depletion, as described previously (9). Group 3 animald otal RNA was extracted from each renal cortex (Midi kit; Qiagen,

(furosemide and spironolactone infusion) received a constant infusighatsworth, CA). The RNA was dissolved in water, and the concen-

of furosemide at the same dose as for group 2. In addition, spirorfeation was determined by ultraviolet absorbance measurements at 260

lactone pellets (Innovative Research of America, Sarasota, FL) wé&@ (DU 640; Beckman Instruments, Palo Alto, CA). The integrity of

implanted subcutaneoyslL d before osmotic pump placement. Theeach sample was verified by electrophoresis on an agarose/formalde-

pellets delivered 20 mg of spironolactone/100 g body wt per d. Grotiyde gel. Aliquots of 1Qug of total RNA from each cortex sample

3 animals were also allowed free access to standard chow and \Wese separated by 1% agarose/formaldehyde gel electrophoresis and

saline drinking solution described above. Body weight was measur&ansferred to nylon membranes (Duralon UV; Stratagene, La Jolla,

before pellet and pump placement and at the end of the experiméafy). RNA was fixed to the nylon membranes by ultraviolet cross-

8 d later. An additional group of furosemide-treated animals weligking (Stratalinker; Stratagene).

euthanized after 3 d, and their kidneys were prepared for NorthernA [a-*?P]CTP-labeled full-length riboprobe was generated from

analysis (as described below). the NCC cDNA by random polymerization. As a control gene, a
All study protocols were approved by the Animal Subjects Coniiboprobe was constructed from a 905-bp fragment of glyceraldehyde-

mittee at the Veterans Administration Medical Center of Denve8-phosphate dehydrogenase (GAPDH), using the same method.

Animals were housed in the animal care facility. Membranes were prehybridized fb h at42°C in prehybridization/
hybridization solution (Northern Max kit; Ambion, Austin, TX).
Urine Volume and Composition Membranes were then hybridizedrf8 h at42°C using the same

Urine was collected daily in metabolic cages. Sodium and poté%gﬁer containing 1 ng/ml NCC. Membranes were washed for 15 min

sium levels were measured by flame photometry (Instrumentati%t? IOV\;' aréiggtstrlngenc]}/ SOIU:;O“S. (Artl;]blon), and tf;ﬁndhy’and-
Laboratory, Lexington, MA). Osmolality was measured by vap gaton for was periormed using the same method. Viem-
pressure osmometry (5500; Wescor, Logan, UT). Rates of urin nes were washed again, and hybridization bands were detected by
sodium and potassium excr‘etion wer,e calculyated by multiplying t';osphorlmager analysis (Cyclone storage phosphor system; Packard,

sodium and potassium concentrations by the daily urine volume. saenr:SIeer; CT). All values were normalized to those for control

Immunoblotting istical |
Semiquantitative immunoblotting was performed to assess the r§tat'snca Analyses

ative expression of NCC protein. Kidneys were quickly removed from Data are expressed as meanSEM. One-way ANOVA andt
anesthetized rats and placed in ice-cold phosphate-buffered salfiing were used for statistical analysis (Prism version 2.0, GraphPad
(RNase-free). All additional steps were performed at 4°C. The capsgieftware, Inc., San Diego, CAR. < 0.05 was considered statistically
was removed, and the cortex was isolated using a tissue slicer (Théighificant. The Bonferroni correction was used for multiple
as-Stadie-Riggs; Thomas Scientific, Swedesboro, NJ). The tissue wag'Parsons.

placed in 2 ml of ice-cold modified RIPA buffer [5 mM NEPO,, 5

mM NaH,PQ,, 150 mM NaCl, 2 mM disodium ethylenediaminetet-Results

raacetate, 2 mM ethylene glycol bs@minoethyl etherN,N,N',N'-  Metabolic Effects of Treatment

tetraacetic acid, 1% sodium deoxycholate, 1% Nonidet P-40, 0.1%animals tolerated each of the three treatment regimens well.

sodium dodecyl sulfate, 50 mM NaF, 200 mMMN®,, 0.1%B-mer-  apimals in group 1 gained weight throughout the treatment
captoethanol] with l/ml protease inhibitors (catalog number 51237;

Sigma Chemical Co., St. Louis, MO) and was minced using a tiss%:ﬁgérrﬁiesggév?u:gs';g?ég 1I,u§rgr‘ri]2)liollgc?(;cr)1lé;)slo§t 3\'/2 ﬁt
grinder (Potter-Elvehjem type; Wheaton Instruments, Millville, NJ) P P 9

The mixture was then centrifuged for 10 min at 14,080g. The during the 7-d treatment period. The cumulative weight loss
supernatant was collected, and the total protein concentration W4dS 28+ 3.4 g for group 2 and 3% 4.5 g for group 3.

measured using a Bio-Rad DC kit (Bio-Rad, Richmond, CA). Samples Figures 2 and 3 present urine volumes and urine composition
were solubilized with sample buffer (10% glycerol, §%mercapto- during the 7-d treatment periods. Urine output was approxi-
ethanol, 2.3% sodium dodecy! sulfate, 0.0625 M Tris-HCI). mately 10 times higher for the furosemide-treated animals
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50+ sium excretion tended to be lower for group 3 than for group
2, this trend was not significant.

NCC Protein Abundance
Figure 4 demonstrates that furosemide treatment signifi-
cantly increased the abundance of NCC protein, compared with
control values. Also shown in Figure 4 is the effect of spirono-
lactone to reduce NCC abundance when combined with furo-
semide infusion (group 3). The normalized NCC protein band
densities were 108 9% for group 1, 211 16% for group 2,
and 140+ 17% for group 3P < 0.01 for both group Yersus
group 2 and group 2ersusgroup 3). Therefore, spironolactone
Group 1 Group 2 Group 3 reduced NCC band density by 66% when infused concomi-
tantly with furosemide. A control protein that is also expressed
Figure 1.Changes in body weight. Group 1 animals (control) gaind@referentially by DCT cells was not affected by furosemide or
weight during the experimental period. Animals in both group gpironolactone treatment (Figure 4).
(furosemide) and group 3 (furosemide plus spironolactone) lost sig-
nificant amounts of weight (*P <_O.005,versu50). The weight losses NCC mRNA Expression
S/Lﬁjrg:gtezma:;ni stgj fg?ts?;ﬁ:r:ien:;g?rezzzf]hg?;ﬁq 0.05). To determine whether the increase in NCC protein abun-
' dance was correlated with an increase in NCC mRNA abun-
dance, Northern blotting was performed. Figure 5 presents a
representative Northern blot for the three animal groups (pla-
(groups 2 and 3), compared with the control animals (Figuoebo-, furosemide-, and furosemide- plus spironolactone-
2A). The addition of spironolactone to the furosemide infusicimeated groups). Furosemide treatment did not significantly
did not further increase urine output, as indicated in a compaiter NCC mRNA expression, compared with control values.
ison of group 3 with group 2. Urine osmolality decreaseBigure 5 also depicts the NCC/GAPDH expression ratio for
during furosemide treatment for groups 2 and 3, compared wigach group. Neither treatment significantly affected NCC ex-
the control animals (group 1) (Figure 2B). The urine osmolalifgression, relative to that of GAPDH. To determine whether a
was not different between groups 2 and 3. Daily urinaryansient increase in NCC mRNA levels caused the increased
sodium excretion was increased significantly for groups 2 atNCC protein abundance at 7 d, Northern blots were performed
3, compared with group 1 (Figure 3A). Rates of urinary sodiumith RNA from animals treated fo3 d (group 1n = 4; group
excretion were not significantly higher for group 3 than fo2, n = 3). The NCC/GAPDH ratio for the control animals was
group 2. Urinary potassium excretion was also increased in thé& = 0.12 (arbitrary units), and the ratio for the furosemide-
groups treated with furosemide (groups 2 and 3), compardated animals was 05 0.07. These values were not signif-
with control animals (group 1) (Figure 3B). Although potasicantly different.
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Figure 2.(A) Urine volume increased dramatically for the furosemide-treated animals (gro®p, Zompared with control animals (group 1,

l; P < 0.001). Urine output for the animals treated with furosemide and spironolactone (gréym@s not different from that observed for

the animals treated with furosemide aloRex 0.05). (B) Urine osmolality decreased dramatically for animals treated with furosemide (gréyp 2,

compared with control animals (grouplll; P < 0.001). The urine osmolality for animals treated with furosemide plus spironolactone (grojip 3,
was not different from that for group (> 0.05). Values are means SEM for six animals in each group.



1338

Journal of the American Society of Nephrology

J Am Soc Nephrol 12: 1335-1341, 2001

A B
30000 7500+
b >
2 25000 3
= 1 — =
: S pg4 : o
£ 20000 'f £ 5000 T --_-i
- = %‘:-.!"‘
c c
8 15000+ S s
; % ok
g 100004 / 5 2500#;_,/§—!/{'N‘I
%
y / y
' 5000
LA ¥
0 1 1 T Ll i 1 L 1 0 1 1 1 1 1 T 1] 1
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9

Days

Days

Figure 3. (A) Urinary sodium excretion. Urinary sodium excretion rates were significantly higher for the treatment greupgoup 2
(furosemide®) and group 3 (furosemide plus spironolactofg; compared with control animals (grouplll; P < 0.001). Sodium excretion

rates were not different between group 2 and group 3-(0.05). (B) Urinary potassium excretion. Urinary potassium excretion rates were
significantly higher for the treatment groups., group 2 (furosemide$) and group 3 (furosemide plus spironolactof¥; compared with
control animals (group 1l; P < 0.001). Although the potassium excretion rate for group 3 tended to be lower than that for group 2, the values
were not statistically differentR > 0.05). Values are means SEM for six animals in each group.

Discussion delivery to the DCT. The results presented here are consistent
The NCC is an electroneutral transport protein expresseadvdth a role of luminal solute delivery in the observed increases
the apical membrane of DCT cells. It is responsible for most of NCC protein abundance.
the sodium and chloride reabsorption that occurs in thisAnother potential contributor to the observed effects is a
nephron segment (2). Chronic loop diuretic infusion, togethehange in total-body electrolyte composition. Furosemide de-
with replacement of NaCl losses, causes DCT cells to becopletes the extracellular fluid volume, which leads to profound
hypertrophic (3,4,9,14); this effect is associated with an ifypokalemia. In these experiments, this was reflected by a
crease in NCC activity (4). These effects of chronic loogecrease in body weight (caused at least in part by volume
diuretic infusion are caused in part by increases in distal iglepletion) and an increase in daily urinary sodium and potas-
delivery (9), but a role for hormonal factors has not beesium excretion. Each of these changes may have affected ion
excluded. The experiments described here tested the hypoti@asport protein expression. However, it seems unlikely that
sis that chronic loop diuretic infusion increases NCC proteffifferences in the systemic potassium balance account for the
and mRNA expression. Furthermore, they tested the hypothedisserved effects of furosemide on NCC abundance. Potassium
that aldosterone contributes importantly to these effects. Télepletion was recently demonstrated to downregulate NCC
results indicate that chronic loop diuretic infusion, with remRNA expression (16), an effect that is in the opposite direc-
placement of NaCl losses, increases NCC protein abundatioa from that observed during chronic furosemide infusion.
by >100%. The effects of chronic diuretic infusion on NCCTherefore, it seems unlikely that differences in electrolyte
protein expression are partially, but not completely, preventbdlances play a central role in the NCC changes that were
by concomitant spironolactone infusion, indicating an impopbserved.
tant role for aldosterone in their genesis. The effects do notA third factor that may contribute to the observed effects is
seem to be caused by an increase in NCC mRNA levels. neurohormonal stimulation. Loop diuretics strongly stimulate
These results suggest that several factors may have contrésiin secretion. Although a portion of this effect is attributable
uted to the changes in NCC protein abundance during lotp changes in extracellular fluid volume, the most important
diuretic infusion. The first factor is an increase in distal solutsomponent results from direct stimulation of the macula densa
delivery. The animals in this study received furosemide imechanism (17). This is confirmed by experiments demon-
large doses (125 mg/kg per d), leading to a 10-fold increasestnating that, even when extracellular fluid volume depletion is
daily urine volume. Stanton and Kaissling (5,9) demonstrat@devented by dietary intake, chronic furosemide infusion stim-
that chronic furosemide infusion leads to DCT cell hypertratlates the renin/angiotensin/aldosterone system (18). There-
phy, even when circulating levels of aldosterone, glucocorfiere, chronic furosemide infusion significantly increases serum
coid hormones, and arginine vasopressin are maintained calttosterone levels, both by reducing extracellular fluid volume
stant. Because the structural effects observed during chroai@ by stimulating renin directly. One indication of an impor-
loop diuretic infusion resemble effects observed in rabbits feant role of the renin/angiotensin/aldosterone system in the
a high-salt diet (15), those authors suggested that the structueaslponse to loop diuretic administration with NaCl replacement
and functional effects result directly from changes in soluis the effect of angiotensin-converting enzyme inhibition. Beck
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cotransporter (NCC) protein, as detected by Western blotting. (Inseggeup. Treatment with furosemide or furosemide plus spironolactone
the top) Results from a representative experiment. (Main panbBd no significant effect on NCC mRNA abundance (group 1 [con-
Means+ SEM of the densitometric values for six animals in eackol], 0.6 = 0.12; group 2 [furosemide], 0.5 0.05; group 3 [furo-
treatment group. Furosemide treatment (group 2) increased protéémide plus spironolactone], 07 0.13;P > 0.05).
abundance, compared with control values (group 1) (2116% of
control, *P < 0.01). Treatment with furosemide plus spironolactone
(group 3) resulted in NCC expression levels that were intermediate
between control values and furosemide treatment values and wéhe effects of treatment on body weight, urine volume, urine
significantly less than those for group 2 (140917 of control; ¥,P 0smolality, and sodium and potassium excretion were not
< 0.05, compared with group 2). (Inset at the bottom) Protein sampigignificantly different between animals treated with both furo-
from the same treatment groups, probed for another protein expressefhide and spironolactone and animals treated with furo-
predominantly by distal tubule cellse., ERp61, as a control for semide alone. Although daily potassium excretion was numer-
nonspecific changes (25). ically lower for the group treated with spironolactone, the
difference did not reach statistical significance. The absence of
a significant effect of spironolactone on potassium excretion
et al. (13) demonstrated that angiotensin-converting enzyrseuld reflect the number of animals tested (a type 2 error), but
inhibitors reduced the ability of loop diuretics (with NaClit could also reflect the fact that much of the potassium that is
replacement) to induce epithelial thickening. It has recentbxcreted by these animals is delivered to the DCT (because of
become clear that aldosterone regulates NaCl reabsorptiortha effects of furosemide) and is not secreted along this seg-
the DCT (2,6,10,12). We previously demonstrated that dietamyent. Furosemide inhibits sodium, potassium, and chloride
salt restriction, which increases circulating aldosterone leveteabsorption by the thick ascending limb, increasing distal
increases the functional activity of the NCC (4). We latgpotassium delivery. Furthermore, the animals consume large
confirmed that all of the components of the mineralocorticoiguantities of a saline drinking solution that contains KCI.
receptor system are expressed by DCT cells, together with th& he ability of spironolactone to reduce NCC protein expres-
NCC (11), and that aldosterone increased thiazide-sensitsien levels back toward normal levels indicates that mineralo-
NaCl transport by more than fivefold when infused into adresorticoid hormones contribute importantly to the effects of
nalectomized animals (10). Kiret al. (12) demonstrated that chronic loop diuretic infusion. Spironolactone does have anti-
NCC protein expression was increased in rats who consumeanalrogenic effects, which contribute to estrogenic side effects
low-salt diet or were given high doses of aldosterone or fludrgz human patients. Estrogen administration and orchiectomy
cortisone. Therefore, the NCC is an aldosterone-induchdve both been demonstrated to increase NCC protein abun-
protein. dance (20,21). Because spironolactone reduced NCC protein
To test whether furosemide-induced increases in circulatiabundance in the studies presented here, the nonspecific effects
levels of mineralocorticoids contribute to the changes in NC& spironolactone cannot have caused this effect. Because
expression, a competitive mineralocorticoid receptor blockexgdition of spironolactone to a loop diuretic would tend to
spironolactone, was used. In pilot studies, a dose of 1.2 mgédacerbate extracellular fluid volume depletion, it seems very
spironolactone was used. Although this dose has been repordatikely that the effects of spironolactone to reduce NCC
to block >95% of the mineralocorticoid receptarsvivo (19), protein abundance resulted from increased extracellular fluid
a 20-fold higher dose seemed to offer more complete blockaddume. Despite the significant ability of spironolactone to
of furosemide effects and was used for all further experimenghift NCC protein expression toward control levels, its inability
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to completely normalize NCC protein abundance indicat@sotective effects on the kidney, helping to prevent the devel-
either that mineralocorticoid receptor blockade is incompletgment of diuretic resistance.
or that alternative stimuli, such as those discussed above,
contribute to the effects. These experiments cannot differenticknowledgments
ate between these two possibilities. Furthermore, these experrhis work was supported in part by grants from the National
iments cannot distinguish a permissive role for aldosterongstitutes of Health (Grant RO1-DK51496, to D.H.E.) and the De-
from a direct causative role. partment of Veterans Affairs (to D.H.E.).

The effects of chronic loop diuretic administration on NCC
protein abundance parallel the effects of loop diuretic admipyaferences
istration on structural and functional properties of the rat DCT;  simon DB, Nelson-Williams C, Bia MJ, Ellison D, Karet FE,
(3-5,8,9). Furthermore, the effects parallel those of high levels \glina AM, Vaara I, lwata F, Cushner HM, Koolen M, Gainza
of aldosterone on NCC protein abundance (12). Previous data FJ, Gitelman HJ, Lifton RP: Gitelman's variant of Bartter's
on NCC mRNA expression during chronic loop diuretic infu-  syndrome, inherited hypokalemic alkalosis, is caused by muta-
sion have been contradictory, however. We previously dem- tions in the thiazide-sensitive Na-Cl cotransporiéait Genetl 2:
onstrated that loop diuretic infusion increases NCC mRNA 24-30, 1996
expression along the DCT, as detected qualitativelynbsitu 2. Reilly RF,_EIIison DH: Mammalian distal tu_bule: Physiology,
hybridization (7). Those results were recently confirmed in a giltshozp(;\gglology, and molecular anator@ysiol Rev80: 277~
mouse model, using the same techmques (22).' In. con.tra%t., Kaiésling B, Bachmann S, Kriz W: Structural adaptation of the
Moreno et al. (23) reported that chronic furosemide infusion

. ) . distal convoluted tubule to prolonged furosemide treatrfemtJ
did not affect NCC mRNA expression, as detected by semi- Physiol 248 F374—F381, 1985

quantitative PCR. The results presented here are consisteNt gjjison DH, Velzquez H, Wright FS: Adaptation of the distal

with those reported by Morenet al. (23) but not with the convoluted tubule of the rat: Structural and functional effects of

results determined usirig situ hybridization. One explanation dietary salt intake and chronic diuretic infusidnClin Invest83:

for our inability to detect an effect of furosemide on NCC  113-126, 1989

MRNA expression in these experiments may be that the signdd/ Stanton BA, Kaissling B: Adaptation of distal tubule and col-

noise ratio of Northern blots for the NCC (a low-abundance lecting duct to increased sodium delivery. Il. Nand K"

message in whole kidney cortex) is too low. This would not, ~transportAm J Physiol55: F1269-F1275, 1988 _

however, explain the findings reported by Moreetoal. (23),  ©- Cther?dz’ Vaughn DA, %'iﬁ_e'eﬁp'd"fa”‘i_sm DD: f‘dr‘znoc‘_’t”'ca'd

for which specific PCR was used. Another explanation may be rsezro' s Increase renal thiazide diuretic receptor density an

. . . ponseJ Am Soc Nephrdb: 1361-1368, 1994

it e NCC TRNA, PTESeon ocoted o an 1% Qoaer Bt P Vel 1, Rely R, Hosar
i ) v ’ ' Ellison DH, Bachmann S: Expression of the thiazide-sensitive

expression was not different at 3icg., 4 d before the time at Na-Cl cotransporter in rat and human kidnéyn J PhysioR69:

which NCC protein abundance was demonstrated to be in- Fgo0-F910, 1995

creased. One possibility is that aldosterone regulates NC§& Scherzer P, Wald H, Popovtzer MM: Enhanced glomerular fil-

protein abundance independently of NCC mRNA expression, tration and Na-K*-ATPase with furosemide administration.

at least in part. Transcription-independent regulation of epithe- Am J Physiol252: F910-F915, 1987

lial sodium channele («ENaC) synthesis has been C|ear|y9. Kaissling B, Stanton BA: Adaptation of distal tubule and col-
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