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ABSTRACT

Previous studies from our laboratory, using a modified loop
microperfusion technique {microstop-flow conductivity) in vivo, have shown
that NaCl transport by the thick ascending limb (TAL) is impaired in potassium
depleted (K-DEF) rats. The degree of impairment in TAL NaCl transport is
highly correlated with plasma potassium (K*} concentration and is completely
reversed when extracellular fluid potassium concentration (ECF[K*]) is
increased by acute potassium infusion. These experiments assessed NaCl
transport by the TAL in the absence of axial flow by measuring the conductivity
of tubular fluid emerging from an early distal tubule site after different intervals
of stop-flow {10-60 seconds) in perfused nephrons. Since these measurements
of TAL transport were made in the absence of axial flow, the significance of
the defectin NaCl transport in K-DEP rats could not be determined under jn vivo
conditions of physiological flow and chloride (CI'} delivery.

To determine the quantitative importance of this impairment in NaCl
transport by the TAL, CI" reabsorption was measured in functionally isolated
perfused singie loops of Henle in vivo, using the technique of continuous
microperfusion. CI' reabsorption was measured in loop segments microperfused
at 22 nL/minute using a modified perfusate which minimized proximal nephron
transport. This modification of the loop perfusate allowed the measurement of

furosemide-sensitive CI' reabsorption in the perfused loop segments such that
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net CI" uptake in this study can be attributed primarily to carrier-mediated CI
transport by the TAL.

Others have provided evidence that TAL NaCl reabsorption is aldosterone
dependent in adrenalectomized animals. In our rats given a K-free diet, both
plasma [K*] and plasma [aldosterone] were significantly reduced. Since
aldosterone release is regulated by ECF[K*), the purpose of the present study
was to determine whether an aldosterone deficiency and/or reduced ECF[K*]
mediates inhibition of TAL CI' transport in potassium depletion. Using the
described microperfusion conditions, it was possible to show that the defect
in TAL CI' reabsorption in K-DEP rats was quantitatively significant and can be
rapidly reversed by the acute systemic infusion of potassium. Acute
administration of aldosterone, in the presence of sustained hypokalemia, failed
to reverse the impairment in TAL CI' reabsorption in K-DEP rats. However, the
acute infusion of potassium, in the presence of an aldosterone antagonist, in
K-DEP rats rapidly reversed the defect in TAL CI" reabsorption to control levels.

Additional studies showed that despite normalization of ECF[K*] by acute
potassium infusion in K-DEP rats, aldosterone levels failed to increase to control
levels within this time period. This is the first study to demonstrate that the
restoration of plasma [K*] in K-DEP rats is not immediately associated with a
parallel rise in plasma [aldosterone]. As well, new knowledge was obtained
from the present studies which showed that although a minimal [aldosterone]

is required for normal TAL CI' transport to occur, this steroid hormone does not
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requlate CI' reabsorption by this nephron segment. Therefore, these results
provide conclusive evidence that in K-DEP rats the rapid reversal of defective

TAL CI' reabsorption seen with acute potassium infusion occurs via an

aldosterone independent mechanism.



iv

ACKNOWLEDGEMENTS

| would like to express my sincere thanks to Dr. Linda Peterson for her
guidance and enthusiasm in all aspects of my graduate studies. Her interest
and quest for knowledge were a source of constant inspiration for me.

| would also like to thank Janet S. Borzecki whose friendship and humour
maintained my motivation throughout this praoject. My ability to become
proficient with the technique of continuous microperfusion was the result of
Janet’s expertise in this method. Her patience during my training was
remarkable and appreciated!

Special thanks are also expressed to the members of my PhD Committee,
Dr. A. Krantis, Dr. D.Z. Levine, the late Dr. G. Mainwood and Dr. K. Rakusan,
for their helpful suggestions and comments during the progression of my work.
| also need to thank Dr. K.C. Marshall for his support throughout this project.

| would also like to express my thanks to my sister Allison who was
always there when | needed her. Her support and encouragement certainly
helped me to strive to the best of my potential,

Special thanks go to Dr. Julie Lebeau, Donna McKibbon, Kim Barnes and
Eileen Franklin for their helpful suggestions in the sterile surgical techniques
used in this project.

I would like to thank Susan Slater whose expertise in Word.Perfect made



v

putting this thesis together much easier! A special word of thanks also goes
to Ayman Fadil for all those special ice cream treats that helped me to survive
the writing of this thesis!

Finally, | would like to thank the Department of Physiology for the use
of their laptop Toshiba computer throughout the writing of my thesis. My last

four years in the department have been an enjoyable experience.



Vi

TABLE OF CONTENTS

............................................ i
ACKNOWLEDGEMENT S ... ... ..ttt ittt it i s it e iv
TABLE OF CONTENTS . ... ... it ittt e e e e vi
ST OF FIGURES . . ... it ittt ittt e e et e e e e e xii
LIST OF TABLES ... ... .. ittt ittt et ittt e e Xiv
CHAPTER T .. .. i i e e e e et e e 1
1.1 Proposed Model for NaCl Transport by TAL of the Loop of
Henle . ..... ... it i it i 8
1.1.1 Apical 1Na*:1K*:2CI' Cotransporter and Basolateral
Na*/K*-ATPase PUMD . oo oo e eneennnn . 10
1.1.2 Basolateral Chloride Conductance Pathway . ... ... 17
1.1.3 Apical Potassium Conductance Pathway ........ 19
1.2 POtassiUm ...ttt et e e e e e 23



vii

1.2.1 Whatis the Mediator Responsible for Impaired NaCl

Transportin K-DEP Animals? ., . ............... 35

1.3 AldOSIeIONE ., .. ittt it it s et et e e e e e 37

1.4 General AImMS . ..ttt i it et et e e e e e 44
CHAPTER 2 ..... R 49

2.1 Method: Description of the Microperfusion Protocol Used to

Examine Defective TAL NaCl Transportin K-DEP Rats . ... 49
2.1.1 Animal PreparationandDiets ................ 49
2.1.2 Surgical Preparation for Microperfusion ......... 51

2.1.2A Neck Surgery ........c.ooiimiinnnnnn 52

2.1.2B Left Kidney Preparation for Microperfusion . . 54

2.1.3 Infusions Used During Microperfusion Studies .. ... 59
214 BloodSampling . .. ..... ..ttt it 61
2.1.5 Microperfusion ................ e s 62
2.1.6 Perfusion Micropipets ........co0vivvnnen. 68
2.1.7 Collection Micropipets . ... ................. 69
2.1.8 Description of Analytical Methods ............. 70

2.1.8A Volume Determination of Collected Sample . 70
21.8B MCAnulin. . ...ttt e 71
2.1.8C Coulometric Titration of Nanoliter Volumes of

Chloride ............... e e 72



2.1.8D Constriction Pipets

------------------

2.1.9 Calculations

----------------------------

2.2 Method: Determination of the Effect of Dietary Potassium
Depletion on the Urine Concentrating Ability in Rats
2.2,1 Animal Preparation and Diets
2.2.2 Urine Concentrating Tests
2.2.3 Blood Sampling
2.2.4 Left Kidney Wet Weight
2.3 Method: Determination of the Effect of a Potassium Load on
Plasma [Aldosterone]
2.3.1 Animal Preparation and Diets

2.3.2 Surgical Preparation

2.3.3 Infusions Used During Potassium Loading Studies .

2.3.4 Blood Sampling
2.4 Method: Determination of the Effect of Normalization of
Total Body Potassium in Potassium Depleted Rats on
Plasma [Aldosterone]
2.4.1 Animal Preparation and Diets
2.4.2 0.5M KCI
2.4.3 Blood Sampling

2.5 Method: Determination of the Efficacy of Spironolactone and

Aldosterone ..... .

.....

-----------------

-------------------

-------------------------

----------------

---------------------

--------------------------

oooooooooooooooo

-----------------------------

--------------------------

--------------------------



2.5.1 Animal Preparationand Diets . ............... 87

2.5.2 Surgical Protocol for Bilateral Adrenalectomy .. ... 87
2.5.2A Anaesthesia of Animals .............. 88

2.5.2B Preparationof Skin . ................. 89

2.5.2C SurgicalProcedure ............c0.... S0

2.5.3 Spironolactone . . ... ...ttt 91

2.5.4 Aldosterone . ....... ¢ttt 91

2.55 UrineCollection ........... ... vivnur.. 92

256 BloodSampling .. ... ..., 92

2.6 Euthanasia . . . ..o ittt i i e e 93
2.7 AnalyticalMethods . .......coiiiiiinenininnnnnn. 93
2.8 Statistical Analysis . ...........00 ittt innnnnn 94
CHAPTER3 ............ e, et e e e 1

3.1 Resuits: Effects of Dietary Potassium Depletion in Rats . ... 96

3.1.1 Effect of Dietary Potassium Depletion on Food
Intake, Growth, Kidney Weight and Water Intake ... 96

3.1.2 Effect of Dietary Potassium Depletion on Urine
Electrolytes and Urine Concentrating Ability ...... 97

3.1.3 Effect of Dietary Potassium Depletion on Plasma

Osmolality and Electrolytes ............. vee. 103



3.1.4 Effect of Dietary Potassium Depletion on Plasma

[Aldosterone]

--------------------------

3.2 Results: Evaluation of In Vivo Microperfusion Conditions to

Assess TAL CI Transport

-----------------------

3.2.1 Effect of Furosemide on Loop Segment CI

Reabsorption

---------------------------

3.3 Results: Examination of the Impairment in TAL CI' Transport

in K-DEP Rats

-------------------------------

3.3.1 Microperfusion Data Derived From Control and K-

DEP Rats

-----------------------------

3.3.2 Effect of Potassium Depletion on TAL CI

Reabsorption

---------------------------

3.3.3 Effect of Aldosterone Infusion on TAL CI

Reabsorption in K-DEP Rats

3.3.4 Effect of Potassium Infusion in Repairing Defective
TAL CI' Reabsorption in K-DEP Rats in the Absence
of Increased Aldosterone Action .............

3.4 Results: Determination of the Effect of a Potassium Infusion

on Plasma [Aldosterone]

3.4.1 Effect of an Acute Potassium Infusion on Plasma

[Aldosterone] ............



xi
3.5 Results: Determination of the Effect of Normalization of Total Body
Potassium in K-DEP Rats on Plasma [Aldosterone] . ... .. 129

3.5.1 Effect of Normalization of Total Body Potassium on

Plasma [KYl ... .ttt ittt ittt e e e 131

3.5.2 Effect of Normalization of Total Body Potassium on

Plasma [Aldosterone] ..............cc.... 131

3.6 Results: Efficacy of Spironolactone and Aldosterone . . . .. 134

3.6.1 The Efficacy of Spironolactone ............. 134

CHAPTER 4 . ...... ... . i ittt i, N 139
4.1 Overview of the Effects of Potassium Depletion ........ 140

4.2 Assessment of TAL CI" ReabsorptionInVivo .......... 144

4.3 Potassium Infusion, Not Aldosterone, Rapidly Corrects
Defective TAL CI' Transportin K-DEPRats ........... 150

4.4 Hypothesis Regarding the Mediator of Impaired TAL CI

Transportin K-DEP ......... St e e ee e 163

4.5 Future Studies. ... .. ..o ittt it sttt te et e e 172

4.6 Conclusion....... Gt e r i e te e asaar e . 178
REFERENCES ..... e e et e e e e et 180
APPENDIX A . ... ittt e e e e e et e e ettt 205



Xii

LIST OF FIGURES

Figure 1. Schematic illustration of nephron populations localized within the
MAMMANHAN KIONEY . ittt ittt et et emnranereseen s s entn s 2

Figure 2. Proposed model for NaCl transport in the mammalian

Figure 3. Proposed model for increased efficiency of NaCl transport in the
MAMMEBIAN TAL. it ete e e rs st eeeen s e eeresnnsessennssn 14

»

Figure 4. Effect of potassium on TAL tubular fluid [NaCl] at varying intervals
(o) B 31T £ 11 £ ¢ B {1 1T USRS 31

Figure 5. Effect of increasing bath [K*] on mouse Na'/K*'-ATPase
BOTIVITY et vrsrt ittt s e e e e e et s bt et e e a e an s an e ete s atranenn e anennetnrantss 33

Figure 6. Diagram illustrating neck cannulations and tracheostomy in a rat
prepared for MiCroPerfuSion STUAIBS.cvvicveeviiie it itteeiereeesrsrnssensenresessennnnd 55

Figure 7A. Placement of the left kidney and cannulation of the left ureter in a
rat prepared for MiCroPerfuSiON STUGIES..ieerrrieeerenremnnnrerarsreeeeersrnneseennnsss 58

Figure 7B. Close-up view of the placement of the left kidney in a lucite kidney

(o1 V] + RN Verressaversresasanaan rrrensrNeata I raesere st tirrrtstesrantaatanetaetanenntrnaenas 58
Figure 8. Schematic representation of the technique of continuous
MICTOPErfUSION JN MIVO. .. iiuiie i ierrere st eae e e enssnsesenssensssssnsrnnsnnns 63
Figure 9. Components of a Hampel nanoliter perfusion pump.................. 64

Figure 10, Diagram illustrating the technique of coulometric
titration of nanoliter volumes of ChlOTIde. ....uvvveirnieniinrverrriererenrernrreneenns 74

Figure 11. Standard curve obtained using the method of coulometric

titration.....ce.c..... Cerererrrersrsasrrsesaenes Ceveresacresheerertnarensans reearerererrereserrenes 76
Figure 12A. Daily water intake of control and K-DEP rats.......cceeeevvevnnnnn. 99
Figure 12B. Average water intake of control and K-DEP

rats ----------------------- R Y RN Y] LR Y R PR NN 99



Figure 13. Urine osmolality of control and K-DEP rats on
ok N A 0 I o T B 1 100

Figure 14, Plasma |aldosterone] in control and K-DEP
FAtS ON dAY T, i it ettt s s e s st ea e e e reearnranrasnsnenenssend 105

Figure 15. Chloride flux in functionally isolated loop segments
in control and fuUroSemMIde-treated ralS. iuiviiririrerersrernesreereretensonsensnsecseas 107

Figure 16. Fractional chloride reabsorption in functionally
isolated loop segments in control and furosemide-treated rats................ 109

Figure 17. Calculated rate of delivered and collected chloride
in functionally isolated loop segments of control and K-DEP rats............. 110

Figure 18. Chloride flux in functionally isolated loop segments
in rats consuming the control or K-free diet for 10 days.......c.coeeeernnneenn. 118

Figure 19. Fractional chloride reabsorption in functionally
isolated loop segments of rats consuming the control or K-free
diet for 10 days.ciiiiiiiiiiiiiir it e s reernsanes Cerrreraareasierarerantents 119

Figure 20A. Plasma [K*] measured at t= 75 minutes in rats
consuming either the control or K-free diet for 10 days........ccoeeeeeennnen...128

Figure 20B. Plasma [K*] measured at t= 120 minutes in rats
consuming either the control or K-free diet for 10 days....c...evvvennrevnnennn.128

Figure 21. Plasma [aldosterone] measured at t= 120 minutes
in control and K-free diet fed rats on day 10...uuu.eveeeerrenrvrseeernsseenneensonn. 130

Figure 22. Plasma [K*] measured in rats consuming either the control
or K-free diet (13 days), 28 hours following the oral administration
of potassium or distilled water................ Nhevereserstsatabrnnransesarasansrstirannes 132

Figure 23. Plasma [aldosterone] measured on day 13, 28 hours
following the oral administration of potassium or distilled water,
in animals consuming either the control or K-free diet......ccevvevernnereenness 133

Figure 24, Urinary [K*] to urinary [creatinine] excretion ratio
in adrenalectomized rats treated with either spironolactone and/or
aldosterone......... Cerererseersireane Vesrererrreatarane Cerrrrrsersraeenes Cerrererrrsesenseneres 135

n3



Xiv

LIST OF TABLES

Table 1. Intracellular activities of Na*, K* and CI' in the

diluting segment of the AMPRIUMA. c...ivviiiii e ee e e e eneenenerererreen s 12
Table 2. Chemical compaosition of control and K-free dietS.........ccevuvevenns 50

Table 3. Summary of exclusion criteria used in microperfusion studies..... 60
Table 4. Composition of modified chloride perfusate...c..ccoeveeeerrvirereinnss 67

Table 5. Urine electrolytes of control and K-DEP rats collécted on
AAYS 7, TO A0 18, ittt ettt et ereraranensansneassnssnsserns e 102

Table 6. Plasma electrolytes and osmolality in control and K-DEP
FALS ON AAY T i ittt etat et es e tasess e e snreenrasneenrnrenrmenin 104

Table 7. Microperfusion data from contro! and furosemide-treated rats.. 111

Table 8. Plasma electrolytes of control and furosemide-treated rats....... 112
Table 9. Microperfusion data from controi and K-DEP rats........c...un...... 115
Table 10. Microperfusion data from control and K-DEP rats.................. 120

Table 11. Plasma electrolytes and body weight in control

AN K-DEP FatS..iiiiieiiiniiiiiiiieeiateteiiietierencenssersessstneressenressrerssesssnnss 121
Table 12. Plasma electroiytes (initial and final) in control

ANA K-DEP FatS..iiuuiiiiiinriniiniiariarenreriieeternsiesserssersserssrsecnssensersasersnnns 122
Table 13. Urinary volume, electrolyte excretion and Na*/K+

ratio in adrenalectomized rats treated with spironolactone

ANA/OT AlOOSIEIONE. . tvuieuiervieinerrrteeerrenrrsereeressrsernsenesnsessrerenrsrsnssnnsnnss 137

Table 14. Plasma and urine {creatinine], GFR and body
weight in adrenalectomized rats treated with spironolactone
and/or aldoSteroNe.....ccvvvvevarrerrereensensnrnes eerher ettt eateaaararaanrrrrarres 138



CHAPTER 1

The mammalian kidney is composed of numerous, virtually identical
subunits called nephrons of which there are approximately 1 million located in
the human kidney and approximately 35 000 found in the rat kidney (reviewed
by Kriz and Kaissling, 1992). Each nephron is composed of a number of
heterogeneous segments, each having specific characteristics and transport
properties that are unique to that segment. Within the kidney, several

‘«-.ip.opulat‘io'ns of nephrons have been identified on the basis of the length of the
l‘dop of Henle as illustrated in Figure 1. As a first approximation, one can
identify two distinct populations of nephrons which are referred to as {1) long
loop or juxtamedullary nephrons and (2) short loop or cortical (superficial)
nephrons. In cortical nephrons, the loop of Henle turns at the junction of the
outer and inner medulla whereas in juxtamedullary nephrons, the loop of Henle
extends deeply into the inner medulla as illustrated in Figure 1. However, the
thick ascending limb (TAL) of both types of nephron populations begins at the
junction of the outer and inner medulla. The ratio of short loops to long loops
varies among different species and has been associated with urine
concentrating ability (reviewed by Kriz and Kaissling, 1992).

In some species, such as the mountain beaver and muskrat, only short

loop nephrons are found within the kidney such that these species have a low
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Figure 1. Schematic illustration of the various segments composing short loop

(cortical) and long loop {juxtamedullary) nephrons found within the mammalian

kidney. PCT= proximal convoiuted tubule. S,= last portion of the proximal

tubule. DLH = descending limb of Henle. TAL = thick ascending limb. CAL=

cortical ascending limb of Henle. CCT= cortical collecting tubule. MCT=

medullary collecting tubule. MD= macula densa. tAL= thin ascending
“fimb.
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concentrating ability due to the lack of an inner medulla which is responsible
for the development of maximal urine osmolality (reviewed by Kriz and
Kaissling, 1992). Among the rodent species, which includes the rat, mouse
and golden hamster, there ‘s a greater number of short loop to long loop
nephrons and as a result, these animal species have a high urine concentrating
ability {reviewed by Kriz and Kaissling, 1992).

The TAL of the loop of Henle is a highly specialized nephron segment
which has transport characteristics that are vastly different from the other
tubular segments that compose a typical mammalian nephron. The highly
specialized transport properties of the TAL are ultimately responsible for the
production of a concentrated urine during an anti-diuresis and a dilute urine
during a water diuresis. The ability of the TAL to absorb salt, at a rate similar
to the proximal tubule (Culpepper, 1989), in the absence of water absorption
results in the generation of a hypertonic interstitium and a reduction in the
~ osmolality of the luminal fluid, processes that are essential for the modulation
of the urine concentrating mechanisms (Greger, 1985; Hebert et al, 1987;
Culpepper, 1989; Molony et al, 1989},

The significant functional importance of the TAL in urine concentrating
ability, in terms of the mechanisms underlying NaCl absarption, were initially
difficult to analyze due to its subsurface location within the kidney. Early
micropuncture studies examining the composition of the loop of Henle fluid in

~ desert rats demonstrated that the tubular fluid in the early distal tubule was
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hypoosmotic to plasma while fluid sampled from the tip of the loop was
hyperosmolar (Gottschal and Mylle, 1959; Gottschalk et al, 1963). In fact,
classic micropuncture experiments by Gottschalk and Mylle (1959),
demonstrated in rats that the collected fluid from the tip of the loop of Henle
showed a comparable hyperosmolality to the collected fluid sampled from a
collecting duct at the same level in the kidney. Such findings suggested the
presence of an osmotic gradient, generated from the cortex to the inner
medulla, with significant increases in the interstitial NaCl concentration and
urea concentration as one approached the papillary tip {Gottschatk and Mylle,
1959; Gottschalk et al, 1963; Rocha and Kokko, 1973). Direct analysis of
transport by the TAL was not possible until the development of an in vitro
perfusion technique using isolated rabbit medullary and cortical TALs of Henle's
loop {Burg and Green, 1973). The development of in vitro perfusion allowed
direct analysis of transepithelial transport of salt and water within the TAL for

the first time.

Using in vitro perfusion of the TAL, Burg and Green {1973} and Rocha
and Kokko (1973) were the first to demonstrate four important features
concerning transport in this nephron segment. First of all, the most striking
feature was the discovery that the transtubular potential difference was
oriented lumen positive in the TAL. This was in contrast to the proximal
convoluted tubule and cortical collecting duct where the transtubular potential

difference was negative and to the descending limb of Henle where the
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potential was zero {Rocha and Kaokko, 1973). Using isolated perfused rabbit
TALs, the mean transtubular potential difference was measured at +6.7 +0.3
mV and could be reversed in magnitude by cooling of the bath to 23 °C from
37 °C, and by the addition of ouabain {10°* M) (Burg and Green, 1973; Rocha
and Kokko, 1973). Secondly, chloride was shown to be the principle ion
transported against both an electrical and chemical gradient (Rocha and Kokko,
1973; Burg and Green, 1973). Sodium transport, although not clearly
understood, was postulated to involve a passive mechanism, diffusing down
the electrical gradient generated by the movement of chloride (Rocha and
Kokko, 1973). It was more recently shown that salt reabsorption by the TAL
could be virtually abolished by the addition of the loop diuretic furosemide (10
M or 10°° M)} to the lumen {Hebert et al, 1981a). Thirdly, it has been shown
that the measured positive transtubular potential and net chloride (and sodium)
transport was dependent on the activity of the Na*/K*-ATPase pump (Burg and
Green, 1973; Rocha and Kokko, 1973}, which has also been confirmed to be
present in large quantities along the basolateral membranes of TAL cells {Katz
- etal, 1979). Finally, passive tracer permeability measurements have suggested
that the TAL is 'electrically leaky’ and cation selective, with the TAL being
three times more permeable to sodium than to chloride {(Rocha and Kokko,
1973). Hebert et al (1981a) later confirmed these findings, demonstrating hoth
electrically and isotopically, that the TAL is essentially water impermeable and

permselective for sodium with respect to chloride. .
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The low permeability 1o the transport of water is an absolute requitement
by the TAL in the concentrating ability of the mammalian nephron (Hebart ot
al, 1981a; Hebert et al, 1981b; Hebert et al, 198G) and in the amphibian
(salamander) early distal tubule {(Guggino et al, 1985); both segments are
essential for the dilution of the luminal fluid. The amphibian early distal tubule
appears to function in a manner similar to the mammalian TAL, and these
segments are referred to as the diluting segment (Greger, 1985). Using
isolated mouse medullary TALs, Hebert et al {1981a) have demonstrated that
the luminal membrane is tht_a rate-limiting site for transepithelial water flow and
that the transepithelial water permeability is negligible in this nephron segment.
To determine that the luminal membrane was the site of low transepithelial
water permeability, isolated mouse medullary TALs were perfused in vitro. Cell
volume was determined after 30 to 60 second intervals following dilution of
either the perfusate or the perfusate and bath osmolality from 290 mOsm/Kg
H,0 to 240 mOsm/Kg H,0 (Hebert et al, 1986). This reduction in bath and/or
perfusate osmolality is similar to that previously observed by Hebert et al
(1881a) from medullary TAL isolated segments perfused (<5 nl/min) with
isotonic NaCl containing solutions. Changes in perfusion osmolality did not
alter cell volume, However, changes in bath osmolality were associated with
a . significant (30%]} elevation in cell volume, suggesting that the water
permeability of the basolateral cell membrane is significantly higher than the

luminal cell membrane of this nephron segment. These findings of Hebert et
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al (1986) clearly demonstrate the diluting ability of the TAL nephron segment,
indicating the negligible transepithelial water permeability of the TAL luminal
membrane. Therefore, the tuminal cell membrane of mammalian TAL cells
provides the major barrier ta transcellular water flux within the TAL. It has also
been observed (Hebert et al, 1986} that a functional nephron heterogeneity
exists between rortical and medullary mouse TALs in terms of a negligible
transepithelial water movement.

It has been confirmed using the amphibian diluting segment, the early
distal tubule, that the apical cell membrane also functions as a major barrier to
the movement of water. Guggino et al (1985) determined using analysis of cell
volume, that the Water permeability of the apical cell membrane of the early
distal tubule of Amphiuma is negligible compared to the basolateral cell
membrane, an important characteristic when coupled with ion transport which

allows this segment to modulate urine concentrating ability.



1.1 Proposed Model for NaCl Transport by TAL of the Loop of Henle

It is now clear that the ability of the mammalian TAL to dilute urine and
provide energy for the development of an ogmotic gradient within the renal
interstitium is a direct consequence of its ability to transport salt in the absence
of water transport (Hebert et al, 1984; Greger and Velasquez, 1987; Hebert et
al, 1987; Molony et al, 1989). During the past decade, our understanding and
knowledge concerning this complex nephron segment has been significantly
advanced through electrophysiological and biochemical studies using {a} intact
perfused TAL segments and (b} luminal and basolateral membranes obtained
from TALs. The currently proposed model for NaCl transport by the mammalian
TAL is schematically illustrated in Figure 2, and is remarkably similar to that
observed in non-mammalian TALs, including amphibian, avian and
elasmobranch (dogfish shark) diluting segments (Miwa and Nishimura, 1986:
Guggino et al, 1988; Friedman and Hebert, 1990). The proposed model
indicates that transport of luminal NaCl occurs via a passive 1Na*:1K*:2CI
cotransporter found along the luminal membrane, with the energi( provided by
a Na*/K*-ATPase pump located along the basolateral membrane. Reabsorbed
Na* and CI" exits the TAL cells by the basolateral Na*/K*-ATPase pump and a
basolateral CI' conductance pathway. The reabsorbed K* is recycled across the
luminal membrane into the lumen via a K* conductance pathway, creating a

lumen positive potential and hence, allowing 50% of the luminal Na* to be
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Figure 2. Schematic illustration of the currently proposed model for NaCl
transport in the mammalian TAL. {Reeves and Andreoli, 1992).
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passively reabsorbed through a paracellular pathway. A number of different
factors are known to either stimulate or inhibit medullary TAL NaCl
reabsorption. Factors which stimulate NaCl reabsorption by the medullary TAL
include vasopressin, glucagon, 8-adrenergic agents, mineralocorticoids and high
protein diet while peritubular hypertonicity, PGE,, calcium and acidosis have
been demonstrated to inhibit NaCl transport (reviewed by Reeves and Andreoli,

1992). A detailed description of the proposed transport model is given in the

following sections.

1.1.1 _Apical 1Na*:1K*:2ClI" Cotransporter and Basolateral Na'/KK*-ATPase

Pump.

As shown in Figure 2, net CI' transepithelial transport in the TAL involves
a secondary active transport process such that luminal Cl' is permitted to enter
the cells via an electroneutral apical cotransporter (1Na*:1K*:2CI') mechanism
(Hebert and Andreoli, 1984; Hebert et al, 1987; Molony et al, 1989). Luminal
CI" entry into TAL cells is also dependent upon the presence of a favourable
electrochemical gradient for apical Na* entry across the basolateral membrane;
created by the basolateral cell membrane Na*/K*-ATPase pumb {Molony et al,
1989). Using apical membrane vesicles prepared from rabbit and dog medullary
TALs, tracer Na* and CI" uptake studies (Eveloff and Kinne, 1983: Forbush and

Palfrey, 1983) have demonstrated the dependence of active CI uptake pn the
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presence of both Na* and K* within the TAL nephron segment. These findings
indicale that the net driving force for the transepithelial transport of Cl' into TAL
cells is ultimately dependent on the electrochemical gradients available for Na*,
K' and CI,

Currently, there have been no measurements obtained for all three ions
to describe the electrochemical gradients present for electroneutral transport oi
these three ions across the mammalian TAL apical membrane. The inability to
measure these electrochemical gradients within the mammalian model is due
primarily to the extreme difficulty in assessing intracellular ion activity within
the small TAL cells {Hebert and Andreoli, 1984). However, electrochemical
gradients have been meaSLllred in Amphiuma diluting segments, whose cells are
much larger in size, and which are summarized in Table 1.

Using the diluting segment of Amphiuma as a model for transpor; in
mammalian renal TAL cells, it has been shown that CI' entry across the luminal
membrane is dependent upon the presence of Na*, which is dependent on the
presence of K* in the luminal fluid (Oberleithner et al, 1982a; Oberleithner et
al, 1983). Further evidence to support this model is the primary active Na*/K*-
ATPase pump located along the basolateral cell membrane of this nephron
segment which establishes and maintains the electrochemical gradient for Na*,
and ultimately, provides the energy for the movement of the three ions from the
tubule lumen into the cells (Oberleithner et al, 1983). Therefore, the movement

of CI' from the tubule lumen into the cell is dependent upon the activity of the



12
Table 1. The intracellular activities of Na', K* and CI in the diluting segment
of the Amphiuma. Negative numbers (mV) represent the movement of the ions
out of the cells. (Modified from Reeves and Andreoli, 1992).

lon Electrochemical Cell
Potential Activity
{mV) {mM}
Na* 129 12
K+ -16 76
CI -40 64
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primary active pump, the Na*/K*-ATPase pump, located extensively along the
basolateral membrane, Entry of CI' into the diluting segment cells of the
Amphiyma can be abolished {a} in the presence of furosemide (10° M), a
diuretic known to inhibit cotransporters localized in the apical membrane of the
diluting segment in Amphiuma, avian erythrocytes, mammalian TAL and Ehrlich
ascites tumour cells (Hebert et al, 1981; Oberleithner et al, 1982a; Oberleithner
et al, 1983; Hebert and Andreoli, 1984} and {b) by the removal of Na* from the
luminal fluid being presented to this nephron segment (Oberleithner et al,
1982b). Chloride transport by this nephron segment can also be inhibited by
factors which inhibit the basolateral membrane primary active pump, the
Na*/K*-ATPase pump. Removal of K* from the bath, cooling of the bath to 23
°C and the presence of bath ouabain are all factors which alter basolateral
Na*/K*-ATPase pump activity, leading to reduction of the electrochemical
gradient for sodium and thus, inhibition of luminal CI" entry into the cells (Rocha
and Kokko, 1973; Hebert et al, 1981; Hebert and Andreoli, 1984).

Recent evidence obtained from the mouse medullary TAL has
demonstrated that the mode of NaCl transport in this nephron segment can be
modulated by osmolality and vasopressin (AVP) (Eveloff and Warnock, 1987;
Sunetal, 1991). Alvoetal {(1985) observed botha 1Na*:1Cl,, K*-independent
and a TNa*:1K*:2CI' cotransport system in cells obtained from the rabbit
medullary TAL. In the presence of hypotonicity, NaCl transport across the

apical membrane occurs via a 1Na*:1Cl’ cotransporter as shown in Figure 3
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(Eveloff and Warnock, 1987). As well, Sun et al (1991) have demonstrated in
mouse medullary TAL that NaCl transport occurs in this mode {1Na*:1Cl'} in the
absence of AVP. As indicated in Figure 3, in the presence of hypotonicity or
the absence of AVP, the apical cotransporter is in the K* independent-
TNa*:1ClI" mode. This form of NaCl transport in the TAL is also blocked by
furosemide and its more potent analogues (ie. bumetanide). This indicates that
atl Na* reabsorbed by the TAL is being transported via a transcellular pathway.
The reabsorbed Na* exits the cells via basolateral Na* /K *-ATPase pumps which
are consuming ATP and therefore, oxygen (Sun et al, 1991).

However, as shown in Figure 3, when rabbit medullary TAL cells are
exposed to hypertonicity or when mouse medullary TALs are stimulated with
AVP, NaCl transport proceeds via the K*-dependent 1Na*:1K*:2Cr
cotransporter mode (Eveloff and Warnock, 1987; Sun et al, 1991). In this
transporting mode, the recycling of K* back into the lumen results in the
generation of a lumen positive voltage which is responsible for the remaining
50% of luminal Na* being reabsorbed via paracellular pathways {Hebert and
Andreocli, 1984; Hebert et al, 1987; Molony et al, 1989; Sun et al, 1991) as
illustrated in Figure 3. The enhancement of NaCl transport by the K*-
dependent 1Na*:2CI" cotransport mode has important metabolic implications.
In this mode, the rate of Na* entry into the cell is similar to the 1Na*:1Cl
mode, however, the total rate of NaCl reabsorption is increased two-foid due

to the K* recycling which allows an equal quantity of Na* to be transported
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through the paracellular pathways (Sun et al, 1991). This implies that {or
similar rates of Na* transport and thus oxygen consumption by these two
modes of apical cotransporters, the K*-dependent transport mode allows o
doubling in the rate of Na* transport such that 5§0% is reabsorbed by a
transcellular pathway and 50% by a paracellular pathway {Figure 3}.

Currently, it is unknown whether the 1Na*:1CI cotransporter and
1Na*:1K*:2CI' cotransporterare products obtained from the same gene praduct
or are products from different genes {Sun et al, 1991). It has been observed
by Sun et al (1991) that the AVP induced modulation of NaCl transport in the
mouse medullary TAL to the high efficiency form can be imitated by forskolin
~and cAMP {via AVP). From this observation, they speculate that the conversion
of the cotransporter to the high efficiency mode may involve phosphorylation
of the 1Na*:1CI' form which results in the K*-dependent site becoming
exposed {Sun et al, 1991},

The medullary TAL, in vivo, exists in an environment containing a
reduced oxygen tension (Hebert et al, 1987; Sun et al, 1991). It would be
favourable to the cells in this environment to have a more efficient form of NaCl
transport in this nephron segment for enhanced metabolic survival {Hebert et
al, 1987). The ability to modulate the form of transport to the more efficient
form, without increasing its oxygen consumption, is important for the TAL,
particularly during an antidiuresis when AVP levels are elevated (Sun et al,

1891). It is not known whether net reabsorption of NaCl by the TAL is
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regulated by varying the mode of NaCl cotransport.

1.1.2 Basolateral Chioride Conductance Pathway.

Although the transport of CI' from the tubule lumen into the cell is an
electroneutral process via an apical cotransporter {1Na*:1K*:2Cl), the
extrusion of CI' from the cell across the basolateral membrane occurs via a
conductive pathway (Hebert and Andreoli, 1984; Hebert and Andreoli, 1984a;
Hebert et al, 1984,; Schlatter and Greger, 1985). There is also evidence of CI'
exit across the basolateral membrane occurring via an elec;réneutral KCi
symport (Schlatter and Greger, 1985}, aithough this has been primarily
documented within the Amphiuma early distal tubule segments which have low
basolateral conductance cells {Guggino et al, 1985).

Greger et al (1983) have successfully documented cellular CI' activity
within the rabbit cortical TAL segment, a technical advance considering the
small cell size which had to be impaled compared to the much larger cells of
the Amphiuma which were easily impaled using conventional microelectrodes
by Guggino et al (1982). Using perfused rabbit cortical TALs, in vitro,
intracellular CI activity was measured using CI' selective electrodes to be
approximately 22 mmol/l under control conditions (Greger et al, 1983). This
measured cellular CI" activity in cortical TAL cells is two to three times higher

than that which had been predicted for passive CI' distribution (5 mM),
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indicating the presence of a favourable electrochemical gradient for CI' etflux
across the basolateral cell membrane {Oberleithner et al, 1982b; Greger et al,
1983). Similarly, a favourable electrochemical gradient, as measured by
intracellular CI" activity, has been measured in the early distal segment of the
Amphiyma kidney {Oberleithner et al, 1982b). This elevated CI' distribution
above passive distribution measurements has also been recorded for the
mammalian proximal tubule and the amphibian proximal tubule (Shindo and
Spring, 1981; Oberleithner et al, 1982b; Guggino et al, 1982). Predictably, the
high intracellular CI" activity measured in the cells of the TAL is maintaining a
favourable electrochemical gradient via the continued entry of luminal CI across
the apical membrane by the 1Na*:1K*:2Cl' cotransporter. In both the
mammalian and amphibian models, the addition of furosemide {10 M, 10° M)
in the tubule lumen blocked CI' entry across the luminal membrane {via the
1Na*:1K*:2Cl' cotransporter), causing the intracellular CF activity to fall
dramatically to 7 mmol/l which closely resembled the measured passive
distribution of CI" (Oberleithner et al, 1982b; Greger et al, 1983). Substitution
of luminal CI' with gluconate also abolished CI' entry across the luminal
membrane in both the mammalian and amphibian diluting segments, with
intracellular CI" activity achieving a passive distribution (Oberleithner et al,
1982b; Greger et al, 1983).

Further evidence for the passive transport of CI' through chloride

conductance channels localized on the basolateral membrane, is the
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measurement of a large negative intraceliular voltage, ranging from -40 mV to -
70 mV, in the mouse medullary TAL and the rabbit cortical TAL {Greger et al,
1983; Greger and Schiatter, 1983; Hebert and Andreoli, 1984a; Molony et al,
1988). The presence of a large negative intracellular voltage provides a potent

driving force for the movement of ClI" across the basolateral membrane.

1.1.3 Apical Potassium Conductance Pathway,

The apical membrane of the diluting segments found in the mammalian
and amphibian TAL also contains a large barium sensitive K* conductance
pathway, in addition to the 1Na™:1K*:2CI' cotransporter (Greger and Schiatter,
1981; Greger and Schiatter, 1983; Hebert and Andreoli, 1984; Hebert et al,
1987; Molony et al, 1989). In fact, these conductive pathways for potassium
along the apical membrane are the only conductive cirannels that have been
currently identified within the diluting segment. In the mouse medullary TAL,
it has been shown that the diluting segment shares many of its voltage and
concentration dependence characteristics, as well as a barium/potassium
concentration effect on conductance, as has been previously demonstrated in
excitable tissues (Hebert and Andreoli, 1984; Hebert et al, 1984).

The contribution of K* to apical membrane conductance pathways has
been tested directly {Hebert and Andreoli, 1984) by evaluating the épical

membrane to basolateral membrane resistance ratio in mouse medullary TALs
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of Henle microperfused in vitro. Luminal potassium concentration (5 mM) was

exchanged for 5 mM barium (blocker of the apical membrane potassium
conductance pathway}; this produced a dramatic ten-fold increase in the apical
membrane to basolateral membrane resistance ratio. This finding is similar 10
that observed in the early distal tubule of the Amphiuma and in the corticat TAL
of the rabbit (Guggino et al, 1982; Greger and Schlatter, 1983; Oberleithner ct
al, 1983), providing strong evidence that K* is the major conductive ion moving
across the luminal membrane.

Further evidence to support the finding that K* is the major species
moving across the luminal membrane has been shown by examining the effect
of changes in the luminal K* concentration on apical membrane voltage.
Hebert and Andreoli (1984} found that increasing luminal potassium ten-fold,
from 5 mM to 50 mM luminal K*, in the presence of luminal furosemide {10
M) produced a spontaneous lumen positive change of 53.1 mV. This change
in apical membrane potential was calculated to represent approximately 87%
of the 61.4 mV change that has been predicted for ideal Nernstian behaviour
(Hebert and Andreoli, 1984}, strong evidence indicating that K* is the major ion
passing across the TAL apical membrane via a conductive pathway (Guggino
et al, 1982; Greger and Schlatter, 1983; Oberleithner et al, 1983: Hebert and
Andreoli, 1984; Hebert et al, 1984).

Therefore, according to the model illustrated in Figure 3, a large

proportion of K* that enters the TAL cells from the lumen via the
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TNa':1K";2CI cotransporter is recycled across the apical membrane by a
parallel conductive pathway. Hebert et al {1981) have shown using mouse
medullary TAL that the net K* secretion was tess than 10% of the net CI
transport; indicating that a large proportion (approximately 90%) of the K*
secreted into the lumen is recycled across the apical membranes back into the
TAL cells. This allows for minimal K* transport but allows for continual
clectroneutrai entry of one Na* with 2 CI' to be transported across the TAL
luminal membrane {Hebert and Andreoli, 1984; Hebert et al, 1984; Molony et
al, 1987; Hebert et al, 1987). As mentioned earlier, blockade of the K*
conductance pathway by luminal barium virtually abolishes the positive apical
potential and transepithelial currents such that net transport of Cl' across the
luminal membrane is prevented {Hebert et al 1984; Hebert and Andreoli, 1984:
Molony et al, 1987). Recycling of K* across the luminal membrane in TAL cells
also maintains NaCl transport by keeping a continual supply of K* for luminal
TNa*:1K*:2CI' cotransport. If this recycling of K* did not occur, then luminal
K* concentration would be reduced and as a result, net NaCl transport would
fall.

Another important aspect of apical K* recycling is that its current
polarizes the lumen from cell to lumen. In the rabbit cortical TAL, potassium
diffusion from cell to lumen causes an equal current to flow paracellularly
(Greger and Schlatter, 1983; Molony et al, 1989). As indicated in Figure 3,

dilution of the tubular ﬂuig presented to the TAL occurs through the net
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transport of equivalent quantities of Na* and Cl (Hebert and Andrcoti, 1984).
The stoichiometry of the transcellular pathway, involving the apical K'-
dependent cotransporter results in one Na* for every 2 CI reabsorbed from the
luminal fluid. This accounts for approximately 50% of the net Na' reabsorbed
by the TAL. The remaining 50% of Na®* that is reabsorbed by this nephron
segment occurs through a paracellular pathway {(Hebert and Andreoli, 1984;
Hebert et al, 1987; Molony et al, 1989).

Hebert et al (1984) have demonstrated that this paracellular pathway is
four times more permeable to Na* than to CI' indicating that in the mouse
medullary TAL, there is a strong Na* permselectivity. These studies have
found that the passive Na* reabsorption by the paracellular pathway is
approximately half of the net rate of transcellular Cl' transport {Hebert et al,
1984). The magnitude of the lumen positive voltage produced by K* recycling
and the permselectivity of the paracellular pathway for Na* provides the driving
force required to transport Na* through this pathway at a rate which is
approximately half of the net CI" transport {Hebert et al, 1984; Hebert and
Andreoli, 1984). The paracellular pathway also increases the efficiency of Na*
transport by the TAL since the oxygen required to absorb the Na* is reduced

in half (Hebert et al, 1984; Hebert and Andreoli, 1984).
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1.2 Patassium

It has been documented for over four decades that a consequence of
polassium depletion is an impairment in renal concentrating ability (Relman and
Schwartz, 1958; Bank and Aynedjian, 1964; Gottschalk et al, 1965; Berl,
1980). Early studies in rabbits, hamsters, dogs and rats postulated that the
defect in urine concentrating ability in potassium depleted animals was the
result of either {a) an impairment in the osmotic equilibrium developed in the
collecting ducts, (b) an impairment in Na* transport by the medullary TAL of
the loop of Henle or (c) reduced delivery of Na* from the proximal tubule to the
loop of Henle (Relman and Schwartz, 1958; Bank and Aynedjian, 1964;
Gottschalk et al, 1965).

Gottschalk et al {1965) measured directly, microcryuscopically, the
osmolality of tubular fluid sampled from the loop of Henle and collecting ducts
in rats and hamsters. The location of the collected sample was determined by
microdissection. The results of these studies demonstrated that an osmotic
equilibrium comparable to control animals was present across the collecting
duct in pbtassium depleted (K-DEP) rodents {Gottschalk et al, 1965}). The
measured osmolality of the tubular fluid sampled (by micropuncture) leaving the
loop of Henle at an early distal tubule site in K-DEP rats exhibited a similar
osmolality to control rats {Gottschalk et al, 1965). These findings suggested

that solute reabsorption by the TAL was not altergd in K-DEP rats, and
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suggested that the impairment in renal concentrating ability was due to a
reduced sodium delivery to the TAL in these animals {Bank and Aynedjian,
1964, Gottschalk et al, 1965).

Micropuncture studies by Bank and Aynedjian (1964} have also shown
that the osmolality measured in samples obtained from the early distal tubule
from K-DEP rats was similar to the osmolality measured in control animals.
This was further evidence to support the hypothesis that Na* transport by the
-TAL was not altered by potassium depletion. In addition, these micropuncture
studies demonstrated a significantly elevated ratio of tubular fluid inulin
concentration to plasma inulin concentration in K-DEP rats, which was
suggestive that greater fractional reabsorption had occurred proximal to the
collecting ducts (Aynedjian and Bank, 1964). Others have measured a
reduction in medullary Na* concentration in renal tissue slice analysis in K-DEP
rats {reviewed by Buckalew et al, 1967). These early findings described above
suggest that the urine concentratiné defect observed in K-DEP animals was
mediated by a significant reduction in the delivery of Na* to the TAL (Bank and
Aynedjian, 1964; Gottschalk et al, 1965}.

Since micropuncture studies and renal tissue analysis concluded that the
urine concentrating defect observed in K-DEP rats was likely mediated by a
reduction in the delivery of Na* to the TAL; the effect of increasing Na*
delivery to the TAL_ on the renal concentrating mechanism in K-DEP animals has

been investigated. Buckalew et al (1967) increased Na* delivery to this
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nephron segment using hypertonic saline or mannitol diuresis. No significant
difference in glomerular filtration rate was observed between control and K-DEP
rats, indicating that the delivery of Na* to the TAL in both groups of rats was
similar {Buckalew et al, 1967). Sodium delivery to the distal nephron was
dramatically increased by the presence of either a saline or mannitol diuresis,
however, K-DEP rats demonstrated a significant reduction in free water
reabsorption at any level of solute excretion {(Buckalew et al, 1967). It is also
highly likely that an impairment in Na* transport would not be observed in the
distal nephron if there was reduced delivery of Na* to the nephron segment.
If the critical level of sodium reabsorption is not achieved then hypertonicity of
the renal interstitium wou-ld not occur and thus, a reduction in free water
reabsorption would occur. These results challenge earlier findings {Bank and
Aynedijian, 1964; Gottschalk et al, 1965) and demonstrate that the delivery of
Na* to the TAL, alone, cannot explain the defect in the urine concentrating
mechanism observed in K-DEP animals. Rather, the study by Buckalew et al
(1967) provided strong support for the hypothesis that the defect in renal
concentrating ability in these rats may be due to an impairment in Na* transport
by the TAL.

Other mediators that have been postulated to be involved with the renal
concentrating defect in potassium depletion include changes in (a) renal
hemodynamics and (b) antidiuretic hormone (ADH) release (Whinnery and

Kunau, 1979; Berl, 1980; reviewed by Gutsche et al, 1984; Peterson, 1984).

S
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Whinnery and Kunau {1979) and Peterson (1984} have investigated

whether changes in renal inner medullary blood flow may alter inner modullary
solute concentration in K-DEP rats, resulting in a defect in the urine
concentrating mechanism. This hypothesis was based on the assumption that
an increase in blood flow through the medullary region would significantly
increase the removal of solute from the interstitium. As a result, this would
lead to a reduction in medullary solute concentration and may account for the
reduction in renal concentrating ability measured in K-DEP rats {(Whinnery and
Kunau, 1979; Peterson, 1984).

Inner medullary plasma flow was measured using the '¥| albumin
accumulation technique (described by Peterson, 1984). In initial studies,
Whinnery and Kunau (1979) did not find an increase in blood flow, but rather
a significant reduction in inner medullary blood flow in K-DEP rats fed a
potassium deficient diet for three weeks. These findings suggested that a
reduction in inner medullary blood flow in K-DEP rats may indicate a reduction
in plasma delivery to the juxtamedullary nephrons which may have resulted in
a decrease in solute delivery to the TAL (Whinnery and Kunau, 1979).
However, a reduction in inner medullary blood flow in these rats would be
expected to decrease solute removal and thus, significantly enhance the renal
concentrating ability. Therefore, the results of Whinnery and Kunau {1979)

demonstrate that a ‘washing out’ effect of medullary solute does not occur in

K-DEP rats.
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Since a reduction in inner medullary blood tflow was postulated to be
involved with the renal concentrating defect associated with potassium
depletion, Peterson (1984) proposed that the reduction in medullary blood flow
should also be present when the defect in renal concentrating ability initially
appears.  Previously, it had been determined that the impairment in
concentrating ability occurs between 7 and 14 days of dietary potassium
depletion (Brokaw, 1953; Eknoyan et al, 1970; Berl, 1980; Peterson, 1984).
After two weeks of dietary potassium depletion, the inner medullary blood flow
was not significantly different from that in control animals (K-DEP: 32.8 +1.52
ml/min/100g inner medulla versus Control: 35.1+1.93 ml/min/100g inner
medulla, p >0.05) despite the presence of an impairment in urine concentrating
ability in K-DEP rats {Peterson, 1984). However, a significant reduction in inner
medullary blood flow was demonstrated following three weeks of dietary
potassium depletion {Peterson, 1984), which confirmed the earlier findings of
Whinnery and Kunau (1979). The results of Peterson (1984) clearly
demonstrate that the renal concentrating defect can occur independently of
alterations in inner medullary blood flow. Thus, the reduction in medullary
solute concentration and the defect in concentrating ability measured in K-DEP
animals is due to factors other than changes in inner medullary blood flow.

Alterations in ADH release have also been proposed to explain the defect
in concentrating ability of K-DEP animals. It has been well established that

dietary potassium depletion results in a significant increase in water intake or
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polydipsia within three days of animals consuming a potassium deficient diot
(Brokaw, 1953; Blyth et al, 1960; reviewed by Berl, 1980; Saikaley et al,
1986; McKay et al, 1990). In fact, the added stimulus of sodium chloride
depletion superimposed on potassium depletion results in a greater increase in
water intake than that measured in K-DEP rats alone (Blyth et al, 1960:
Saikaley et al, 1986; McKay et al, 1990). The effect of water intake on
impaired concentrating ability in K-DEP animals has been examined by Berl
{1980), who found a significant increase in water intake in rats after six days
of consuming a potassium deficient diet. Despite the presence of polydipsia at
this time point, there was no difference in urine concentrating ability between
control and K-DEP animals (Berl, 1980}. Therefore, the polydipsia associated
with dietary potassium depletion precedes the impairment in renal concentrating
ability. It has been suggested that the impairment in concentrating ability may
be due to an alteration in ADH release. However, following a 24 hour water
deprivation period, Berl {1980} found that plasma levels of ADH were not
significantly different between control and K-DEP rats. Administration of
exogenous ADH to hypokalemic rats failed to correct the concentrating ability
to control levels; indicating that this peptide hormone cannot account for the
effects observed during potassium depletion {Berl, 1980).

Eknoyan et al (1970} have confirmed and extended the earlier work by
Buckalew et al (1967), showing that decreased delivery of Na* to the TAL

cannot explain the renal concentrating defect measured in K-DEP animals. In
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these studies, the uring concentrating ability of K-DEP rats was studied by
measuring free water clearance during a hypotonic mannitol diuresis. At similar
rates of delivered Na*, free water clearance in these rats was significantly
lowered compared to control animals (Eknoyan et al, 1970). Furthermore, Na*
excretion, at any level of excretion or filtrate delivery to the distal nephron, was
significantly higher in the K-DEP animals compared to control animals (Eknoyan
et al, 1970). Since the reabsorption of sodium by the TAL is the major factor
responsible for the generation of solute free water, these results (Eknoyan et
al, 1870} provide strong evidence that the urinary concentrating defect
observed in K-DEP animals involves an impairment in Na* transport by the TAL.

Dietary potassium depletion has also bcen associated with renal Cl
wasting, which has been described as "continuing renal chloride excretion
despite mounting cumulative chloride depletion” {(Luke et al, 1978}. Free flow
micropuncture and microperfusion experiments of the superficial loop segment
{latest proximal to earliest distal tubule) in rats have revealed a decrease in
fractional CI' reabsorption within this loop segment of K-DEP rats (Luke et al,
1978; Luke et al, 1985). As well, K-DEP réts had a significantly higher distal
tubule ClI" concentration to perfusate CI' concentration ratio such that the
luminal fluid sampled from the early distal tubule site had a significantly higher
concentration in the collected sample {Luke et al, 1978}. An infusion of
indomethacin in K-DEP rats partially corrected the reduction in net CI

reabsorption by the loop segment (Luke et al, 1985). Based on these findings,
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it appears that the impairment in net CI transport occurs in the TAL segment
of the loop of Henle in K-DEP rats, and may account for the defect in urine
concentrating ability of these potassium deficient animals {Luke ¢t al, 1978:
Luke et ai, 1985; reviewed by Mujais and Katz, 1992).

Gutsche et al (1984) were the first to provide direct in viva evidence that
the TAL was the site of sodium chloride (NaCl} inhibition in X-DEP rats. In
these studies, the NaCl concentration in the TAL was measured as the tubular
fluid was presented to an early distal tubule micropuncture site using the stop-
flow conductivity probe technique developed by Gutsche et al {1980), as
conventional micropuncture techniques do not allow direct access to the TAL.
Using the stop-flow conductivity technique, Gutsche et al {1984) found that K-
DEP rats have a significant impairment in NaCl reabsorption by the TAL, which
could be rapidly reversed upon acute potassium repletion as shown in Figure 4.
Analysis of change in the TAL fluid NaCl concentration over time showed a
significantly larger NaCl concentration in the TAL tubular fluid of K-DEP rats
(Gutsche et al, 1984), In addition, a striking correlation was observed between
the degree of reduced extracellular fluid potassium concentration (ECF[K*]) and
the severity of the impaired NaCl transport by the TAL {Gutsche et al, 1984).
These results demonstrate a defect in NaCl transport by the TAL in K-DEP rats,
but is this defect occurring at (a) the entrance step of NaCl into the cell across

the apical membrane or (b) at the exit step across the basoclateral membrane?

Transport of NaCl across the apical .membrane has been well
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Figure 4. Changes in TAL tubular fluid [NaCl] at varying intervals of microstop-
flow (10-60 seconds) in control, K-DEP and K-replaced rats (infusion or
gavage). Filled circles represent control rats. Open circles represent K-DEP
rats, K-replaced rats are represented by (a) filled squares (K* given by
intravenous infusion) and (b} filled triangles (K* given by gavage).
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demonstrated to be dependent upon the presence of K * (Burg and Bourdeau,
1978; Greger and Schlatter, 1981) and thus, it is possible that the impairment
in NaCl transport by the TAL of K-DEP rats may be due to insufficient K
entering the perfused loops of Henle. This hypothesis was investigated by
Gutsche et al (1984) who perfused the loop segments (90 nl/minute) with
either a zero K* or a 5 mM K* containing luminal perfusate. Based on these
studies, it was shown that K* delivery to the luminal membrane of K-DEP rats
should not have been limiting for NaCl transport by the TAL {Gutsche et al,
1984}. Furthermore, the defect in NaCl transport by the TAL was not restored
to control values in K-DEP rats when luminal K* delivery was increased to that
measured in control animals (Gutsche et al, 1984). Therefore, these studies
demonstrated that reduced luminal K* delivery to the TAL cannot account for
the impairment in TAL NaCl transport in K-DEP rats.

Sodium chloride transport across the luminal membrane into the cells of
the TAL and its subsequent movement into the renal interstitium is driven by
a Na*/K*-ATPase pump as illustrated in Figure 3. Na*/K*-ATPase activity has
been examined in mouse medullary TAL in vitro with maximal activity of the
pump measured at a bath K* concentration of 5 mM (Doucet et al, 1979). As
the bath concentration of K* was reduced, there was a corresponding reduction
in the pump activity (Doucet et al, 1979}, as illustrated in Figure 5. The
determination of the Na*/K*-ATPase activity in the mouse medullary TAL

coupled with the jn vivo findings of Gutsche et al (1984), who showed a
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