
AGE-RELATED CHANGES IN RENAL FUNCTION, MEMBRANE 

METABOLISM, TRANSPORTER ACTIVITY AND ABUNDANCE 

IN HYPOKALEMIC FISCHER 344 x BROWN-NORWAY F l RATS 

by 

SOMCHIT EIAM-ONG, B.S., M.S. 

A DISSERTATION 

IN 

PHYSIOLOGY 

Submitted to the Graduate Faculty of 
Texas Tech University Health Sciences Center 

in Partial Fulfillment of the Requirements 
for the Degree of 

DOCTOR OF PHILOSOPHY 

Advisory Committee 

Sandra Sabatini, Chairperson 
Peter A. Doris 

Raul Martinez-Zaguilan 
Thomas A. Pressley 

Donald E. Wesson 

Accepted 

Dean of (|(he Graduat^^Bchool of Biomedical Sciences 
Texas Tech University Health Sciences Center 

May, 1998 



Copyright 1998, Somchit Eiam-Ong 



ACKNOWLEDGMENTS 

I would like to express my deep gratitude to my advisor. Dr. Sandra Sabatini for 

her kind advice, professional guidance, frank, critical reading of my manuscript and her 

constant encouragement throughout this study. I also thank the other members of my 

committee. Dr. Donald E. Wesson, Dr. Thomas A. Pressley, Dr. Martinez-Zaguilan, and 

Dr. Peter A. Doris for their time and helpful suggestions. 

My sincere and warm appreciation is also expressed to Dr. Neil A. Kurtzman and 

the staff of The Combined Program in Nephrology and Renal Physiology at Texas Tech 

University Health Sciences Center for their kindness and provision the facilities used in 

experimental works and analysis. 

My special thanks would also express to Dr. Thomas A. Pressley, Department of 

Physiology, Texas Tech University Health Sciences Center and to Dr. Daniel Biemesderfer, 

Nephrology Division, Department of Internal Medicine, Yale University for their provision 

of techniques and the antibodies in Western Blot Analysis. 

Finally, I am extremely grateful to my parents, family, and friends for their support 

and encouragement. 

There is no doubt that my study could not have been completed without the grant 

support from the National Institutes of Health (#R01-DK-36199-12) and the graduate 

stipend from the Department of Physiology, Texas Tech University Health Sciences 

Center, Lubbock, Texas. 

11 



TABLE OF CONTENTS 

ACKNOWLEDGMENTS ii 

ABSTRACT vi 

LIST OF TABLES viii 

LIST OF FIGURES ix 

LIST OF ABBREVIATIONS xi 

CHAPTER 

L INTRODUCTION 1 

Hypotheses 6 

Rationale 8 

n. BACKGROUND INFORMATION 9 

Potassium Homeostasis 9 

Renal Regulation 13 

Consequences of Potassium Depletion 17 

Aging and Kidney 22 

m. MATERIALS AND METHODS 29 

Animal Preparations 29 

Renal Cortical Membrane Preparations 30 

Lipid Measurements 32 

Membrane Protein Electrophoresis and Immunoblotting 34 

Tubule Microdissection and Enzymatic Measurements 35 

Materials 38 

Statistical Analyses 38 

ni 



IV. RESULTS 39 

Effects of Aging on Metabolic Parameters in Control Animals 39 

Effects of Potassium Depletion on Metabolic Parameters in 

Young and Senescent Animals 39 

Effects of Aging on Renal Function in Control Animals 41 

Effects of Potassium Depletion on Renal Function in 
Young and Senescent Animals 41 
Efifects of Potassium Depletion on BBM and BLM Protein Content 
and Biosynthesis in Young and Senescent Animals 43 

Efifects of Aging on BBM and BLM Lipid Content and 
Phospholipid Biosynthesis in Control Animals 45 

Efifects of Potassium Depletion on BBM and BLM Lipid Content 
and Phospholipid Biosynthesis in Young and Senescent Animals .... 51 

Alpha I-Subunit Na,K-ATPase Protein Abundance in Young 
and Senescent Animals: Efifects of Potassium Depletion 53 

NHE-3 and NHE-1 Protein Abundance in Young and 
Senescent Animals: Efifects of Potassium Depletion 53 

Efifects of Potassium Depletion on Na,K-ATPase Activity in 
Cortical BLM Vesicles in Young and Senescent Animals 57 

Efifects of Aging on Microdissected Tubule Na,K-ATPase Activity 
in Control Animals 57 

Effects of Potassium Depletion on Microdissected Tubule 
Na,K-ATPase Activity in Young and Senescent Animals 60 

Efifects of Aging on Microdissected Tubule H-ATPase Activity 
in Control Animals 60 

Efifects of Potassium Depletion on Microdissected Tubule 
H-ATPase Activity in Young and Senescent Animals 62 

Efifects of Aging on Microdissected Tubule H,K-ATPase Activity 
in Control Animals 62 

Efifects of Potassium Depletion on Microdissected Tubule 
H,K-ATPase Activity in Young and Senescent Animals 64 

IV 



V. DISCUSSION 65 

Metabolic Data and Renal Function Studies 66 

Membrane Protein Metabolism ^^ 

Membrane Lipid MetaboHsm 77 

Sodium/ Hydrogen Exchangers 82 

Renal Tubular Adenosine Triphosphatases 85 

VI. CONCLUDING REMARKS 92 

BIBLIOCJRAPHY 95 



ABSTRACT 

Potassium depletion (-K) is a common electrolyte abnormality in elderly humans, 

occurring as a consequence of diuretic use or poor oral intake. The efifects of diet-induced 

hypokalemia on renal function, cortical brush-border (BBM) and basolateral membrane 

(BLM) protein and lipid metabolism, transporter activity and abundance were examined in 

non-obese male Fischer 344 x Brown-Norway Fl rats of 4 mo and 30 mo of age. These 

experiments were designed to examine whether age-associated changes occur in these 

parameters and whether the aged animals respond differently to potassium depletion as 

compared tq the young animals. Western blot analysis of the al-subunit Na,K-ATPase 

and sodium hydrogen exchanger-1 (NHE-1) in BLM as well as NHE-3 in BBM was 

determined. Adenosine triphosphatase (ATPase) activity was measured in membrane 

vesicles and three microdissected segments of the nephron (proximal convoluted tubule 

[PCT], cortical collecting tubule [CCT], and medullary collecting tubule [MCT]). In both 

age groups, potassium depletion decreased total body potassium content; plasma 

aldosterone fell while plasma cholesterol and muscle Na concentration increased. 

Hypokalemia caused a urinary concentrating defect in addition to a rise in urinary 

excretion of ammonium, titratable acid and phosphate. Blood urea nitrogen, plasma 

bicarbonate, and glucose increased significantly with -K, but only in the senescent rats. 

Fractional excretion of Na and CI also increased, but only in the young hypokalemic 

animals. The control aged rats had a 35% lower plasma aldosterone and a 42% higher 

plasma cholesterol as compared to their control young counterparts. Protein and 

VI 



phospholipid concentration and biosynthesis of BBM and BLM were measured after 

U- '̂̂ C-leucine and ^̂ P incorporation (24 hr), respectively. In the young animals, 

hypokalemia increased protein concentration in both membranes, but BLM biosynthesis 

fell. In the senescent group, hypokalemia did not change protein concentration, however, 

it decreased protein biosynthesis in both membranes. Phospholipid concentration and 

biosynthesis of BBM and BLM were altered selectively, both with aging and with 

potassium depletion. In BLM, the al-subunit Na,K-ATPase and NHE-1 protein 

abundance did not change with -K in either age group. In BBM, hypokalemia increased 

NHE-3 protein abundance only in the young animals. In the senescent rats, the rise in 

NHE-3 protein abundance to -K was blunted. Hypokalemia increased Na,K-ATPase 

activity in both BLM vesicles and all of the microdissected nephron segments. 

H,K-ATPase activity increased with -K in both CCT and MCT. In hypokalemic rats, 

H-ATPase activity in collecting tubule decreased as compared to the control. Aging 

selectively blunted the response of Na,K-ATPase activity in CCT and H-ATPase activity 

in MCT during hypokalemia. These results show that significant age-related changes occur 

in renal function, membrane protein and lipid metabolism, transporter activity and 

abundance during potassium depletion. These alterations likely explain some of changes in 

renal tubular function seen with hypokalemia. These findings may have important 

implications for elderly humans who either receive diuretics or have poor dietary intake. 
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CHAPTER I 

INTRODUCTION 

Potassium depletion is associated with a number of changes in renal function 

(Sansom and Giebisch, 1995). These alterations include a reduction of renal blood flow 

resulting from increased renal vascular resistance (Peterson, 1984); a reduction in 

glomerular filtration rate has often been reported (Sansom and Giebisch, 1995). With 

hypokalemia, there is also a renal concentrating defect (Raymond et al., 1985) and 

stimulated renal ammoniagenesis (Sastrasinh and Sastrasinh, 1988), however, phosphate 

excretion is thought to be normal. Activity of the following renal membrane transporters, 

Na,K-ATPase (Eiam-Ong et al., 1993; Hayashi and Katz, 1989), H,K-ATPase (Doucet 

and Marsy, 1987; Eiam-Ong et al., 1993) and Na/H exchanger (Seifter and Harris, 1984; 

Soleimani et al., 1990) have been noted to increase with potassium depletion. 

The primary function of a biological epithelial membrane is to precisely regulate 

the directional transport of various compounds across cells. Renal proximal tubular cells 

have a polarized surface membrane separated by tight junctions. These two membranes 

(brush-border and basolateral) are known to be functionally different (Barac et al., 1981). 

Knowing that integral membrane proteins associate with hydrophobic areas of the lipid 

bilayer (Bretscher et al., 1994; Unwin and Henderson, 1984), differences in the lipid 

composition of plasma membrane domains may selectively affect specific membrane 

protein fiinction. Alterations in membrane lipid composition and content can modulate 

various membrane properties, including enzyme and transporter activity, as well as 



receptor binding (Besson et al., 1996; Brumskill et al, 1991; Ginsberg et al., 1982; 

Ho and Cox, 1982; Levi et al., 1990; Missiaen et al., 1989; Yeagle, 1985; Yeagle et al., 

1988). 

Advancing age in humans and animals is associated with profound anatomic and 

fiinctional alterations in various systems, especially the cardiovascular and respiratory 

systems (Lakatta, 1995; Sparrow and Weiss, 1995). The kidney also participates in the 

aging process and the changes in renal function may be significant (Epstein, 1996; Palmer 

and Levi, 1996). These alterations include progressive loss of nephron mass, decrease in 

intra- and extrarenal hemodynamics, and abnormalities in electrolyte balance (Corman and 

Michel, 1987; Geokas et al., 1990; Kaplan et al., 1975). The precise molecular 

mechanisms for these changes remain unknown. The molecular basis for the numerous 

physiologic changes that occur with age also are not well understood. One mechanism 

which could clarify the diverse changes related to aging is an alteration in the cell 

membrane (Glossmann and Neville, 1971; Levi et al., 1989; Lewin and Timiras, 1984) and 

its biological properties (Cohen and Zubenko, 1985; Ho and Cox, 1982). Evidence for 

age-related changes in some cell membrane lipids and membrane-associated biological 

properties have been demonstrated (Cohen and Zubenko, 1985; Ho and Cox, 1982; Pratz 

and Corman, 1985; Zs.-Nagy, 1997). The ratio of cholesterol to phospholipid increases 

with senescence in most tissues including the kidney (Grinna, 1977; Levi et al., 1989; 

Pratz and Corman, 1985), liver (Cjrinna, 1977) and heart (Pratz and Timiras, 1984). 

Age-related changes in membrane lipid composition, per se, subsequently affects enzyme 

and transporter activity (Hegner, 1980; Pratz and Corman, 1985), as well as water and 



solute permeabilities (Pratz et al, 1987). Alkaline phosphatase, alpha-glucosidase and 

maltase activities (O'Bryan and Lowenstein, 1974; Peterson, 1984), and Na-dependent 

phosphate transport (Levi et al, 1989) are reported to decrease in the aged kidney. 

Whether such changes are found in other enzymes or transporters is not known. 

Na/H exchangers are affected by a variety of hormonal and pathophysiological 

stimuli (Noel and Pouysseger, 1995; Wakabayashi et al, 1997). It has been found that 

amiloride-sensitive Na/H exchange activity (̂ ^Na uptake) in brush-border membrane 

vesicles, isolated from male Wistar rat proximal tubule, was decreased in 24-mo-old 

animals, as compared to their 6-mo-old counterparts (Kinsella et al, 1987). This appears 

to be a selective change of aging as buffering capacity and sodium-dependent glucose 

transport from the same membrane vesicles were not significantly altered (Kinsella et al, 

1987). 

Acid-base status in elderly subjects is maintained in the normal range, and urinary 

acidification seems not to be different from that of healthy younger humans (Agarwal and 

Cabebe, 1980). In older humans, however, acid-excretory ability in response to acute 

exogenous acid loading is impaired (Agarwal and Cobebe, 1980; Adler et al, 1968; 

Nakhoul et al, 1994). Prolonged acid loading is associated vdth a more severe degree of 

metabolic acidosis as compared to similarly acid-loaded younger subjects (Hilton et al, 

1955). Similar findings have been noted in animals. In male 24-mo-old Wistar rats, a more 

severe metabolic acidosis occurred in response to an oral acid load, findings different from 

their young counterparts (6 mo old) (Prasad et al, 1988). In the aged animals, this was 

associated with a fall in ammonium excretion and normal titratable acid excretion. 



However, brush-border vesicles isolated from aged animals showed a rise in Na/H antiport 

activity identical to that seen in younger animals with acid loading (Prasad et al, 1988). 

Studies on the effects of aging on renal potassium balance in humans are 

incomplete. There appears to be a decrease in total body and exchangeable potassium, 

which is less profound in men than in women (Palmer and Levi, 1996). In response to 

exercise, plasma potassium increases more in the elderly than in younger subjects. In aged 

Fischer 344 rats (21-22 mo old), renal and extrarenal potassium homeostasis is also 

altered (Bengele et al, 1980). After adaptation to a high potassium diet, an additional KCl 

infusion showed that aged rats had a higher rise in plasma potassium and impaired 

kaliuresis. This was not apparent when animals were eating a diet containing normal 

potassium content. The impaired response was attributed to a fall in medullary 

Na,K-ATPase activity, however, measurements of enzyme activity in specific nephron 

segments were not made (Bengele et al, 1980). 

These observations led to the hypothesis that aging, per se, decreases the major 

transport ATPases in the nephron. This change may result in maladaptive responses when 

animals subjected to extremes of potassium handling as might be seen with chronic 

potassium depletion. Potassium depletion was examined because it is the one electrolyte 

disorder most commonly seen in elderly humans as a complication of diuretic use or poor 

oral intake. 

Recent studies in young Sprague-Dawley rats (175-200 g), have demonstrated that 

potassium depletion increases colonic H,K-ATPase (cHKA) protein abundance in renal 

microsomes (Kraut et al, 1997) and mRNA of cHKA in renal cortex (Wang et al, 1997). 



Additionally, protein abundance in brush-border membrane and mRNA levels in renal 

cortex of two Na/H exchangers (NHE-1 and NHE-3) were noted to be unchanged (Wang 

et al, 1997). To date, in vivo studies as to the effect of potassium depletion on these 

parameters in aged animals have not been reported. 

There are many areas of research into the fiindamental mechanisms of aging that 

cannot be studied in humans, and thus, animal models are needed (Sprott and Austad, 

1997). It is important to note that appropriate animal models should be selected carefully. 

Most aged animals (rodents) are obese, and therefore, interpretation of the results can be 

complicated by marked changes in the endocrine system that are known to occur 

(Nelson, 1995). To exclude questionable outcomes, the animals chosen for the present 

studies were Fischer 344 x Brown-Norway Fl rats (F344 x BNFl). These animals are non-

obese. An extensive cross-sectional study, designed to catalogue the pathology of Wistar, 

Sprague-Dawley, Brown-Norway, and Fischer 344 rats was conducted in both males and 

females of each genotype, and sacrificed at 6, 12, 18, 24 and 30^ months of age (Lipman 

et al, 1996). The results demonstrate that the offspring of F344 x BNFl rats showed the 

least pathologic abnormalities of any kind (Bronson, 1990; Lipman et al, 1996). Thus, 

this strain has been selected by the National Institutes of Aging as an aging model which is 

recommended for research directly applicable to humans. 

Early studies in young Sprague-Dawley rats indicate that potassium depletion 

stimulates renal medullary microsomal phospholipid synthesis in vitro experiments 

(Toback et al, 1977; Walsh-Reitz and Toback, 1983; Wilson et al., 1973). However, 

in vivo studies on the effects of potassium depletion on renal fiinction, membrane lipid and 



protein metabolism, activity and abundance of membrane enzymes and transporters 

(i.e., Na,K-ATPase, NHE-1, and NHE-3) have not been reported in detail. There are no 

such studies in the aged non-obese F344 x BNFl rats. As a resuh, the present experiments 

are the first designed to examine the efifects of diet-induced potassium depletion on these 

parameters and to determine whether the age-related changes occur in these senescent 

animals. 

Hypotheses 

Specific aims of these studies are to test the following four hypotheses : 

Hypothesis 1 : The following sub-hypotheses will be tested, (a) Potassium 

depletion results in a reduction of total body potassium concentration, (b) Hypokalemia 

reduces plasma aldosterone and causes metabolic alkalosis, azotemia, hyperglycemia, 

hypercholesterolaemia, salt wastage as well as urinary concentrating defect, (c) A decrease 

in creatinine clearance and a rise in urinary acid excretion are the consequences of 

potassium depletion, (d) Specific age-associated alterations occur with either control or 

potassium depletion. Aging decreases basal renal function, plasma phosphate and 

aldosterone; while plasma cholesterol and glucose increase. More profound effects 

responded to potassium depletion are expected in aged animals. Arterial blood chemistries, 

aldosterone, and muscle sodium and potassium concentration will be measured; studies of 

renal function also will be determined. 



Hypothesis 2 : Potassium depletion selectively increases renal membrane lipid and 

protein metabolism, and these alterations are higher in aged animals. Renal membranes 

(brush-border and basolateral) will be separated, and using ^̂ P and U-^^C-leucine 

incorporation (24 hr) to determine lipid and protein biosynthesis, respectively. Membrane 

lipids will be extracted and the concentration and biosynthesis of the major phospholipids 

will be measured; total protein content and biosynthesis will be determined. 

Hypothesis 3 : The following sub-hypotheses will be tested, (a) Potassium 

depletion increases Na,K-ATPase activity in BLM vesicles and proximal tubules, (b) The 

increases in renal membrane lipid composition induced by potassium depletion enhances 

the protein abundance of al-subunit Na,K-ATPase and Na/H exchanger-1 (NHE-1) in the 

basolateral membrane and of NHE-3 in the brush-border membrane, (c) These responses 

are blunted in aged animals. Membrane vesicles and proximal tubules will be isolated and 

Na,K-ATPase activity will be measured under Vmax conditions; membrane protein will be 

separated by electrophoresis and the abundance of al-subunit Na,K-ATPase, NHE-1 and 

-3 will be determined. 

Hypothesis 4 : The following sub-hypotheses will be tested, (a) Potassium 

depletion decreases Na,K-ATPase activity in collecting tubules whereas the activity in 

medullary collecting tubules increases, (b) Hypokalemia suppresses H-ATPase activity 

and stimulates H,K-ATPase activity in the collecting tubules, (c) Aging results in lower 

enzyme activity in control as well as following potassium depletion. Collecting tubules 

(cortical and medullary) will be microdissected and measurements of Na,K-ATPase, 

H-ATPase, and H,K-ATPase activities will be determined under Vmax conditions. 



Rationale 

Potassium depletion is a commonly occurring electrolyte abnormality especially in 

aged humans. It can result in life-threatening arrhythmias, rhabdomyolysis, as well as 

changes in renal function and membrane transport. The current studies were designed to 

examine the effects of potassium depletion on renal function, renal membrane (brush-

border and basolateral) lipid and protein metabolism, and membrane protein transporter 

properties (abundance and activity) in aged non-obese animals. The rodent model selected 

was one which most represents senescent humans, the offspring (Fl) of Fischer 344 x 

Brown-Norway rats at 30 mo of age. The findings obtained in these long-lived animals 

will be compared to their 4-mo-old weight-matched counterparts. After acclimatization, 

animals from each group were divided into two groups; control and potassium depletion. 

The control animals were fed a nutritionally complete diet of known composition for seven 

days while the potassium-depleted animals were fed a comparable diet lacking potassium 

for the same time interval 

These results will define the effects of potassium depletion on specific parameters 

of renal cortical brush-border and basolateral membranes and collecting tubule enzyme 

activity in the process of normal aging. These data should elucidate the relationship 

between membrane lipids, and protein transporter and enzyme properties providing new 

insight into the molecular mechanisms of the renal alterations associated with potassium 

depletion. 



CHAPTER n 

BACKGROUND INFORMATION 

Potassium Homeostasis 

Potassium is one of the most abundance cations in the body. Total body potassium 

has been estimated at 50 mEq/kg body weight. Ninety eight percent of the potassium ion 

in the body is within cells where its average concentration is 150 mEq/L. A high 

intracellular potassium is required for many cell fijnctions, including growth and division, 

the function of enzymes, acid-base balance, volume regulation, excitability and 

contraction. Only 2 % of total body potassium resides in the extracellular fluid, where its 

normal concentration is 4 mEq/L. The large concentration difference of potassium ion 

across cell membranes (146 mEq/L) is maintained by the modulation of the Na,K-ATPase 

pump. This gradient is important for maintaining the potential difference across cell 

membranes. Thus, an extracellular potassium concentration in a narrow range is critical for 

the excitability of nerve and muscle cells, as well as for the contractility of cardiac, 

skeletal, and smooth muscle cells. Hyperkalemia (extracellular potassium exceeds 5.5 

mEq/L) reduces the resting membrane potential and increases the excitability of neurons, 

cardiac and muscle cells. By contrast, hypokalemia (extracellular potassium is less than 3.5 

mEq/L) hyperpolarizes the resting membrane potential and reduces the excitability of the 

cells. Severe hypokalemia can lead to paralysis, cardiac arrhythmias, and death (Perrone 

and Alexander, 1994; Sansom and Giebisch, 1995). 



Internal Potassium Distribution: Factors Influencing the Distribution 
of Potassium between the Intracellular and Extracellular Fluid 

Physiologic : Maintain Plasma Potassium Content 

Epinephrine. Catecholamines afifect the distribution of potassium ion across cell 

membranes by activating a and P2-adrenergic receptors. Stimulation of a receptors 

increases plasma potassium, whereas stimulation of P2 receptors decreases plasma 

potassium. Alpha receptor activation post-exercise is important in preventing subsequent 

hypokalemia. The release of epinephrine during stress can rapidly lower plasma potassium 

(Perrone and Alexander, 1994; Sansom and (jiebisch, 1995). 

Insulin. Insulin stimulates potassium uptake into cells. The rise in plasma 

potassium after a K-rich meal is greater in patients with diabetes mellitus. Insulin is the 

most important hormone that shifts potassium ion into cells after ingestion of potassium 

from food (Perrone and Alexander, 1994; Sansom and Giebisch, 1995). 

Aldosterone. /Udosterone promotes potassium uptake into cell. A rise in 

aldosterone levels (i.e., primary aldosteronism) causes hypokalemia and a fall in 

aldosterone levels (i.e., Addison's disease) causes hyperkalemia (Perrone and Alexander, 

1994; Sansom and Giebisch, 1995). 

Pathophysiologic: Displace Plasma Potassium from Normal Levels 

Acid-Base Balance. Changes in acid-base status have important efifects on plasma 

potassium. For example, a metabolic acidosis increases plasma potassium and a metabolic 

alkalosis decreases it. Respiratory acid-base disorders do not appreciably afifect plasma 
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potassium. Plasma potassium increases 0.2 to 1.7 mEq/L every 0.1 unit fall in pH. The 

reduced pH promotes movement of hydrogen ion into cells and reciprocates movement of 

potassium ion out of cells to maintain cations across the cell membranes. Metabolic 

alkalosis has the opposite efifect (Perrone and Alexander, 1994; Sansom and Giebisch, 

1995). 

Plasma Osmolality. An increase in the osmolality of the extracellular fluid enhances 

potassium release by cells and thus increases plasma potassium. The plasma potassium 

level may increase by 0.4 to 0.8 mEq/L for a 10 mOsm/kg H2O elevation in plasma 

osmolality. Hypoosmolality has an opposite action (Perrone and Alexander, 1994; Sansom 

and Giebisch, 1995). 

Cell Lysis. Severe trauma (i.e., bum), tumor lysis syndrome, and rhabdomyolysis 

cause cell destruction and release of potassium into extracellular fluid. In addition, gastric 

ulcers may cause seepage of red blood cells into the gastrointestinal tract. The blood cells 

are digested, and the potassium released from the cells is absorbed, causing hyperkalemia 

(Perrone and Alexander, 1994; Sansom and Giebisch, 1995). 

Exercise. Potassium is released from skeletal muscle cells during exercise. Release 

of potassium and the ensuing hyperkalemia, depend on the degree of exercise. Plasma 

potassium increases by 0.3 mEq/L with slow walking and may increase up to 2.0 mEq/L 

with strenuous exercise. These changes in plasma potassium usually do not produce 

symptoms and are reversed after several minutes of rest. Exercise, however, can lead to 

potentially life-threatening hyperkalemia for patients with renal failure, certain endocrine 
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disorders, or who are on certain medications (Perrone and Alexander, 1994; Sansom and 

Giebisch, 1995). 

External Potassium Balance: Excretion by the Kidney 

The kidneys play the major role in maintaining external body potassium balance. 

Although dietary intake can vary widely, the average Western diet potassium amounts to 

approximately 60 to 100 mEq/d. Normally, 90 % of ingested potassium is absorbed and 

the remaining 10 % appears in the stool. Absorption of potassium by the gastrointestinal 

tract is not closely regulated under most circumstances, but net absorption may fall around 

50 to 60 % in patients with chronic renal failure. The diarrheal states can cause large 

volumes of stool loss and potassium secretion is then stimulated, resulting in hypokalemia 

(Giebisch et al, 1996; Field et al, 1994). 

The kidneys excrete 90 to 95 % of the potassium ingested in the diet. The equality 

between urinary excretion and dietary intake underscores the importance of the kidneys in 

maintaining potassium homeostasis. Potassium is not bound to plasma proteins, instead it 

is freely filtered by the glomerulus. Normally, urinary potassium excretion is 15 % of the 

amount filtered. When dietary potassium intake is augmented, potassium excretion can 

exceed the amount filtered, causing potassium secretion and hypokalemia ((jiebisch et al, 

1996; Field e ta l , 1994). 

The proximal tubule reabsorbs 67 % of the filtered potassium, and the loop of 

Henle, 20 %. In both segments there is a constant fraction of the amount filtered. In 

contrast to these segments, which are capable of only reabsorbing potassium, the distal 
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tubule and the collecting duct have the dual capacity to reabsorb and secrete potassium. 

The rate of potassium reabsorption, or secretion by distal nephron segments, is variable 

and depends on several hormones and other factors. When potassium intake is normal 

(100 mEq/d), potassium is secreted by these segments. A rise in dietary potassium intake 

increases potassium secretion such that the amount of potassium appearing in the urine 

may equal 80 % of the filtered load. By contrast, a low potassium diet activates potassium 

reabsorption along the distal tubule and collecting duct such that urinary excretion falls to 

1 % of the potassium filtered. The kidneys are not able to reduce potassium excretion to 

the same low levels as they are able to for sodium. Therefore, hypokalemia can develop in 

individual patients placed on a potassium-deficient diet ((jiebisch et al, 1996; Field et al, 

1994). 

Renal Regulation 

Secretion of potassium from blood into tubular fluid is a two-step process 

involving uptake across the basolateral membrane by the Na,K-ATPase pump and 

dififiasion of potassium from cell into the tubular fluid. The operation of the Na,K-ATPase 

pump creates high intracellular potassium, which provides the chemical driving force for 

the potassium exit across the apical membrane through potassium channels. Although 

potassium chaimels are also present in the basolateral membrane, potassium preferentially 

leaves the cell across the apical membrane and enters the tubular fluid for two reasons: 

(1) the electrochemical gradient of potassium across the apical membrane favors the 

downhill movement into the tubular fluid, and (2) the permeability of the apical membrane 

13 



to potassium is greater than that of the basolateral membrane (Giebisch et al., 1996; Field 

et al, 1994). 

Factors Influencing Renal Potassium Transport 

Regulation of potassium excretion occurs mainly as a result of alteration in 

potassium secretion by the principal cells of the distal nephron segments. The secretion of 

potassium can be modulated by hormones and major factors (Giebisch et al, 1996; Field 

et al, 1994). A summary of the major regulators is presented below. 

Plasma Potassium. Plasma potassium is an important determinant of potassium 

secretion by the distal tubule and collecting duct. Hyperkalemia rapidly stimulates 

secretion (in minutes) by activating the Na,K-ATPase pump and thereby increases 

potassium uptake across the basolateral membrane. This raises intracellular potassium and 

increases the driving force for potassium exit across the apical membrane. Hyperkalemia 

increases the permeability of the apical membrane to potassium and stimulates aldosterone 

secretion, which acts synergistically to enhance potassium secretion. Hypokalemia 

decreases potassium secretion by actions opposite to those described for hyperkalemia. In 

addition, hypokalemia stimulates the H,K-ATPase pump in the apical surface of distal 

nephron segments in order to reabsorb potassium from the tubular fluid and then diffuses 

through the basolateral membrane into extracellular fluid ((jiebisch et al, 1996; Field et 

al, 1994; Eiam-Ong et al., 1993). 
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Aldosterone. Aldosterone enhances potassium secretion by increasing the amount 

of Na,K-ATPase pump in principal cells. This raises cell potassium. Aldosterone also 

increases the driving force for potassium exit across the apical membrane and increases the 

permeability of the apical membrane to potassium. Stimulation of potassium secretion by 

aldosterone occurs after a 1-hour lag period and attains its highest level after 1 day. 

Aldosterone secretion is increased by hyperkalemia and angiotensin E and decreased by 

hypokalemia and atrial natriuretic peptide (Giebisch et al, 1996; Field et al, 1994). 

Flow Rate of Tubular Fluid. A rise in the flow rate of tubular fluid rapidly 

stimulates potassium secretion, whereas a fall in flow reduces potassium secretion. 

Alterations in tubular fluid flow influence potassium secretion by changing the driving 

force for potassium exit across the apical membrane. Diuretic drugs enhance potassium 

secretion by this mechanism. In contrast, a decline in tubular fluid flow facilitates the rise 

in tubular fluid potassium and thereby reduces secretion (Giebisch et al, 1996; Field et 

al, 1994). 

Antidiuretic Hormone (ADH). ADH decreases the driving force for potassium exit 

across the apical membrane of principal cells via the mechanisms that ADH increases 

tubular fluid reabsorption and reduces the flow. However, an abrupt fall in extracellular 

volume leads to marked anti-natriuresis and anti-diuresis (high ADH level); but these 

effects do not result in depression of potassium excretion because of the simuhaneous 

direct efifect of aldosterone to stimulate potassium secretion by the tubules (Giebisch et al, 

1996; Field e ta l , 1994). 
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Acid-Base Balance. Acute alterations in the plasma pH influence potassium 

secretion by the distal nephron segments. Alkalosis increases secretion and acidosis 

decreases secretion. Acidosis reduces potassium secretion by, at least, three mechanisms: 

(1) it inhibits the Na,K-ATPase pump, and decreases cell potassium, thereby reducing the 

driving force for potassium exit across the apical membrane, (2) it reduces the 

permeability of the apical membrane to potassium, and (3) it stimulates H,K-ATPase 

activity in the distal nephron segments and increases proton secretion subsequently 

enhancing potassium reabsorption. Alkalosis has the opposite effect. Metabolic acidosis 

may either inhibit or stimulate potassium excretion depending on the duration of the 

disturbance. The effect of metaboUc acidosis on potassium excretion is time-dependent. 

When a metabolic acidosis is prolonged for several days, urinary potassium excretion is 

stimulated. This occurs because chronic metabolic acidosis inhibits water and NaCl 

reabsorption by the proximal tubule, thereby increasing the flow of tubular fluid through 

the distal nephron. The rise in the flow rate offsets the effects of acidosis on cell potassium 

and apical membrane permeability such that urinary potassium secretion rises (Giebisch et 

al, 1996; Field e ta l , 1994). 

NaCl Concentration of Tubular Fluid. A rise in Na concentration stimulates 

potassium secretion, whereas a fall in concentration has the opposite efifect. Increasing Na 

in the tubular fluid enhances Na movement across the apical membrane of principal cells 

and increases intracellular Na concentration. This stimulates the Na,K-ATPase pump and 

accelerates potassium uptake across the basolateral membrane. This accentuates the 

favorable driving force for potassium exit across the apical membrane and thereby 
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enhances potassium secretion. The opposite occurs with a decrease in tubular fluid Na 

concentration. It appears that chloride concentrations in tubular fluid below 10 mM are 

always associated with an increase in net potassium secretion. A possible explanation for 

this observation is that potassium exits across the apical membrane, via potassium chloride 

cotransporter in the potassium-secreting nephron segments. The lower chloride 

concentration of the tubular fluid favors the driving force for chloride to coexit into the 

lumen with potassium ((jiebisch et al, 1996; Field et al, 1994). 

Consequences of Potassium Depletion 

Clinical Sequelae 

Mild hypokalemia (plasma potassium between 3.0 and 3.5 mEq/L with a potassium 

deficit of 150 to 350 mEq) is often completely asymtomatic. Some patients exhibit fatigue, 

weakness, muscle cramps, and rare myalgia. The most serious effects, however, involve 

the heart. Digitalis toxicity can be provoked in patients treated with cardiac glycosides, 

which increases a risk of ventricular arrhythmias, especially in patients with underlying 

heart disease. Patients who sustain an acute myocardial infraction have a higher incidence 

of ventricular tachycardia or fibrillation. Mild glucose intolerance, secondary to impaired 

pancreatic insulin release, is commonly found with this degree of potassium depletion, and 

blood pressure may worsen in hypertensive patients (Giebisch et al., 1996; Field et al, 

1994). 
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Moderate depletion (plasma potassium between 2.5 and 3.0 mEq/L with a deficit 

of 350 to 550 mEq) can result in rhabdomyolysis due, in part, to the absence of exercise-

induced vasodilation. Reduced gastrointestinal tract motility results in constipation; 

polyuria and polydipsia reflect a defect in renal concentrating ability. Encephalopathy can 

be provoked in patients with underiying hepatic disease as a result of a hypokalemic 

induced renal ammonia production. Patients whose plasma potassium is approximately 

3.0 mEq/L will often manifest electrocardiogram (EKG) changes typical of hypokalemia. 

These include a flattened T wave, a depressed ST segment, and the appearance of 

prominent U waves. These changes usually do not signal a cardiac abnormality of clinical 

importance (Giebisch et al, 1996; Field et al, 1994). 

Severe potassium depletion (plasma potassium <2.5 mEq/L and a potassium deficit 

of >550 mEq) can result in ileus and present with other abnormalities of smooth muscle 

tone. In addition, there is a risk of muscular paralysis with life-threatening respiratory 

insufficiency. Acid-base status is abnormal and may be expressed as either alkalosis or 

acidosis. Long-standing potassium depletion can result in interstitial nephritis and may lead 

to chronic renal failure (Giebisch et al, 1996; Field et al, 1994). 

Hypokalemic Nephropathy 

Hypokalemia nephropathy is a term which describes the abnormalities in renal 

structure and function associated with potassium depletion. The severity of the renal 

derangements depends on the duration and degree of the potassium depletion (Kamel et 

al, 1996; Krishna et al, 1994; Tannen, 1995). 
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Structural Derangements. The histologic abnormalities of potassium depletion are 

variable depending on the species. In humans and dogs, the characteristic findings are 

vacuolization of proximal and distal tubular cells. The medullary cytoplasmic droplet that 

is so characteristic of hypokalemia in rats, has rarely been identified in humans. Chronic 

hypokalemia from hyperaldosteronism is associated with renal cyst formation and 

interstitial scarring. The number and size of cysts in these patients decreased following 

correction of hypokalemia. In rats, the aforementioned cytoplasmic droplets in distal 

nephron contain small vesicles and condensed areas of membrane laminae, the latter being 

secondary to an increase in medullary phospholipid synthesis (Kamel et al., 1996; Krishna 

et al, 1994; Tannen, 1995). 

Functional Derangements. Potassium depletion is responsible for several defects in 

renal function, including a reduction of glomerular filtration rate (GFR) and renal blood 

flow resulting from vasoconstriction. In humans, a fall in GFR appears to require 

prolonged potassium depletion, and, as in animals, GFR returns to normal with potassium 

repletion. As stated, however, severe and prolonged potassium depletion can produce 

chronic interstitial nephritis with permanent impairment of renal fiinction (Kamel et al, 

1996; Krishna et al, 1994; Tannen, 1995). 

A variety of alterations in renal tubular fiinction can accompany potassium 

depletion. There is an adaptation in the renal capacity to conserve potassium, which 

reduces urinary potassium excretion to less than 10 mEq/day. This adaptive phenomenon 

is reflected by a decrease in potassium secretion along with enhanced potassium 

reaborption at distal nephron sites. This enhanced reabsorption appears to be mediated by 
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increased activity of H,K-ATPase and possibly also luminally located Na,K-ATPase 

(Kamel et al, 1996; Krishna et al, 1994; Tannen, 1995; Eiam-Ong et al, 1993). 

Changes in external potassium balance also produce striking alterations in urinary 

sodium excretion. There may be sodium retention or sodium chloride wastage. The 

mechanism by which potassium depletion induces sodium retention is not clear. This 

phenomenon occurs independently of changes in cathecholamines, aldosterone, and renal 

hemodynamic alterations. Potassium depletion directly influences proximal tubular sodium 

reabsorption, which helps in conserving potassium by limiting distal sodium-potassium 

exchange. By contrast, potassium depletion causes hyponatremia and sodium chloride 

wastage by inhibiting sodium-potassium-chloride cotransporter in the thick ascending limb 

of Henle loop (Amlal et al, 1997). 

Pure potassium depletion can cause metabolic alkalosis in humans as well as in 

rats. Factors that appear to account for the development and maintenance of metabolic 

alkalosis include a reduction in GFR and enhanced bicarbonate reabsorption by the 

proximal tubule. Potassium depletion stimulates proton secretion by the collecting tubule 

mediated by an increase in H,K-ATPase activity (Eiam-Ong et al, 1993) and an increase 

in renal ammonia production. Potassium depletion increases ammonia production via 

activation in the activity of phosphate-dependent glutaminase (Sastrasinh and Sastrasinh, 

1986). 

An impairment in urinary concentrating ability is one of the most consistent 

abnormalities noted during potassium depletion. Tubular cell responsiveness to ADH 

decreases during hypokalemia via an alteration in the adenylate cyclase system. A fall in 
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medullary interstitial osmolyte accumulation as well as a downregulation in cortical and 

medullary aquaporin-2 water channel are also observed with hypokalemia. These changes 

result in polyuria and decrease urine osmolality (Kim et al, 1984; Nakanishi et al, 1996; 

Marples et al, 1996). 

A decrease in aldosterone levels or secretion is noted with potassium depletion. 

Small changes in plasma potassium concentration can afifect aldosterone secretion and a 

reduction of approximately 0.5 mEq/L has been observed to cause as much as a 50% fall 

in plasma aldosterone levels. Hypokalemia directly inhibits aldosterone secretion both in 

vivo and in vitro (Eiam-Ong et al.,1993; Kamel et al., 1996; Krishna et al, 1994; Tannen, 

1995). 

Potassium depletion decreases aldosterone level and causes natriuresis and 

diuresis. This stimulates plasma renin activity and, in turn, increases sodium reabsorption. 

With chronic potassium depletion, sodium retention ensues, and subsequently decreases 

plasma renin activity. It appears that potassium depletion modified plasma renin activity, 

in part, by direct stimulation and indirect suppression through sodium retention. The 

divergent responses noted in various studies may represent the net effect of these 

opposing forces (Kamel et al, 1996; Krishna et al, 1994; Tannen, 1995). 

Potassium intake plays a critical role in blood pressure regulation. Populations 

ingesting diets low in potassium are more susceptible to the development of hypertension. 

During potassium depletion, normotensive subjects can be sensitized to hypertensive 

status with sodium loading. Dietary potassium supplementation from natural foods 

reduces the need for antihypertensive medication. The mechanism underlying the increase 
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in blood pressure during potassium depletion is not well understood. Sodium retention 

plays an important role to develop hypertension. Alterations in plasma potassium 

concentration directly influence vascular tone. Potassium supplementation enhances the 

endothelium-dependent relaxation of the aorta of hypertensive Dahl rats (Kamel et al, 

1996; Krishna et al, 1994; Tannen, 1995). 

Aging and Kidney 

Aging refers to the postmaturational deterioration of the organism which is 

associated with a number of structural and functional changes. The geriatric population 

(> 65 years of age) is now the most rapidly growing segment for our society. Currently, 

the elderly represent more than 12.6% of the United States population, but they account 

for 40% of all hospital admissions and one-half of all emergency surgical procedures 

performed in this country (Zawada et al, 1995). Whereas, the total United States 

population is predicted to increase by 40% over the next 50 years, the population over 

ages 65, 75, and 85 years v^ll increase by 115%, 200%, and 350%, respectively (Zawada 

et al, 1995). Thus, centers and training programs in geriatric medicine have been 

developed to care for the special needs of the aged. With advancing age, deterioration 

occurs in most physiological systems of humans and animals. The outstanding 

physiological differences between young and old are the reduced ability to meet challenges 

and the reduced functional capacity of the physiological systems. The kidney is not 

immune to these alterations, however, even in the absence of discernible disease, there is a 
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marked heterogeneity in age-associated physiological changes within a given population 

(Lindeman, 1985; Palmer and Levi, 1996; Epstein, 1996). 

Age-Related Changes in Renal Anatomy 

Advancing age in humans is associated with progressive loss of renal mass, 

primarily in cortex. The total number of identifiable glomeruli falls with age, in accordance 

with the changes in renal weight. The number of hyalinized or sclerotic glomeruli 

increases. Changes also occur in the intrarenal vasculature vdth age, independent of 

hypertension or other renal diseases. Hyalinization and collapse of the glomerular tuft are 

associated v^th obliteration of the lumen of the preglomerular arteriole and a consequent 

loss of blood flow. The development of anatomic continuity between afferent and efferent 

arterioles occurs during glomerular sclerosis (Lindeman, 1985; Palmer and Levi, 1996; 

Epstein, 1996). 

Age-Related Changes in Renal Function 

Renal blood and plasma flow decrease progressively with aging. This could be 

explained by either intraluminal vascular pathology (atheromata, sclerosis) or increased 

renal vascular resistance caused by arteriolar vasoconstriction. The aging kidney 

vasculature does respond to vasoconstriction and vasodilatation, however, the response to 

vasodilatation is markedly blunted. An increase in renal blood flow appears responsible for 

the rise in GFR, only in the young subjects seen after a protein loading (Lindeman, 1985; 

Palmer and Levi, 1996; Epstein, 1996). 
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Cross-sectional studies have been shown a progressive age-related decline in the 

GFR after age of 30 to 40 years in men and women. In the setting of hypertension or 

diabetes mellitus, this decline is further magnified. The fiindamental glomerular change in 

the aging kidney is glomerular basement membrane thickening, resulting in 

glomerulosclerosis. Biochemical changes in the basement membrane have been identified 

with aging. These include an increase in hydroxylated proline and lysine and an increase in 

hexose and hexosamine. These changes render the basement membrane more like type IV 

collagen, resulting in a lower solubility. The latter leads to the impaired ability of the 

mesangium to maintain normal glomerular basement membrane architecture. The aging 

kidney has evidence of increased cholesterol content which is associated with age-related 

increase in the incidence of glomerulosclerosis and a fall in GFR (Lindeman, 1985; Palmer 

and Levi, 1996; Epstein, 1996). 

Aging reduces the secretory and reabsorptive tubular maxima. This may be 

explained simply by a progressive loss in fiinctioning nephrons. However, studies in aged 

animals reveal other explanations are possible. Tubular cells of senescent animals contain 

fewer energy-producing mitochondria, a lower concentration of total or sodium-

potassium-activated adenosine triphosphatase (Na,K-ATPase), a reduced oxygen 

consumption, and a decreased tubular transport capacity (Lindeman, 1985; Palmer and 

Levi, 1996; Epstein, 1996). 

A decrease in concentrating ability wdth aging is well documented. Elderly subjects 

have reduced ability to change urine flow rate, urine osmolality, or osomolar clearance 

following 12 hr of water restriction. Basal and stimulated ADH secretion are not impaired. 
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The decrease in concentrating ability of old subjects is thought the result of a decrease in 

medullary hypertonicity rather other defects (Lindeman, 1985). 

Under basal conditions, senescent subjects can maintain their acid-base 

homeostasis in normal range as do young counterparts. However, an acid-excretory ability 

in response to acute acid loading is impaired in the elderly. A more severe metabolic 

acidosis occurs with prolonged acid loading. The failure of net acid excretion appears due 

more to reduced ammonium excretion than to decreased titratable acid excretion. 

Ammoniagenesis in isolated proximal tubule segments from acid-loaded aged rats is about 

one-half that of the young rats (Agarwal and Cabebe, 1980; Adler et al, 1968; Nakhoul et 

al, 1994; Prasad et al, 1988). 

Age-Related Changes in Fluid and Electrolyte Balance 

Hyponatremia is a more frequent problem in the elderly and is the result of 

impaired sodium conservation. The decrease in aldosterone at least partially explains the 

reduced ability of the elderly to conserve sodium, especially when challenged with a low-

salt diet. In normal elderly humans, circulating atrial natriuretic peptide (ANP) is 

substantially higher than that observed in healthy young adults. The elevated level may 

play a role in the salt-losing tendency of the aging both directly by its natriuretic effect and 

indirectly by suppressing renin and aldosterone synthesis and release. Healthy aged rats 

show a comparable plasma ANP levels to their young controls; ANP biosynthesis also 

appears identical. During volume expansion, however, aged rats have a blunted rise in 

plasma ANP levels and synthesis. As renal function decreases in senescence, assuming 
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that food and salt intake are reasonably maintained, the solute load per residual functional 

nephron increases, thus producing a relative osmotic diuresis which impairs the ability to 

conserve sodium (Lindeman, 1985). 

There appears to be a decrease in total body and exchangeable potassium, with 

aging, which is less profound in men than in women. The low renin and aldosterone levels 

could also account for the greater tendency of older individuals to develop hyperkalemia 

when receiving potassium supplements. Drugs that interfere with the aldosterone-

dependent tubular secretion of potassium in the distal tubule include the potassium-sparing 

diuretics (spironolactone, triamterene, and amiloride), the beta-adrenergic blockers, the 

angiotensin-converting enzyme (ACE) inhibitors, and the non-steroidal antiinflammatory 

agents. However, patients can become more severe hypokalemia if they receive a loop 

diuretic drug. In response to exercise, plasma potassium increases more in the elderly than 

it does in young subjects. The kaliuresis response to high potassium loading is impaired in 

senescence as well (Lindeman, 1985; Palmer and Levi, 1996; Epstein, 1996). 

Hospital admissions of patients over 60 years accounted for 1% who developed 

hypematremia due to dehydration. A decrease in the renin-angiotensin-aldosterone system 

in the elderly may afifect the development of dehydration, since decreased angiotensin 

results in impaired secretion of ADH. Moreover, the thirst response, as well as pituitary 

and renal response, to 24 hr of water deprivation is impaired with aging. Older persons 

also can develop hyponatremia with normal volume status. One explanation for this may 

be related to an increase in osmoreceptor sensitivity v^th a greater release of ADH, and 
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more water retention in response to a given osmotic stimuli (Lindeman, 1985; Palmer and 

Levi, 1996; Epstein, 1996). 

Aging and Kidney Diseases 

The inability of the kidney to excrete (through the process of glomerular filtration 

and filtrate reabsorption/secretion in the tubular system) the normal load of metabolites 

produced by the body can result in acute or chronic renal failure. Tubulointerstitial 

nephropathies are the most common causes of acute renal failure with acute tubular 

necrosis and acute interstitial nephritis being the major etiologies. The tubulointerstitial 

nephropathies are characterized by, in addition to renal insufficiency, an impaired ability to 

concentrate the urine, to excrete potassium and hydrogen ions and to conserve sodium. 

These alterations are such that polyuria, hyperkalemia, metabolic acidosis and salt wastage 

result. Often they appear to be out of proportion to the impairment in GFR. (Lindeman, 

1985; Palmer and Levi, 1996; Epstein, 1996). Which the mechanisms are doubtless 

multifactorial, the apical and basolateral membranes provide the link between the tubular 

fluid and renal interstitium. It is across these membranes that solute and nutrient transport 

must occur in a precisely integrated fashion. 

The frequency of arthritis and arthralgia in the elderly increases the risk of long-

term analgesic use and abuse. The non-steroidal antiinflammatory drugs (NSAIDS) inhibit 

vasodilatory protaglandins which reduces medullary blood flow and inhibits the hexose 

monophosphate shunt. This leads to oxidative injury of medullary cells, frequently causing 

chronic interstitial nephritis and ultimately papillary necrosis leading to renal insufficiency, 
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mild proteinuria, and hypertension, which is often severe. The lesions are dose- and 

duration-dependent (Lindeman, 1985; Palmer and Levi, 1996; Epstein, 1996). 

Renal artery stenosis is common in the elderly and is usually due to atherosclerosis. 

Occlusive arterial disease can cause either acute or chronic renal failure. Renal arterial 

cholesterol embolization or thrombosis may occur in patients with acute myocardial 

infarction, chronic atrial fibrillation and subacute bacterial endocarditis (Lindeman, 1985; 

Palmer and Levi, 1996; Epstein, 1996). 
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CHAPTER HI 

MATERIALS AND METHODS 

Animal Preparations 

Non-obese male Fischer 344 x Brown-Norway Fl rats (F344 x BNFl) 

(300-340 g), 4 mo and 30 mo of age, were obtained from the National Institute of Aging . 

The rats were then divided into two groups: Control (C) and potassium depletion (-K). 

The control group was fed a normal potassium diet and tap water, whereas the -K group 

received an isocaloric-semisynthetic potassium-deficient diet (ICN, Pharmaceuticals, Inc., 

Costa Mesa, CA) for 7 days. The drinking solution was 0.3% NaCl 

On the day before the experiment animals were anesthetized as previously 

described (Sabatini et al, 1990). The rats were injected with ^̂ P (Na salt, 50 pCi/rat) and 

U- '̂̂ C-leucine (0.6 Ci/rat), intravenously, and then placed in metabolic cages for a 24-hr 

urine collection. After 24 hr, the rats were re-anesthetized, and blood samples were 

obtained from the aorta for measurement of blood pH, pC02, electrolytes and hormones. 

The kidneys were removed for the biochemical studies described below. Arterial pH, 

pC02, and urine and plasma electrolytes were measured using standard methods 

previously described by our laboratory (Sabatini et al, 1990). Samples were taken from 

the quadriceps femoris muscle and intracellular potassium and sodium concentration was 

measured after wet ashing at 100° C for 18 hr in concentrated HNO3/H2SO4 as described 

(Gutsche et al, 1984). Plasma aldosterone concentration was determined by 

radioimmunoassay (COAT-A-COUNT®; DPC, Los Angeles, CA). Titratable acid 

29 



concentration was assessed by the amount of 0.1 N NaOH used to titrate I ml of urine 

from urine pH up to pH 7.4. Urine ammonium concentration (after conversion to 

ammonia) was measured by an ion analyzer (model 255, CIBA- CORNING) and ammonia 

gas-sensing electrode (model 95-12, Orion Research Inc., MA). 

Renal Cortical Membrane Preparations 

Vesicles from brush-border (BBM) and basolateral membrane (BLM) were 

prepared from rat renal cortex by previously described methods (Grassl et al, 1986; 

Hilden et al., 1989). In brief, the F344 x BNFl rats were sacrificed with pentobarbital 

sodium anesthesia (50 mg/kg body weight, i.p.). The kidneys were removed and 

immediately placed in isotonic buffered solution containing 200 mM sucrose, 25 mM 

K-gluconate, 2 mM disodium ethylenediamine-tetraacetate (EDTA), and 10 mM 

A^-2-hydroxyethylpiperazine-A/ '̂-2-ethanesulfonic acid (HEPES); pH 7.6, with tetra-

methylammonium (TMA) hydroxide (4°C). The cortex was first separated from the 

medulla, and tissue from the two kidneys were pooled. The sample was then added with 

the above solution to 5 ml/g weight kidney and homogenized with a Teflon pestle-glass 

homogenizer. The homogenate was then centrifuged at 17,500 rpm (Beckman SW 28; 

40,525g) for 30 min (4°C). When making BLM, a preliminary centrifugation of the 

homogenate at 3,000 rpm (SW 28; 1,000 g) for 10 min was performed and the pellet 

discarded (Grassl et al, 1986). The 17,500 rpm precipitate was used to make BBM or 

BLM as outlined below. 
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^ J^B^ The pellet was resuspended in 25 mM K-gluconate, 2 mM ethylene 

glycol-bis (P-aminoethyl ether) -N, N, N] TV '̂-tetraacetic acid (EGTA), and 10 mM HEPES 

(pH 7.6, with KOH) and homogenized with three strokes of a Teflon pestle-glass 

homogenizer (4°C) (Hilden et al, 1989). Subsequently, 0.3 ml of 1 M MnCl2 was added 

and the homogenate diluted to 30 ml with the resuspension medium. After stirring on ice 

for 20 min, the solution was centrifijged at 4,000 rpm (SW 28; 2,117g) for 10 min and 

the pellet was discarded. The supernate was again centrifuged at 19,000 rpm (SW 28; 

47,770g) for 30 min, and the resulting pellet contained the purified BBM (Hilden et al, 

1989). Average enrichment in specific activity (final pellet/initial homogenate) of 

y-Glutamyl-transferase, a brush-border membrane marker, was 10.68±0.45 (n = 10), 

a value statistically identical to one reported by others (Glossmann et al, 1971). Protein 

concentration of BBM ranged from 9 to 13 mg/ml (n = 10). 

2. BLM The lower brown part of the 17,500 rpm pellet was discarded and the 

upper part was suspended in the homogenizing solution (Grassl et al, 1986). This mixture 

was centrifiiged at 18,500 rpm (SW 28; 45,289g) for 30 min. The upper part of this 

pellet (crude membrane) was resuspended in an aliquot of the homogenizing medium. 

A solution containing 4 g Percoll and 19 g homogenizing medium was prepared to which 

2 ml crude membrane suspension was added followed by centrifugation at 19,000 rpm 

(Beckman Ti 50.2 rotor; 32,81 Ig) for 40 min to form a gradient (4°C). The distinct 

upper band in the upper half of the gradient was aspirated and pooled. These pooled 

fractions were then centrifiiged at 45,000 rpm (Ti 50.2; I84,048g) for 60 min to remove 

the Percoll. The purified BLM was found above a hard Percoll pellet (Grassl et al., 1986). 
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Average enrichment in control animals of Na,K-ATPase specific activity, a basolateral 

membrane marker, was 11.59±0.89 (n = 10), a value reported by other (Grassl et al, 

1986). Protein concentration of BLM ranged from 3 to 5 mg/ml (n = 10). 

Na,K-ATPase activity was measured as the difference in activity found in the 

presence and absence of ouabain (Sabatini et al, 1990). Gamma-glutamyltransferase 

activity was measured by standard method of the International Federation of Clinical 

Chemistry (IFCC) (CIBA-CORNING, Express Plus). Protein concentration was 

measured according to the Biuret method (CIBA-CORNING, Express Plus) after 

precipitation with 10% trichloroacetic acid and hydrolyzed in 0.5 N NaOH. 

Lipid Measurements 

Total lipids were extracted from both BBM and BLM as previously described 

method (Davison and Wajda-Spohn, 1961). Pelleted fractions were extracted with 

chloroform-methanol (2:1, v/v), filtered to remove non-lipid substances and the filtrates 

washed by partitioning between non-lipid (upper, aqueous) phases and the lipid containing 

(lower, chloroform-rich) phases. The proportion of solvents was maintained at 4 parts of 

chloroform-methanol (2:1, v/v) mixture to 1 part of water. This procedure removes non

lipid, water soluble radioactive contaminants from the radiolabeled chloroform-soluble 

lipids. Total lipid extracts were divided into aUquots for the determination of cholesterol, 

total lipid, separation of individual phospholipids by thin layer chromatography (TLC), and 

counting of radioactivity. 
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For cholesterol, the sample was evaporated to a residue under nitrogen gas and 

determined colorimetrically using a modification of the Leiberman-Burchard reaction 

(Sperry and Webb, 1970). The cholesterol residue was hydrolyzed with alcoholic KOH, 

precipitated with digitonin. The precipitate was resuspended in glacial acetic acid and 

color developed after addition of Lieberman-Burchard reagent (20 parts of ice-cold acetic 

anhydride: I part of concentrated sulfuric acid). 

The individual phospholipids were separated by TLC (Cuzner and Davison, 1967). 

Dry lipid residues, resuspended in 20 |il of chloroform-methanol (2:1, v/v), were applied 

as narrow streaks to Silica Gel G plates (Fisher brand, 250 pm thickness). The plates 

were developed in chloroform/ methanol/ ammonia (17:7:1, v/v/v). This system results in 

the quantitative separation of sphingomyelin (Spm), phosphatidylcholine (PC), 

phosphatidylethanolamine (PE), and phosphatidylserine (PS). After development, the 

chromatograms were allowed to dry and then were exposed to iodine vapor. The 

individual phospholipids were identified using co-chromatography of authentic standards 

(obtained from Sigma, St. Louis, MO). Areas of silica gel containing phospholipids were 

scraped and ashed with 60% perchloric acid. 

Phospholipid calculations are based on the assumption that, after converting lipid 

phosphorus to inorganic phosphate (Pi) by ashing (Davison and Wajda-Spohn, 1961), 

each phospholipid molecule yields 1 atom of Pi. The clear digests were diluted with water 

and used for determination of radioactivity and of phosphorus. Phosphorus content was 

measured by method of Daly and Ertingshanson (CIBA-CORNING, Express Plus) 

according to IFCC standard using H2SO4 and ammonium molybdate reagents after 60% 
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perchloric acid digestion. Aliquots of 0.25 ml were counted for lipid "̂̂P activity and the 

remainder used for phosphorus content estimation. Aliquots of 0.5 ml hydrolyzed protein 

were counted for total protein "̂̂C activity. Radioactivity was counted in a Beckman 

model LS 3801 liquid scintillation counter for 10 min. For counting, samples were mixed 

with 5 ml ScintiVerse™ (Fisher Biotech). Results were corrected for machine efficiency 

and quenching; samples less than twice background were rejected. 

Membrane Protein Electrophoresis and Immunoblotting 

Alphal-Subunit Na.K-ATPase Protein Abundance 

BLM protein (20 |ig) samples from the control and -K of each age group were 

separated by 7.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) (Laemmli, 1970) and then transferred to nitrocellulose paper (Trans-Blot® 

Transfer Medium, Bio-Rad Lab., CA) by electroblotting (Towbin et al, 1979). The 

quantity of protein in each lane as well as the efficiency of transfer was confirmed by 

staining with Ponceau S. Western blots were probed with antibodies as described 

(Pressley, 1992) using anti-NASE (dilution 1:500), an affinity-purified rabbit polyclonal 

antibody known to recognize an isoform-specific region of rat al-subunit of the 

Na,K-ATPase near the adenine nucleotide binding site (Pressley et al, 1986). Its name 

(NASE) is defined from part of the target amino acid sequence. Antibody-antigen 

interactions were detected via peroxidase-conjugated goat anti-rabbit immunoglobulin G 

followed by chemiluminescence and visualization on Hyperfihn ECL (Amersham, 

Arlington Heights, IL). 
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NHE-1 and NHE-3 Protein Abundance 

Membrane fractions (60 (ig of BLM and 100 |ig of BBM) were solubilized in 

sample buffer and separated by SDS-PAGE using 7.5% polyacrylamide gels according to 

Laemmli (1970). Proteins were transferred to polyvinylidiene difluoride (PVDF, Millipore 

Immobilon-P) at 300 mA for 8 hr at 4°C and stained with Ponceau S. Strips of PVDF 

were incubated first in Blotto (5% nonfat dry milk in PBS, pH 7.4) for 1 hr, to block 

nonspecific binding of antibody, followed by overnight incubation (4°C) in primary 

antibody (anti NHE-1 or anti NHE-3 antibody) (Biemesderfer et al, 1992; Biemesderfer 

et al., 1993), diluted 1:600-1:2000. The blots were then washed in Blotto and incubated 

v^th horseradish peroxidase-conjugated goat anti-mouse immunoglobulin G (Zymed, San 

Francisco, CA). Bound mouse IgG was detected by chemiluminescence and visualization 

on Hyperfilm ECL (Amerisham, Arlington Heights, EL). 

Tubule Microdissection and Enzymatic Measurements 

Proximal convoluted tubules (PCT), cortical (CCT) and medullary collecting 

tubules (MCT) were microdissected as previously described (Sabatini et al, 1990). In 

brief, the left renal artery was cannulated and the kidney was perfused for 15-20 min in 

situ at a rate of 0.7 ml/min with a balanced salt solution containing 400U/ml collagenase, 

4 °C, pH 7.4. The kidneys were then cut along the cortico-papillary axis and incubated in 

5 ml of collagenase-albumin containing Hank's solution at 37 °C for 15 min and 

continuously bubbled with compressed air (3 psi). After incubation, the pyramids were 

rinsed and segments of PCT, CCT and MCT were microdissected and measured. If 
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H,K-ATPase activity was measured an additional step was performed to remove the 

extracellular potassium; nephron segments were incubated for 15 min at 37°C (pH 7.4) 

in potassium-free buffer (Sabatini et al, 1990; Dafhis et al, 1992). If other enzymes were 

measured (i.e., Na,K-ATPase or H-ATPase), this step was omitted (Dafiiis et al, 1992; 

Mujais, 1987; Mujais e ta l , 1985). 

The segments were then permeabilized using a two-step hypotonic-hypothermic 

shock and ATPase activity was determined using y^^P-labeled ATP (37 °C, 15 min, 

pH 7.4) as previously described (Sabatini et al, 1990). H-ATPase, H,K-ATPase and 

Na,K-ATPase were measured by radiochemical method of Doucet and Marsy (1987) and 

Khadouri et al. (1989, 1991), as subsequently described by our laboratory (Sabatini et al, 

1990; Dafiiis e ta l , 1992). 

Na,K-ATPase activity was measured as the oubain-sensitive Na,K-dependent 

ATPase. ATPase activity was first measured in buffer containing 50 mM NaCl, 5 mM 

KCl, 10 mM MgCl2, 1 mM EGTA and 100 mM TrisHCl High specific activity [ŷ P̂ ] 

ATP (2-10 Ci/mmol) was added in tracer amounts (10 nCi/pl) to 12 mM vanadium-free 

ATP. After incubation (15 min), the reaction was stopped by placing the tubules on ice; 

this was followed immediately by the addition of 7 pi of a 10%-activated charcoal 

suspension in 5% trichloroacetic acid (4 °C). Activated charcoal was used to bind the 

unhydrolyzed ATP, and the labeled inorganic phosphate was separated under vacuum by 

rapid Millipore ® (Millipore corp., MA) filtration coupled with a wash of 0.1% phosphate 

buffer (1 ml), pH 6.0, at 4 °C. To determine the ouabain-sensitive Na,K-ATPase, sodium 

and potassium were replaced with 50 mM Tris HCl, and 2 mM ouabain was added to the 
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buffer. Na,K-ATPase is defined as the difference in ATPase activity found in the presence 

and absence of ouabain (Sabatini et al, 1990; Dafiiis et al, 1992). 

H-ATPase activity was measured as the N-ethylmaleimide (NEM)-sensitive 

H-ATPase. ATPase was first measured in a sodium- and potassium-free buffer containing 

150 mM Tris HCl, 10 mM MgCl2, I mM EGTA, 2 mM ouabain, 2 mM sodium azide, 20 

|ig/ml oligomycin, and 12 mM vanadium-free ATP. After incubafion (15 min), the reaction 

was stopped as described above. To determine NEM-sensitive ATPase, tubules were also 

incubated in the solution containing 2 mM NEM. H-ATPase activity is defined as the 

difference in enzyme activity found in the presence and absence of NEM (Sabatini et al, 

1990; Dafiiis e ta l , 1992). 

H,K-ATPase activity was measured as the SCH 28080-sensitive H,K-ATPase. 

ATPase activity was measured first in the sodium-free solution containing 150 mM Tris 

HCl, 10 mM MgCl2, 1 mM EGTA, 2 mM ouabain, 2 mM NEM, 2 mM sodium azide, 

20 pg/ml oligomycin, 4 mM KCl, and 12 mM vanadium-free ATP. To determine 

H,K-ATPase activity, the tubules were incubated in a zero potassium buffer containing 

200 î M SCH 28080. The concentration of SCH 28080 is greater than the two- to 

threefold that is needed to inhibit the enzyme activity under the above conditions. 

H,K-ATPase activity is defined as the difference in ATPase activity found in the presence 

and the absence of potassium and SCH 28080 (Dafiiis et al, 1992). 

We and others have previously shown that the assays just described are performed 

under Vmax conditions (Sabatini et al, 1990; Dafiiis et al, 1992; Eiam-Ong et al., 1993; 

Doucet and Marsy, 1987; Ait-Mohamed et al, 1986). Enzyme activity is expressed as 
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pmoles per millimeter tubule length per hour of ATP hydrolyzed. All sample were run in 

triplicate and appropriate corrections were made for blanks and the spontaneous 

hydrolysis of ATP. 

Materials 

All chemicals and reagents were obtained from Sigma Chemical Co. (St. Louis, 

MO) and were of highest quality for American Chemical Society standards. Radiolabeled 

^^P, U- '̂̂ C-leucine, and y^^P-labeled ATP were obtained from New England Nuclear 

(DuPont, Boston, MA). 

Statistical Analyses 

All the data are expressed as X ± SE. Statistical significance was assessed by 

using analysis of covariance (ANOVA) and two-tailed unpaired student's t test, where 

appropriate, with/? values of <0.05 being significant. 
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CHAPTER IV 

RESULTS 

Effects of Aging on Metabolic Parameters in Control Animals 

Under control conditions, aging in the F344 x BNFl rats was associated with a 

decrease in plasma phosphate by 40 % and aldosterone by 35%, whereas plasma 

cholesterol was approximately 30% higher as compared to their 4-mo-old counterparts 

(p<0.001) (Table 1). Basal plasma bicarbonate and total CO2 slightly increased with aging 

(p<0.05). No significant changes in plasma sodium, potassium, chloride, creatinine, 

glucose, blood urea nitrogen (BUN) or arterial blood pH were seen in the control 

senescent animals. Aging, per se, had no effect on intracellular muscle K or Na 

concentration. 

Effects of Potassium Depletion on Metabolic Parameters in Young 

and Senescent Animals 

Seven days of-K significantly decreased plasma K and muscle K concentration 

(p<0.001) in both the young (4 mo old) and the senescent (30 mo old) animals. Plasma 

aldosterone fell by 53% in the 4-mo-old animals and by 24% in the 30-mo-old rats 

(p<0.001) with -K (Table 1). 

Potassium depletion resulted in a 22% increase in muscle sodium concentration in 

the young rats and a 67% increase in the old animals (p<0.001). Plasma cholesterol 

increases in both age groups. A significant increase in plasma HCO3, arterial PCO2, total 
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Hypokalemia caused an increase in urine volume, urinary excretion of ammonium, 

phosphate, and titratable acid in both age groups (p<0.001). Fractional Na and CI 

excretion increased, but only in the young K-depleted rats (p<0.001). No changes were 

noted in creatinine clearance in either age group during potassium depletion. 

Effects of Potassium Depletion on BBM and BLM Protein Content 
and Biosynthesis in Young and Senescent Animals 

Under control conditions (Fig. 1 A: dark bars), the aged animals had a higher 

protein concentration (per g weight kidney) in both BBM and BLM as compared to the 

young group (white bars). In BBM (left panel), there was a 40% increase in protein 

concentration (p<0.001) and in BLM (right panel) there was a 31% rise (p<0.05). 

Potassium depletion, in the young group, (Fig. 1 A: dotted bars) caused a 

significant increase (-12-13%) in total protein concentration both in BBM (left panel, 

p<0.01) and BLM (right panel, p<0.05) as compared to the control (white bars). 

Hypokalemia in senescent rats (hatched bars) was not associated in a fiirther rise in 

membrane protein content. 

Protein biosynthesis is shown after 24 hr intravenous injection of U- '̂̂ C-leucine 

(Fig. 1 B). BBM and BLM were separated and newly synthesized radiolabeled protein 

incorporation into membrane-bound protein was measured. There was no efifect of aging, 

per se, on BBM protein biosynthesis under control conditions (Fig. IB: left panel, white 

bar vs. dark bar). However, BLM protein biosynthesis in control aged rats was 27% lower 

(p<0.001) as compared to the control young group (Fig. I B: right panel, white bar vs. 

dark bar). 
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Fig. 1. The effects of 7-d potassium depletion on BBM and BLM protein content (A) and 
biosynthesis (B) in young (4 mo old) and senescent (30 mo old) F344 x BNFl rats, 
(n = 5/group) 
* p<0.05, ** p<0.01, *** p<0.001, NS = not significant vs. age-matched controls 
4- p<0.05, 4-+ p<0.001 vs. young condition-matched animals 
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Potassium depletion (Fig. 1 B: right panel) decreased BLM protein biosynthesis by 

33% in both age groups (p<0.001). A 14% reduction in BBM protein biosynthesis was 

noted, but only in the senescent animals (Fig. 1 B: left panel, black bar vs. hatched bar), 

(p<0.05). Thus, potassium depletion afifects BLM protein biosynthesis, regardless of age. 

Efifects of Aging on BBM and BLM Lipid Content and Phospholipid 

Biosynthesis in Control Animals 

Under control conditions (Figs. 2 & 3: left panel, white bars vs. black bars), aging, 

per se, did not significantly alter BBM phospholipid concentration of phosphatidylserine 

(PS), sphingomyelin (Spm), phosphatidylcholine (PC), and phosphatidylethanolamine 

(PE). However, in BLM (Figs. 2 & 3: right panel, white bars vs. black bars), control aged 

rats had a significantly higher concentration of Spm, PC, and PE. Cholesterol content 

(Fig. 4 A: white bars vs. black bars) was ~ 54% higher with aging in BBM (left panel) and 

~ 89% in BLM (right panel) (p<0.001). A significant rise in the molar ratio of cholesterol 

to total phospholipid (CH:PL) (Fig. 4 B) was noted in both BBM and BLM fi-om the 

control senescent group (black bars) as compared to their young counterparts (white 

bars), (p<0.001). 

To examine phospholipid biosynthesis, ^̂ P was injected intravenously and after 24 

hr, BBM and BLM were isolated and the biosynthesis of radiolabeled membrane-bound 

lipids was determined. Under control conditions (Figs. 5 & 6; left panel, black bars), aging 

was associated with an increase in basal biosynthetic activity of all BBM phospholipids 

(p<0.001). In BLM, however, the results were diflferent. Control aged rats had a 40% 

higher PS biosynthetic rate in BLM (Fig. 5 A: right panel, black bar) and a 37% lower PE 
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Fig. 2. The effects of 7-d potassium depletion on BBM and BLM phosphatidylserine (A) 
and sphingomyelin (B) content in young (4 mo old) and senescent (30 mo old) 
F344 X BNFl rats, (n = 5/group) 
** p<0.01, *** p<0.001, NS = not significant vs. age-matched controls 
4- p<0.05, 4-4- p<0.001 vs. young condition-matched animals 
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Fig. 3. The efifects of 7-d potassium depletion on BBM and BLM phosphatidylcholine (A) 
and phosphatidylethanolamine (B) content in young (4 mo old) and senescent 
(30 mo old) F344 x BNFl rats, (n = 5/group) 
* p<0.05, *** p<0.001, NS = not significant vs. age-matched controls 
4- p<0.05, +4- p<0.001 vs. young condition-matched animals 
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Fig. 4. The effects of 7-d potassium depletion on cholesterol (CH) content (A) and the 
molar ratio of cholesterol to total phospholipid (CH:PL) (B) in young (4 mo old) 
and senescent (30 mo old) F344 x BNFl rats, (n = 5/group) 

* p<0.05 vs. age-matched controls 
4-4- p<0.001 vs. young condition-matched animals 
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Fig. 5. The efifects of 7-d potassium depletion on ^̂ P incorporation into BBM and BLM 
phosphatidylserine (A) and sphingomyelin (B) in young (4 mo old) and senescent 
(30 mo old) F344 x BNFl rats, (n = 5/group) 

** p<0.01, *** p<0.001, NS = not significant vs. age-matched controls 
4- p<0.05, +4- p<0.001 vs. young condition-matched animals 
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Fig. 6. The efifects of 7-d potassium depletion on ^̂ P incorporation into BBM and BLM 
phosphatidylcholine (A) and phosphatidylethanolamine (B) in young (4 mo old) 
and senescent (30 mo old) F344 x BNFl rats, (n = 5/group) 

** p<0.01, *** p<0.001, NS = not significant vs. age-matched controls 
4- p<0.05, 4-4- p<0.001 vs. young condition-matched animals 
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biosynthesis (Fig. 6 B: right panel, black bar) as compared to young animals (white bars) 

(p<0.05). Aging was not associated with alteration in Spm (Fig. 5 B: right panel, black 

bar) or PC biosynthesis in BLM (Fig. 6 A: right panel, black bar). 

Efifects of Potassium Depletion on BBM and BLM Lipid Content 
and Phospholipid Biosvnthesis in Young and Senescent Animals 

Phospholipid concentration in both BBM and BLM was altered by potassium 

depletion in both age groups. In BBM (Figs. 2 & 3: left panel), both 4-mo-old (dotted 

bars) and 30-mo-old rats (hatched bars) showed a significant increase in all phospholipid 

content with -K. Spm content in BBM (Fig. 2 B: left panel) of the aged hypokalemic rats 

(hatched bar) increased dramatically; it was 2 times higher than that found in the 

condition-matched young animals (dotted bars), (p<0.001) and approximately 4-fold 

higher than control aged animals. On the other hand, PS content in BBM (Fig. 2 A: left 

panel) of the young K-depleted rats (dotted bar) also increased, but in this instance the 

response to hypokalemia was more dramatic in the young animal; the rise in this group 

was double as compared to the senescent K-depleted animals (hatched bar), (p<0.001). In 

BLM (Figs. 2 & 3: right panel), -K increased the concentration of all phospholipids 

(p<0.001) in the old group (black bars vs. hatched bars), while the young rats showed only 

a slight increase in PC content (Fig. 3 A: right panel, white bar vs. dotted bar), (p<0.05); 

PS, Spm, and PE content in the young K-depleted animals was no different from control. 

In BLM from aged K-depleted rats, all of the phospholipids were 2-3 times higher than 

that found in the young animals. 
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There was a small but significant increase in membrane cholesterol content with 

potassium depletion in both age groups (Fig. 4 A: dotted bars and hatched bars). In the 

young hypokalemic rats (white bars vs. dotted bars), BBM cholesterol content (left panel) 

increased from 492.00+18.78 to 555.22±6.91 nmol/ mg protein, while BLM cholesterol 

content (right panel) increased from 304.01+22.14 to 378.56+15.04 nmol/ mg protein 

(p<0.05). Hypokalemic aged rats (Fig. 4 A: black bars vs. hatched bars) showed a rise in 

both BBM (left panel) and BLM cholesterol content (right panel) of approximately 13% 

(p<0.05). Potassium depletion increased the molar ratio of CH : PL (Fig. 4: B ) in both 

membranes from both the young (white bars vs. dotted bars) and the senescent animals 

(black bars vs. hatched bars), (p<0.05). 

Potassium depletion also significantly altered phospholipid biosynthesis 

(̂ P̂ incorporation at 24 hr) in both age groups. In BBM of 4-mo-old rats (Figs. 5 & 6: left 

panel, white bars vs. dotted bars), potassium depletion decreased biosynthesis of PS by 

61% , PC by 57%, PE by 49% (p<0.001), and Spm by 20% (p<0.01). In the 30-mo-old 

rats (Figs. 5 & 6: left panel, black bars vs. hatched bars), Spm and PC biosynthesis in 

BBM fell by 79%) (p<0.001) while PE and PS decreased by 56% and by 52%, respectively 

with -K (p<0.001). In BLM, the young hypokalemic rats (Fig. 6 A: right panel, white 

bars vs. dotted bars) showed a change in only PC biosynthesis, decreasing by 28% 

(p<0.01); the biosynthesis of the other phospholipids remained unchanged. In the aged 

hypokalemic rats, the biosynthetic rate of all phospholipids in BLM decreased significantly 

(Figs. 5 & 6: black bars vs. hatched bars). The most affected was PS biosynthesis, where it 

fell by 74% (p<0.001), (Fig. 5 A: right panel, black bar vs. hatched bar). The reduction in 
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BLM biosynthesis from the senescent hypokalemic animals was PE>PC>Spm (70%, 

65%, and 58% decreases, respectively; p<0.001). 

Alpha 1-Subunit Na,K-ATPase Protein Abundance in Young and 
Senescent Animals: Efifects of Potassium Depletion 

Immunoblots of protein (20 |ig) from the BLM vesicle samples were probed with 

the anti-NASE antibody; a band at 110 kDa was identified (Fig. 7 A [young] and Fig. 7 B 

[old]). Hypokalemia had no efifect on al-subunit Na,K-ATPase protein abundance in both 

age groups. The relative density of protein (Fig. 7 C) was 1.00±0.06 vs. 0.95+0.04 

(4 mo old, control vs. -K, respectively), (NS) and I.OO+O.IO vs. 1.08±0.02 (30 mo old, 

control vs. -K, respectively), (NS), (n = 4/group). 

NHE-3 and NHE-1 Protein Abundance in Young and Senescent Animals: 

Efifect of Potassium Depletion 

The abundance of NHE-3 (100 pg of BBM) and NHE-1 (60 [xg of BLM) protein 

was measured by SDS-PAGE and immunoblotting using monoclonal antibodies to NHE-3 

(MAb 2B9) and NHE-1 (MAb 4E9), and the results are shown in Fig. 8 and Fig. 9, 

respectively. Both antibodies were raised against the C-terminal of rabbit NHE-3 and 

NHE-1 protein, respectively. The NHE-3 protein (Figs. 8 A & B) appears as a band at 

80-85 kDa, while the NHE-1 protein (Figs. 9 A & B) appears as a rather difiHise band at 

95-110 kDa. 
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Fig. 7. Western blot analysis of the al-subunit Na,K-ATPase in BLM (20 p,g) isolated 
from control and K-depleted young (4 mo old) (A) and senescent (30 mo old) (B) 
F344 X BNFl rats. After SDS-PAGE polyacrylamide gel electrophoresis, BLM 
proteins were transferred to membranes and probed with anti-NASE antibody. 
Protein bands corresponding to the al-subunit Na,K-ATPase were quantitated by 
densitometry (mean+SE) (C). Hypokalemia had no efifect on the al-subunit 
Na,K-ATPase protein abundance (n = 4/group, NS = not significant vs. 
age-matched controls). 
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Fig. 8. Western blot analysis of the NHE-3 antiporter in BBM (100 p.g) isolated from 
control and K-depleted young (4 mo old) (A) and senescent (30 mo old) (B) 
F344 X BNFl rats. After SDS-PAGE polyacrylamide gel electrophoresis, BBM 
proteins were transferred to membranes and probed with anti-NHE-3 antibody. 
Protein bands corresponding to the NHE-3 protein were quantitated by 
densitometry (mean+SE) (C). Hypokalemia increased NHE-3 protein abundance 
only in the young group (A) (1.00±0.15 vs. I.55±0.28, control vs. -K, * p<0.05; 
NS = not significant vs. age-matched controls), (n = 4/group). 
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Fig. 9. Western blot analysis of the NHE-1 antiporter in BLM (60 pg) isolated from 
control and K-depleted young (4 mo old) (A) and senescent (30 mo old) (B) 
F344 X BNFl rats. After SDS-PAGE polyacrylamide gel electrophoresis, BLM 
proteins were transferred to membranes and probed with anti-NHE-1 antibody. 
Protein bands corresponding to the NHE-1 protein were quantitated by 
densitometry (mean+SE) (C). Hypokalemia had no efifect on the NHE-1 protein 
abundance (n = 4/group, NS = not significant vs. age-matched controls). 
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In the young animals (Fig. 8 A), hypokalemia significantly increased NHE-3 

protein abundance in BBM. The relative density (Fig. 8 C) of protein was I.55±0.28 vs. 

1.00+0.15 (-K vs. control, p<0.05, n = 4/group). In BLM isolated from young animals, 

the NHE-1 protein abundance tended to fall with hypokalemia (Fig. 9 A), but the relative 

density did not reach significance at the p<0.05 level (Fig. 9 C). In the old rats, 

hypokalemia had absolutely no efifect on either NHE-3 (Figs. 8 B & C) or NHE-1 (Figs. 9 

B & C) protein abundance (n = 4/group). 

Efifects of Potassium Depletion on Na.K-ATPase Activity in Cortical 
BLM Vesicles in Young and Senescent Animals 

BLM vesicles isolated from these animals were also measured Na,K-ATPase 

activity under Vmax conditions (Fig. 10). Using this technique, there was no significant 

change noted in BLM Na,K-ATPase activity with aging, per se (white bar vs. black bar). 

Potassium depletion increased the enzyme activity by 81% in the 4-mo-old and by 75% in 

the 30-mo-old animals (p<0.001). 

Efifects of Aging on Microdissected Tubule Na,K-ATPase Activity 

in Control Animals 

Under control conditions, aging per se was associated with a decrease in 

Na,K-ATPase activity in all tubule segments (Fig. 11: white bars vs. black bars). A 

significant fall was seen in PCT and MCT (p<0.05). 
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Fig. 10. The efifects of 7-d potassium depletion on BLM vesicle Na,K-ATPase activity in 
young (4 mo old) and senescent (30 mo old) F344 x BNFl rats, (n = 5/group) 

*** p<0.001 vs. age-matched controls 
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Fig. 11. The efifects of 7-d potassium depletion on Na,K-ATPase activity in PCT, CCT, 
and MCT from young (4 mo old) and senescent (30 mo old) F344 x BNFl rats, 
(n = 4/group) 

* p<0.05, ** p<0.01, *** p<0.001 vs. age-matched controls 
+ p<0.05, ++ p<0.001 vs. young condition-matched animals 
NS = not significant vs. age-matched controls 
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Efifects of Potassium Depletion on Microdissected Tubule 
Na,K-ATPase Activitv in Young and Senescent Animals 

In the young animals, potassium depletion resulted in a significant increase in 

Na,K-ATPase activity in all tubule segments (Fig. II: white bars vs. dotted bars). Enzyme 

activity increased by 93% in PCT (p<0.01) and by 27% in CCT (p<0.05). In MCT, 

potassium depletion increased the activity by 65% as compared to the control conditions 

(p<0.01). 

In the senescent group, potassium depletion also increased Na,K-ATPase activity, 

but only in PCT and MCT (Fig. 11: black bars vs. hatched bars). PCT enzyme activity 

was increased by 46% (p<0.05) while activity in the MCT rose by 123% (p<0.001). In 

CCT, there was a tendency for enzyme to rise, but this was not significant. All 

h5^okalemic senescent rats had a significant lower blunting response in the activity as 

compared to the young K-depleted animals (Fig. II: hatched bars vs. dotted bars). 

Efifects of Aging on Microdissected Tubule H-ATPase Activity 

in Control Animals 

Under control conditions, aging per se was associated with an increase in 

H-ATPase activity in both CCT and MCT (Fig. 12: white bars vs. black bars). The 

control aged rats had a nearly 2-fold higher in basal enzyme activity as compared to the 

young control. 
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Fig. 12. The efifects of 7-d potassium depletion on H-ATPase activity in CCT and MCT 
from young (4 mo old) and senescent (30 mo old) F344 x BNFl rats, 
(n =4/group) 

*** p<0.001 vs. age-matched controls 
+ p<0.05, ++ p<0.001 vs. young condition-matched animals 
NS = not significant vs. age-matched controls 
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Efifects of Potassium Depletion on Microdissected Tubule 
H-ATPase Activitv in Young and Senescent Animals 

In the young animals, potassium depletion resulted in a significant decrease in 

H-ATPase activities in both CCT and MCT (Fig. 12: white bars vs. dotted bars). Enzyme 

activity fell by 62% in CCT (p<0.001) and by 53% in the MCT (p<0.001). 

In the senescent group, potassium depletion also decreased H-ATPase activity 

(Fig. 12: black bars vs. hatched bars), but only in CCT. In this segment, a 53% decrease 

noted (p<0.001). Activity in MCT had a tendency to decrease, but not significant. All 

K-depleted senescent rats showed a higher ATPase activity in both CCT and MCT as 

compared to their young K-depleted counterparts (Fig. 12: hatched bars vs. dotted bars) 

(p<0.001). 

Efifects of Aging on Microdissected Tubule H,K-ATPase Activity 

in Control Animals 

Under control conditions, aging per se was associated with an increase in 

H,K-ATPase activity in both CCT and MCT (Fig. 13: white bars vs. black bars). In the 

control senescent animals, basal enzyme activity was a nearly 3-fold rise in CCT and a 

4-fold increase in MCT as compared to the control young rats (p<0.001). 
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Fig. 13. The efifects of 7-d potassium depletion on H,K-ATPase activity in CCT and 
MCT from young (4 mo old) and senescent (30 mo old) F344 x BNFl rats, 
(n = 4/group) 

* p<0.01, ** p<0.001 vs. age-matched controls 
++p<0.001 vs. young condition-matched animals 
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Efifect of Potassium Depletion on Microdissected Tubule 
H,K-ATPase Activity in Young and Senescent Animals 

In both age groups (Fig. 13), hypokalemia caused a rise in H,K-ATPase activity in 

both CCT and MCT. In the young K-depleted rats (Fig. 13: white bars vs. dotted bars), 

enzyme activity in CCT increased from 118.08+5.36 to 209.2+122.14 pmol/mm/hr, 

whereas, activity in MCT was doubled (p<0.01). 

In the hypokalemic senescent animals (Fig. 13: black bars vs. hatched bars), 

H,K-ATPase activity in CCT rose nearly double (p<0.001), while the activity in MCT was 

more profoundly affected where it increased approximately by 2.5 fold (p<0.001). All 

K-depleted senescent rats had a higher enzyme activity in both CCT and MCT as 

compared to their young K-depleted counterparts (Fig. 13: hatched bars vs. dotted bars), 

(p<0.001). 
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CHAPTER V 

DISCUSSION 

Potassium depletion in humans is associated with a number of changes in renal 

fiinction including an alteration in renal hemodynamics (Mujais and Katz, 1992; Peterson, 

1984; Sansom and Giebisch, 1995) and a defect in urinary concentrating ability (Raymond 

et al., 1985). Acid-base status is variable, likely a consequence of aldosterone secretion. 

Advancing age in humans and animals documents a progressive loss of renal mass and a 

dechne in glomerular filtration rate sometimes resulting in ahered electrolyte balance 

(Corman and Michel, 1987; Geokas et al., 1990, Kaplan et al., 1975). Hypokalemia is a 

common electrolyte disturbance, and in elderly patients, is often due to diuretic use or 

poor dietary intake (Schlatter et al., 1983). There are no studies in true aged non-obese 

animals, examining in combination the efifects of dietary-induced hypokalemia on renal 

fianction, cortical brush-border (BBM) and basolateral membrane (BLM) protein and lipid 

metabolism, or membrane transporter activity and abundance. 

Several strains of rats have been examined for gerontologic investigations, 

including the Wistar, Sprague-Dawley, Brown-Norway, and Fischer 344 rats (Lipman et 

al., 1996). An extensive cross-section study shows that the 30^-mo-old offspring of 

Fischer 344 x Brown-Norway Fl rats (F344 x BNFl) have the fewest pathologic 

abnormalities of any other strain (Bronson, 1990; Lipman et al., 1996). Thus, this strain 

has been selected by the National Institute of Aging (NIA) as the standard which is 

recommended for research directly applicable to humans. 
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Metabolic Data and Renal Function Studies 

In the present study, male F344 x BNFl rats, 300-340 g, ages 4 mo and 30 mo 

were obtained from NIA to examine the efifects of a 7-day diet deficient in potassium on 

renal fiinction, BBM and BLM protein metabolism, renal membrane transporter activity 

and abundance. These experiments were designed to examine whether age-associated 

changes occurred in these parameters and whether the aged animal responds differently to 

potassium depletion as compared to the young animal. 

Seven-day dietary potassium depletion (-K) resulted in hypokalemia, a decrease in 

urinary fractional excretion of potassium and a significant reduction of total body 

potassium stores in both age groups (Table 1). Under normal conditions, extracellular 

potassium concentration is regulated between 3.5 to 5.3 mEq/L. When plasma potassium 

changes, a precisely integrated series of events occur, both via extrarenal and intrarenal 

mechanism, to maintain balance (Kamel et al, 1996; Sansom and Giebisch, 1995). 

HjqDokalemia causes the efflux of potassium ion from inside cells (especially in 

muscle) and decreases the fractional excretion of potassium, mainly by the kidney (and to 

a lesser extent by the colon) (Kamel et al., 1996; Sansom and Giebisch, 1995). An acid 

intracellular pH results from the decrease in cell potassium and the increase in cell 

hydrogen ion concentration. This stimulates renal hydrogen ion secretion through the 

activation of luminal Na/H exchanger and basolateral Na/HCOs cotransporter, which in 

turn, enhances bicarbonate reabsorption (Seifter and Harris, 1984; Soleimani et al., 1990). 

These efifects should cause a rise in plasma HCO3, independent of any efifect of 

extracellular volume (Capasso et al., 1986; Girard et al., 1985). 
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The data (Table 1) reveal that, only in 30-mo-old K-depleted rats, was there a 

significant increase in plasma bicarbonate (from 26.71+0.38 to 29.25 + 0.55 mEq/L). 

However, the rats did not show metabolic alkalosis (blood pH from 7.32±0.01 to 

7.30±0.02). An increase in blood pC02 (from 53.34±1.24 to 61.43+1.48 mmHg) and 

total blood CO2 tension occurred (from 28.35+0.04 to 31.14±0.59 mmHg). In both age 

groups, this strain of rat has a persistent acute respiratory acidosis, even under control 

conditions, however, the mechanisms are not clear. The most likely explanation is that the 

acidosis was due to the anesthesia, thus, separate experiments were performed in which 

the anesthetic (pentobarbital sodium) was reduced to 50%, 75%, and 90% of the control 

anesthetic dose (50 mg/kg body weight, i.p). The animals, however, remained awake, 

unlike young control Sprague-Dawley rats (the same weight as young F344 x BNFl rats), 

subjected to the same anesthetic dose (50 mg/kg body weight, i.p). Sprague-Dawley rats 

have a blood pH of 7.36±0.1, pC02of 43±2 mmHg, total blood CO2 tension of 25±0.4 

mmHg, and plasma bicarbonate of 24+0.3 mEq/L, n=10. Except for the plasma 

bicarbonate, all of the values are significantly different from the young control F344 x 

BNFl rats presented in this study (p<0.05). Further studies are required to elucidate why 

F344 X BNFl rats are so sensitive to anesthesia, however, it did not affect the overall 

outcome of the studies described here. 

Hypokalemia did not afifect plasma creatinine (Table 1) or endogenous creatinine 

clearance (Table 2) in either the young or the old animals as has been reported in elderiy 

humans. Interestingly, no age-related changes were found in the F344 x BNFl rats. The 

old -K animals did have a slight, but significant rise in BUN, suggesting some degree of 
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azotemia to be present. Perhaps a more sensitive technique would show a slight 

deterioration of renal fiinction in the aged hypokalemic rats, but it appears that true aging 

in non-obese rodents is not associated with a significant decline, as has been noted in some 

humans (Os et al., 1987). 

Potassium and aldosterone are known to be critically interrelated. Potassium 

depletion inhibits aldosterone release (Eiam-Ong et al., 1993; Himathonkgam et al., 1975). 

In the present study, potassium depletion also caused a highly significant decrease in 

plasma aldosterone in both age groups. In the young animals, hypokalemia decreased 

aldosterone from 129.10+7.02 to 61.81+4.25 ng/dL ; in the old animals the fall was from 

83.60+4.83 to 63.98+4.70 ng/dL. Importantly, the basal aldosterone in the control aged 

rats was 35% lower than the control young ones. Reduced plasma renin activity and renal 

renin content has been noted in aging rats and humans and most feel this is the reason for 

low aldosterone (Belmin et al., 1994). The age-related decrease in renal concentration of 

renin appears to be linked either to a modification in the rate of renin mRNA formation, or 

to an alteration in protein maturation (Corman et al., 1995). As reported in this study, the 

control F344 x BNFl rats have a higher basal level of plasma aldosterone as compared to 

control Sprague-Dawley rats (~35 ng/dL) (Eiam-Ong et al., 1993). The mechanism is not 

known for the higher level of plasma aldosterone in the control F344 x BNFl rats. 

Previous studies in young adrenal-intact Sprague-Dawley rats, demonstrated that 

respiratory acidosis markedly increased plasma aldosterone (from ~ 35 to 97 ng/dL) after 

6 hr in an environmental chamber (Eiam-Ong et al., 1994). This seems an unlikely 

explanation for the current studies but the critical experiments have not been performed. 
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Carbohydrate intolerance is perhaps the most common metabolic disorder 

associated with potassium depletion. It has been demonstrated that potassium depletion 

impairs glucose tolerance by decreasing pancreatic release of insulin (Gorden et al., 1973) 

and by increasing percentage of the circulating inactive proinsulin (Gorden et al., 1972). In 

addition, glycogen storage and synthesis in hepatocytes and skeletal muscle is altered 

during potassium depletion as a result of either insulm deficiency or a decline in glycogen 

synthetase activity (Krishna et al., 1994). The present data (Table 1) show that, in aged 

animals, plasma glucose levels increased with hypokalemia . It has been reported that the 

serum level of insulin in aged Sprague-Dawley rats (24 mo old) is reduced approximately 

37%) (Sartin et al., 1980). Aged F344 x BNFl rats have the same basal plasma glucose as 

do their young counterparts, but the relationship between plasma glucose and insulin 

remains to be examined. Again, obesity which occurs in most rodent studies of aging, 

complicates the interpretation of many of the results published in the current literature 

(Sartin et al., 1980). 

Both extracellular and intracellular potassium concentration must be closely 

controlled because the ratio has a prominent role in setting the membrane potential. 

Skeletal muscle, the largest store of potassium in the body, adjusts extracellular potassium 

by regulating the amount transported between the intracellular pools via the Na,K-ATPase 

pumps. During potassium depletion, skeletal muscle extrudes potassium from the cell to 

the extracellular fluid to mitigate the fall in plasma potassium concentration. Potassium 

loss from the muscle is associated with a considerable decrease in the number of ̂ H-

ouabain binding sites (McDonough and Thompson, 1996). Furthermore, there is a fall in 
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total pool size of muscle fiber sodium pump a, (3 heterodimers during potassium 

depletion, specifically the a2 and pi isoforms (McDonough and Thompson, 1996). Such 

decreases may result in a rise in intracellular sodium content. The present data (Table 1) 

demonstrate that aging, per se, is not associated with a change in sodium content under 

control conditions. Potassium depletion resulted in a marked rise in cell sodium content 

which was more profound in the aged animals. The percentage increase in intracellular 

sodium content in the elderly hypokalemic rats was 67%, while only a 22% increase was 

observed in the young hypokalemic animals. 

It has been demonstrated that a two-week dietary potassium depletion in young 

Sprague-Dawley rats resulted in decreases in a2-mRNA and protein abundance, as well as 

Na,K-ATPase activity in the heart (Azuma et al, 1991). There were no changes in a l - or 

pi-mRNA or protein levels. In the brain, the a2 mRNA did not change while protein 

levels decreased with hypokalemia, however, the mRNA of the a I and pi increased 

significantly. The amount of pi protein decreased, but a 1 protein levels and Na,K-ATPase 

activity were not altered during potassium depletion (Azuma et al, 1991). Unfortunately, 

the investigators did not examine the mRNA or protein of the a3 isoform of which is rich 

in the brain. In human heart, mRNA for a I, a2 and a3 isoforms are expressed, but only 

the a l and a2 isoforms are expressed in adult rat myocytes. A small amount of a3 has 

been detected in rat, but only in the conducting system. Recent experiment in young 

ferrets (their hearts express all a isoforms) showed that 20-d potassium depletion 

decreased a 1-isoform protein abundance, whereas, the a 2 - , a3- and pi-isoform proteins, 

and Na,K-ATPase activity remained unchanged (Ng, 1993). 
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Hyperthyroidism is well known to cause hypokalemia. This may result from the 

efifect of thyroid hormone to stimulate the renal Na,K-ATPase pump (McDonough et al, 

1988). In thyroid-treated young Sprague-Dawley rats, resuhs show that renal 

Na,K-ATPase activity increases 1.3-fold by 24 hr, and kidney a l - and pl-subunit mRNA 

and protein are coordinately elevated by 1.6-fold after 6 hr of treatment (McDonough et 

al., 1988). More recent studies show that thyroid hormone upregulates Na,K-ATPase a l 

and pi mRNA in primary cultures of proximal tubule cells after 24-hr of triiodothyronine 

exposure (Lin and Tang, 1997). It is not known whether hypokalemia induced by 

hyperthyroidism afifects on Na,K-ATPase pumps in the thyroid gland tissues. 

In vitro studies show the thick ascending limb (TAL) of Henle's loop to be an 

important site of sodium, potassium, chloride, bicarbonate and ammonia transport 

(Good et al, 1984; Greger et al, 1983). Potassium reabsorption in the thick limb occurs 

via an electroneutral apical Na/2Cl/K cotransporter which is dependent on the low 

intracellular sodium and chloride concentrations (Greger et al, 1983). In vivo 

microperfiision experiments show that prolonged potassium depletion (3 wk) increased 

potassium absorption along the loop of Henle, whereas, it decreased sodium and fluid 

absorption (Unwin et al, 1994). Renal chloride wasting also has been described with 

potassium depletion (Luke et al, 1985; Gutsche et al, 1984). The recent studies showed 

that, in medullary TAL, potassium depletion downregulates apical Na/2C11C mRNA and 

decreases Na/2C11C cotransporter activity (Amlal etal , 1997). Moreover, in distal 

convoluted tubule, the Na/Cl cotransporter mRNA also fell with hypokalemia (Amlal et 
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al, 1997). It is postulated that these are the sites of the increased salt wastage seen in the 

present study. 

The results (Table 2) show that potassium depletion caused sodium chloride 

wastage, but only in the 4-mo-old group. Fractional excretion of sodium and chloride 

increased by 2.8- and 4.5-fold, respectively (p<0.001). Hypokalemia had no efifect on 

these parameters in the 30-mo-old rats, however, the control aged rats exhibited a higher 

basal fractional excretion of chloride as compared to their young counterparts. This result 

suggests that aging, per se, decreases tubular chloride reabsorption. Baseline aldosterone 

level in the control aged rats was 35%) lower than the control young group. Hypokalemia 

decreased plasma aldosterone to approximately the same plasma level in both groups 

(~ 60 ng/dL). In the aged group, aldosterone decreased only by 24%, while it was 

diminished by 53% in the young rats. This may be an additional mechanism explaining the 

more profound efifect of NaCl wastage seen in the young hypokalemic rats. 

Both groups of K-depleted rats had a significant defect in concentrating ability and 

pol3airia (Table 2). A concentrating defect has been consistently observed in pathological 

and experimental potassium depletion (Raymond et al, 1985). The most likely 

explanation for this finding is that potassium depletion decreases cell responsiveness to 

vasopressin (ADH) by an alteration in the adenylate cyclase system (Kim et al, 1984). 

Recently, it has been observed that potassium depletion decreases sorbitol synthesis and 

accumulation in the medullary interstitial space (Nakanishi et al, 1996). This reduction is 

due to a decrease in aldose reductase mRNA level, irrespective of medullary sodium 

content. A decrease in organic osmolytes during potassium depletion results in a reduction 
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of osmotic gradient and may precede impairment of urinary concentrating ability. In 

addition, potassium depletion downregulates aquaporin-2 water channel expression in the 

rat medulla and cortex (Marples et al, 1996). The present results (Table 1) from the 

F344 X BNFl rats show that baseline urine volume in senescent group was 2-fold higher 

than of the young rats (p<0.05), while UOsm in both age groups was comparable. This 

suggests that some degree of water loss occurs with aging, however, the polyuria in the 

young -K animals was more severe as compared to the -K senescent rats. Urine volume 

rose 4-fold in the young rats with -K, but only a 1.4-fold increase was noted in the elderly 

group. 

In both age groups, potassium depletion increased urinary ammonium excretion 

(Table 2). Urinary ammonium excretion increased from 101.02+10.97 to 1,093.21+63.40 

pEq/d in the 4-mo-old animals and from 1,913.03+108.38 to 4,603.30±341.00 pEq/d in 

the 30-mo-old rats. The primary mechanism by which potassium depletion stimulates 

renal ammonia production is not precisely known. The intracellular acidosis that occurs in 

potassium depletion may initiate the adaptive response in renal ammoniagenesis (Tannen 

and McGill, 1976) as potassium depletion stimulates phosphate-dependent glutaminase 

activity (Sastrasinh and Sastrasinh, 1986). 

Aging in F344 x BNFl rats significantly increases urinary ammonium excretion 

both in controls and -K animals. Under control conditions, ammonia production rates in 

glomeruli from old Wistar rats (24 mo old) appear to be significantly greater than the rates 

seen from young rats (6 mo old) (Yamada et al, 1992). However, aging in these rats did 

not change ammonia production in the tubular cells from isolated nephron segments 
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(Yamada et al, 1992). Whether such efifects occur in the aged F344 x BNFl rats is not 

known. It may be postulated that the aged F344 x BNFl rats have a higher ammonia 

production rates, and thus, more excretion in urine than do the young animals. An increase 

in catabolism of muscle cell mass is not a likely explanation as the blood urea nitrogen 

levels were unchanged during control conditions. Urinary urea excretion, another indicator 

for assessment of nitrogen handling, was not examined in the present studies. As both age 

groups were fed similar nutritional ingredients containing protein of approximately 18%, 

the present data suggest that the intrinsic factors play an essential role on protein 

metabolism in aging. Precisely what those factors are remains to be determined. 

Titratable acid excretion increased by 3-fold in the young and by 6-fold in the 

elderly with -K. Aged hypokalemic rats also exhibit a higher excretion of titratable acid 

than do the young hypokalemic animals. As titratable acid is primarily due to phosphate 

excretion, the observed phosphaturia is a likely explanation. The precise reason for the 

increased phosphate excretion is not known, but it may be due to a decrease in the Vmax 

of the brush-border membrane Na/Pi cotransporter (Zajicek et al, 1997). Impaired renal 

tubular phosphate reabsorption has been noted in aged humans (Lee et al, 1984) and in 

aged male F344 rats (24 mo old) (Levi et al, 1989). Aged F344 x BNFl rats have a 40% 

lower plasma phosphate than do the young animals and this lower filtered load of 

phosphate should be accompanied by a decrease in urinary phosphate excretion. Increased 

levels of serum parathyroid hormone have been noted with aging (Kiebzak and Sacktor, 

1986; Marcus et al, 1984), thus the altered phosphate transport may also be due to the 

hormones' efifect on the proximal tubule. Parathyroidectomy results, in partial, but not 
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complete improvement of renal phosphate handling (Kiebzak and Sacktor, 1986; Marcus 

et al, 1984), however, whether this occurs in the senescent animals used in the present 

study remain to be examined. Despite the phosphaturia and increase in titratable acid 

excretion, hypokalemia did not change plasma phosphate concentration in either the young 

or the senescent rats during the time interval of this study (7 days). 

Membrane Protein Metabolism 

The growth-promoting efifect of potassium depletion has been studied extensively. 

The growth process seems to involve both hyperplastic and hypertrophic components. 

The increase in renal mass is associated with increments in total protein, RNA and DNA 

content and incorporation of infiised radiolabeled amino acids, observations that indicate 

both cell growth as well as the formation of new cells (Gustafson et al, 1973). Cell 

culture studies demonstrate that low-K medium stimulates cell growth by increasing 

glycolytic enzyme activity via a modifier protein (Aithal et al, 1983; Aithal et al, 1988) 

and by enhancing the release of growth-promoting factors from cells (Toback et al, 

1991). 

The present data show (Fig. 1 A) that potassium depletion caused a significant 

increase in both brush-border (BBM) and basolateral membrane (BLM) protein content, 

but only in the young animals (dotted bars). In the 30-mo-old rats (hatched bars), protein 

content in both BBM and BLM remained unchanged. Control aged rats had a 40% higher 

protein content in BBM and a 31% increased content in BLM as compared to the control 

young ones. It has been reported that renal protein degradation decreases significantly 
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with aging (Goldspink et al, 1984). The mechanism of decline in protein degradation is 

not clear. It has been suggested that a decrease in the proteolytic system or a change in 

protein translational process occurs with aging (Remen et al, 1995). Also, the production 

of error-containing proteins seems to be increased in senescence as well (Remen et al, 

1995). The increase in membrane protein concentration observed in the aged rats may 

contain some of abnormal proteins, however, fiirther study is necessary to document such 

speculation. In addition, potassium depletion significantly increased kidney weight by 15% 

in the young rats and by 6% in the senescent animals. Control aged rats had the same 

kidney weight as compared to the control young counterparts (612.12+10.96 and 

602.58+6.55 mg/100 g body weight, respectively). 

After 24 hr intravenous U- '̂̂ C-leucine injection, BBM and BLM were separated 

and synthesized radiolabeled protein incorporation into membrane-bound protein was 

measured. In BBM (Fig. 1 B: left panel), aging had no efifect on membrane protein 

biosynthesis under control conditions (white bar vs. black bar). Hypokalemia decreased 

BBM protein biosynthesis by 14%, but only in the senescent rats (hatched bar). In BLM 

(Fig. 1 B: right panel), under control conditions, protein biosynthesis of the 4-mo-old 

group (white bar) was 27% higher as compared to the old animals (black bar). Potassium 

depletion caused approximately one-third reduction in BLM protein biosynthesis in both 

the young (dotted bar) and the old rats (hatched bar). Protein metabolism in senescent 

animals during potassium depletion is lower than that found in the young rats. Thus, aging 

causes selective alterations in BBM and BLM protein content and biosynthesis in this 

polar epithelium. 
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Membrane Lipid Metabolism 

The primary fiinction of epithelial membranes is to precisely regulate the 

directional transport of various compounds across cells. Renal proximal tubular cells have 

a polarized surface membrane separated by tight junctions. These two membranes (brush-

border and basolateral) are known to be fimctionally different (Barac et al, 1981). Since 

integral membrane proteins associate with hydrophobic areas of the lipid bilayer 

(Bretscher et al, 1994; Unwin and Henderson, 1984), differences in the lipid composition 

of plasma membrane domains might selectively afifect specific membrane protein fiinction. 

Alterations in membrane lipid composition can modulate subsequent fiinction of proteins 

in the membrane including receptor binding , enzyme and transporter activity (Besson et 

al, 1996; Brumskill et al, 1991; Ginsberg et al, 1982; Ho and Cox, 1982; Levi et al, 

1990; Missiaen et al, 1989; Yeagle, 1985; Yeagle et al, 1988). In urinary tract 

obstruction, for example, changes in phospholipid composition of basolateral membrane 

vesicles from the obstructed kidney was associated with the reduction in Na,K-ATPase 

activity (Brumskill et al, 1991). Na/H exchanger activity was decreased by an alkyl-

lysophospholipid analogue in a human breast cancer cell line (Besson et al, 1996). The 

properties of the insulin receptor are altered by changing in membrane lipid saturation 

(Ginsberg et al, 1982) and opiates are less well bound to their receptors in the 

neuroblastoma X glioma cells grown in medium containing unsaturated fatty acids 

(Ho and Cox, 1982). It has been demonstrated that in vitro enrichment of renal BBM with 

cholesterol has a direct modulating efifect on Na-Pi cotransport (Levi et al, 1990). 
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Increases in cholesterol content of 12 and 24 mols % caused a dose-dependent decrease in 

Na-Pi cotransport activity (Levi et al, 1990). 

Early studies showed that potassium depletion stimulated renal medullary 

microsomal phosphoHpid synthesis in vitro experiments (Toback et al, 1977; Walsh-Reitz 

and Toback, 1983; Wilson et al, 1973). The present study sought to examine (in vivo) in 

detail the efifect of dietary potassium depletion on brush-border (BBM) and basolateral 

membrane (BLM) lipid metabolism in the young and senescent rats. Potassium depletion 

significantly altered membrane lipid metabolism which more profound effects were 

observed in BBM of both age groups. In BBM, potassium depletion increased all 

phospholipid concentration whereas the phospholipid biosynthesis fell. The most affected 

were PC and PS in the young K-depleted rats; while the hypokalemic aged rats showed a 

more efifect on Spm and PC. In BLM from the young K-depleted animals, only PC 

concentration increased and the biosynthesis decreased. In hypokalemic senescent rats, all 

phospholipid concentration increased while the biosynthesis fell which the most profound 

efifect was PS. These results suggest that PC plays an important role in both membranes of 

the young F344 x BNFl rat; whereas, Spm and PC in BBM and PS in BLM of the aged 

animals are crucial during potassium depletion. 

An increase in phospholipid content, along with a decrease in phospholipid 

biosynthesis, implies the rate of phospholipid degradation decreases, such that both BBM 

and BLM are "lipid laden membranes." The precise metabolism of cell membrane lipids 

are likely important in cell fiinction. 
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Sphingolipids (Spm) have been identified as potentially important in cell-signaling 

events, including regulation of protein kinases, protein phosphatases, gene transcription, 

and cell-cycle activity (Ghosh et al, 1997; Heringdorf et al, 1997; Pyne et al, 1997; 

Shayman, 1996; Spiegel and Herrill, 1996). Phosphatidylcholine (PC) hydrolysis is 

stimulated by certain hormones, phorbol esters, and growth factors (Ghosh et al, 1997). 

The hydrolysis of PC by phospholipase A2 is an important source of arachidonic acid 

which is subsequently metabolized to a number of active eicosanoids (Exton, 1990). 

PC can also be hydrolyzed by phospholipases of the C and D types to yield 

1, 2-diacylglycerol and phosphatidic acid (Exton, 1990). These "second" messengers have 

been known to play an essential role in the cell Phosphatidylethanolamine (PE) is capable 

of regulating the activity of the calcium pump (Yeagle, 1989). It has been noted that PE 

was exposed on the cell surface only during the late telophase and no alteration in the 

distribution of the plasma membrane-bound cyclic peptide was observed during 

cytokinesis (Emoto et al, 1996). This suggests that the surface exposure of PE reflects the 

enhanced scrambling of PE at the cleavage fiirrow. This is thought pivotal in mediating the 

coordinated movement between the contractile ring and plasma membrane to achieve 

successfiil cell division. Phosphatidylserine (PS) and PE are translocated from the inner 

side of the plasma membrane to the outer layer, resulting in the total loss of asymmetric 

distribution of the aminophospholipid in the membrane (Emoto et al, 1997). Its activity 

has been noted during the early stages of apoptosis (Emoto et al, 1997). The exposure of 

PS and PE allows phagocytes to recognize and engulf the apoptotic cells. Surface-exposed 

PS also serves several important physiologic fimctions (Bevers et al, 1996). It promotes 
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assembly of enzyme complexes of the coagulation cascade (prothrombin and annexin V), 

and signals cell-cell recognition, both of which are important for cell scavenging 

processes. PS in the outer leaflet of cell membranes is thought to play a role in cell fiision 

processes (Bevers et al, 1996). PS is required for protein kinase C activation (Jaken, 

1996). Additionally, phosphatidylinositol signaling pathways via 1, 2-diacylglycerol and 

inositol triphosphate (IP3) are known to mediate a variety of cellular fimctions (Carpenter 

andCantley, 1996). 

Cholesterol is a major constituent of plasma membranes (Cullis and Hope, 1985). 

Under control conditions (Fig. 4 A), cholesterol content was associated with a 54% 

increase in BBM and a 89% rise in BLM with aging. Potassium depletion increased 

cholesterol content in both BBM and BLM, and significantly, fiirther increased the molar 

ratio of cholesterol to total phospholipid in both BBM and BLM (Fig. 4 B). Aging, 

per se, increased the ratio under either control or hypokalemic condition. Increases in the 

cholesterol content or the ratio of cholesterol content to total phospholipid, alters the 

order parameter (i.e., membrane fluidity) of the lipid bilayer (Levi et al, 1990), and 

subsequently influences plasma membrane fiinction (Levi et al, 1990; Spector and Yorek, 

1985, Yeagle, 1989). 

Atherosclerotic cardiovascular disease, a disease associated with aging, is caused 

by excessive amounts of cholesterol deposits in the lining of blood vessels. The present 

results show that baseline plasma cholesterol in the control aged group was 30% higher 

than the control young animals, despite the absence of obesity. It documented that aging is 

paralleled by increased intestinal absorption of cholesterol (Hollander and Morgan, 1979). 
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Hypokalemia significantly increased plasma cholesterol in both age groups and this rise 

occurred quickly, e.g., within one week of dietary potassium depletion. In cell culture 

experiments, cholesterol can be incorporated into or removed from the membrane by 

incubating cells with a high or low cholesterol containing medium, respectively (Insel et 

al, 1978; Daniels et al, 1981). It seems likely that cholesterol efflux from the intracellular 

compartment to extracellular space occurred with potassium depletion. Such an increase, 

if sustained as might occur in elderiy humans on diuretic therapy, may exacerbate the 

progression of atherosclerosis and glomerulosclerosis. 

The lipid composition of some biological membranes has been noted to change 

with age (Cohen and Zubenko, 1985; Ho and Cox, 1982; Pratz and Corman, 1985; 

Zs-Nagy, 1997). The cholesterol: phospholipid ratio increases during senescence in most 

tissues including kidney (Grinna, 1977; Levi et al, 1989; Pratz and Corman, 1985), liver 

(Grinna, 1977) and cardiac cell membranes (Lewin and Timiras, 1984). Age-related 

changes in membrane lipid composition, per se, may subsequently afifect biochemical 

fiinction including enzyme and transporter activities (Hegner, 1980; Pratz and Corman, 

1985), and water and solute permeabilities (Pratz et al, 1987). Alkaline phosphatase, 

alpha-glucosidase, maltase and Na-dependent phosphate transports are reported to 

decrease in the aging kidney (Levi et al, 1989; O'Bryan and Lowenstein, 1974; Pratz and 

Corman, 1985). 
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Sodium/ Hydrogen Exchangers 

It has been suggested that potassium deficiency increases the rate of hydrogen 

secretion via activation of the Na/H exchanger activity in the proximal tubular BBM 

(Schlatter et al, 1983). Further experiments demonstrated that the increased activity of 

BBM Na/H exchanger in young Sprague-Dawley rats (175-299 g) resulted from an 

increase in Vmax with no significant change in the Km (Soleimani et al, 1990). Recent 

studies have demonstrated that potassium depletion, for 6 or 14 days in young Sprague-

Dawley rats, does not alter NHE-3 protein abundance in BBM or its renal cortical mRNA 

(Wang et al, 1997). However, the present studies in F344 x BNFl rats (Fig. 8) show that 

seven-day potassium depletion increased NHE-3 exchanger protein abundance in BBM, 

but only in the young rats. A blunted response in BBM NHE-3 exchanger protein 

abundance to hypokalemia was noted with aging. 

Na/H exchangers are regulated by a variety of hormonal and pathophysiological 

stimuU (Noel and Pouyssegur, 1995; Wakabayashi et al, 1997). It has been reported that 

apical amiloride-sensitive Na/H antiporter activity ( Na uptake) in brush-border 

membrane vesicles isolated from male Wistar rat proximal tubule is decreased in the aged 

rat (24 mo old) compared to the young adult (6 mo old) (Kinsella et al, 1987). This 

appears to be a selective efifect of aging as buffering capacity, measured by using acridine 

orange absorbance, and sodium-dependent glucose transport from the same membrane 

vesicles was not altered (Kinsella et al, 1987). Additional experiments are required to 

determine whether Na/H exchanger activity in the young F344 x BNFl rats increases 

during hypokalemia and whether the basal activity decreases with aging. 
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Apart from the general role of pH homeostasis, Na/H exchangers fiinction in 

transcellular absorption of Na, cell volume regulation, and probably in cell proliferation 

(Yun et al, 1995). NHE-3 is found in the apical surface of proximal tubule and plays a 

major role in proton secretion (60-70 %), whereas NHE-1 resides in the basolateral 

membrane and acts as "housekeeping" in cells (Wakabayashi et al, 1997). 

The present data (Fig. 9) fiirther show that the abundance of the basolateral 

NHE-1 exchanger is not altered significantly by hypokalemia in both age groups. The 

mRNA of NHE-1 in renal cortex has been reported to remain unchanged during -K in 

young Sprague-Dawley rats (Wang et al, 1997). This "housekeeping" isoform may be too 

important to vary unless cell death occurs. Studies of kinetics of this transporter are 

needed in aged hypokalemic animals. Even without these experiments, the current results 

show that at least two renal plasma membrane transporters vary differently in regard to 

protein abundance in senescence, as well as in response to a given stimulus. 

Membrane proteins associate with the lipid bilayer in various ways (Bretscher et 

al, 1994). The hydrophobic regions of these proteins pass through the membrane and 

interact with the hydrophobic tails of the lipid molecules in the interior of the bilayer. 

Membrane proteins also covalently attach to the membrane lipid by a fatty acid chain, 

a prenyl group, a myristyl, or a famesyl anchor (Unwin and Henderson, 1984). Such 

modifications of the lipids (cholesterol and phospholipids) alter lipid/protein interaction, 

secondarily disrupting structural integrity (Chow et al, 1992; Singer, 1990). A 

conformational change in membrane protein molecules might be expected to alter their 

fiinctional properties (i.e., activity or abundance) (Chow et al, 1992; Singer, 1990). These 
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findings are consistently found in several studies including the present data (Hegner, 1980; 

Levi et al, 1989; O'Bryan and Lowenstein, 1974; Pratz and Corman, 1985; Pratz et al, 

1987). The changes seen with aging may be the result of more fiindamental alterations 

rather than each system's own autoregulatory changes. Clearly fiirther research is 

necessary for the understanding the membrane's gerontology. 

Acid-base status in elderly subjects is maintained in the normal range, and urinary 

acidification is thought not to be substantially different from that of healthy younger 

humans (Agarwal and Cabebe, 1980). However, in older humans, acid-excretory ability is 

impaired in response to acute exogenous acid loading (Agarwal and Cobebe, 1980; Adler 

et al., 1968; Nakhoul et al, 1994). With more prolonged acid loading, a more severe 

degree of metabolic acidosis is seen as compared to that in similarly acid-loaded younger 

subjects (Hilton et al, 1955). Similar findings have been noted in animals. In male 24-mo-

old Wistar rats , a more severe metabolic acidosis occurred in response to an oral acid 

load, as compared to their young counterparts (6 mo old) (Prasad et al, 1988). In the 

aged animals, this was associated with a fall in ammonium excretion and normal titratable 

acid excretion. However, brush-border vesicles isolated from aged animals showed there 

was a rise in Na/H antiporter activity identical to that seen with younger animals with acid 

loading (Prasad et al, 1988). 
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Renal Tubular Adenosine Triphosphatases 

Studies on the efifects of aging on renal potassium balance in humans are 

incomplete. There appears to be a decrease in total body and exchangeable potassium, 

which is less profound in men than in women (Palmer and Levi, 1996). In response to 

exercise, plasma potassium increases more in the elderly than it does in young subjects. 

In aged Fischer 344 rats (21-22 mo old), renal and extrarenal potassium homeostasis is 

also ahered (Bengele et al, 1980). After adaptation to a high potassium diet, an additional 

KCl infiision showed that aged rats had a higher rise in plasma potassium and impaired 

kaliuresis. This was not seen when animals were eating a diet containing normal potassium 

content. The impaired response was thought to result from a fall in medullary 

Na,K-ATPase, however, measurements of enzyme activity in specific nephron segments 

were not made (Bengele et al, 1980). 

These observations led to the hypothesis that aging, per se, may decrease the 

major transport ATPases in the nephron. These changes would result in maladaptive 

responses when animals are subjected to extremes of potassium handling, as might be seen 

with chronic potassium depletion. Potassium depletion was examined because it is the one 

electrolyte disorder most commonly seen in elderly humans as a complication of diuretic 

use or poor oral intake. 

Both potassium and aldosterone affect Na,K-ATPase activity. Low ambient 

potassium is known to enhance Na,K-ATPase activity in several cultured cell lines (Bowen 

and McDonough, 1987, Pressley et al, 1986); in vivo, potassium depletion increases 

Na,K-ATPase activity in renal cortical homogenates (Cronin et al, 1982). However, it has 
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been reported that a low-potassium diet fed to young rats for 7 days (decreased plasma K 

from 4.6±0.3 to 2.5±0.1 mEq/L, p<0.001) did not change Na,K-ATPase activity in 

microdissected proximal convoluted tubule (PCT) (Hayashi and Katz, 1987), but Na,K-

ATPase activity and ouabain binding were decreased in cortical collecting tubule (CCT) 

and increased in medullary collecting tubule (MCT) (Imbert-Teboul et al, 1987; Hayashi 

and Katz, 1987). These disparate findings could be due to either a direct efifect of 

hypokalemia, or to an indirect efifect secondary to changes in plasma aldosterone. Recent 

studies, in young Sprague-Dawley rats, have demonstrated that aldosterone excess, not 

potassium, increases Na,K-ATPase activity in CCT, whereas, hypokalemia, not 

aldosterone, stimulates Na,K-ATPase activity in MCT (Eiam-Ong et al, 1993). 

The present data demonstrate that potassium depletion significantly increased 

Na,K-ATPase activity in both BLM vesicles (Fig. 10) and microdissected nephron 

segments (Fig. 11). In the BLM vesicles, the activity increased to be the same level in both 

age groups with -K. Potassium depletion resulted in an increase in Na,K-ATPase activity 

in all nephron segments in young K-depleted animals. Hypokalemic senescent rats had a 

blunted response in CCT. Aging did not alter basal enzyme activity in the BLM vesicles, 

however, in microdissected nephron experiments, it was associated with a fall of basal 

activity in all nephron segments (PCT, CCT and MCT). 

It has been reported that fractional sodium reabsorption in the proximal tubule is 

increased during hypokalemia (Bank and Aynedjian, 1964). This should transiently 

increase intracellular sodium concentration, subsequently stimulating the basolateral 

Na,K-ATPase activity (Katz, 1986). The present study shows intracellular sodium to be 
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high in muscle in both hypokalemic groups (Table I). It seems likely that sodium content 

in renal tubular cells would also be increased during potassium depletion. This notion may 

be more complicated due to acute respiratory acidosis observed, a condition known to 

decrease pHi. A fiirther increase in intracellular hydrogen ions secondary to hypokalemia 

would activate both luminal Na/H exchanger and basolateral Na/HCOs cotransporter 

(Seifter and Harris, 1984, Soleimani et al, 1990). This could cause a progressive 

accumulation of sodium inside the cell. Hypokalemia had no efifect on the al-subunit 

Na,K-ATPase protein abundance in BLM in either the young or the old rats (Fig. 7). The 

increase in Na,K-ATPase activity in both BLM and PCT, without altering the al-subunit 

abundance, could be explained by a change in enzyme Km. It has been demonstrated that, 

after 2-wk potassium depletion in young Sprague-Dawley rats, the abundance of a l - and 

pl-subunit protein levels in MCT increased approximately 4- and 12-fold, respectively, 

and was associated with a 5-fold increase in the Na,K-ATPase activity (McDonough et al, 

1994). No changes were noted in the a l - and pl-subunit proteins in CCT. There was also 

no detectable change in the a2- and a3-subunit protein in either CCT or MCT during 

potassium depletion. The authors (McDonough et al, 1994) suggest that the greater rise 

in pi-subunit in MCT may account for coupling with the a subunit of the H,K-ATPase 

whose activity in young rats of another species is markedly increased during hypokalemia 

(Eiam-Ong et al, 1993). 

Excretion of ammonium by the kidney is essential to acid-base regulation in the 

mammalian species (Knepper et al, 1989). Studies in nephron segments have 

demonstrated that the ammonium ion (NHLĵ ) is secreted into the lumen of proximal tubule 
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and reabsorbed in the medullary thick ascending limb (Knepper et al, 1989). It is then 

transported to the collecting duct cells where it is secreted into the lumen down a 

favorable NH3 concentration gradient (Good and Knepper, 1985). Microperfiision and 

influx experiments have illustrated that secretion of newly-synthesized mi/ into the 

lumen of proximal tubule is predominantly mediated via the Na/H exchanger (NHE-3) 

(Preisig and Alpem, 1990). Reabsorption of NH4^ in the lumen of thick ascending limb of 

Henle occurs mostly via Na/K/2C1 cotransporter where the ion can substitute for K (Amlal 

et al, 1994). While the collecting duct is the major segment involved in the secreting of 

NHt^ , the cellular mechanisms mediating the transport of ion from the interstitial to the 

collecting duct cells remains unknown. Recently, it has been reported that a K/ NHj^ 

antiporter, an unique ammonium-carrying transporter, exists in the basolateral membrane 

of collecting ducts, especially in the medulla (Amlal and Soleimani, 1997). This transporter 

is thought to exchange intracellular potassium for extracellular NH^^ and to be affected by 

alterations in potassium or NHt^ concentration (Amlal and Soleimani, 1997). Potassium 

depletion is known to enhance NHt^ entrance into the collecting duct cells, subsequently 

increasing NO/ excretion into urine (DuBose and Good, 1994).The rise in collecting 

tubule Na,K-ATPase activity observed in the present studies might provide a sufiBcient 

amount of intracellular K concentration for exchanging NHj^, with the extruded K ions 

recycled into the cells via Na,K-ATPase pump. 

It has been shown that the ratio of Na,K-ATPase activity to ouabain binding in 

BLM-enriched fractions from 24-mo-old male Sprague-Dawley rats was approximately 

two-thirds that of their young counterparts (3 mo old) (Martin et al, 1985). The turnover 
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rate of the Na,K-ATPase pump was decreased by nearly 38% in the old rats, in both 

tissue homogenates and BLM-enriched fractions, as compared to the young animals 

(Martin et al, 1985). In the present study of F344 x BNFl rats, an age-dependent 

decrease in the basal activity of Na,K-ATPase was noted only in the microdissected 

nephron segments of PCT and MCT. Activity in CCT was the same in the both age 

groups. 

A decrease in basal Na,K-ATPase activity in senescent animals may be explained 

by a fall in basal level of aldosterone which promotes the activity of the enzyme. Studies 

fiirther show that age-related changes occur in the respiratory oxidative chain, NADH2-

tetrazolium reductase (NADH-D) (Napoleone et al, 1991). Aged (obese) 24-mo-old 

Wistar rats show a dramatic decrease in NADH-D activity in PCT, distal convoluted 

tubule, and cortical collecting tubule (Napoleone et al, 1991). The fall in NADH-D 

activity suggests there is reduced efficiency of the mitochondria respiratory oxidative chain 

in the renal tubular epithelium of aged rats. This phenomenon may also occur in the aged 

F344 X BNFl rats and would decrease the amount of ATP available to the pump. The 

limited supply of substrate (i.e., ATP) for the pump would explain why hypokalemia did 

not result in the appropriate rise in pump activity with aging. Experiments confirming or 

refilling this explanation have not yet been performed. 

Distal acidification appears to be controlled by two renal proton-translocating 

ATPases, an electrogenic H-ATPase inhibitable by N-ethylmaleimide (NEM) (Gluck and 

Al-Awqati, 1984) and an electroneutral H,K-ATPase similar to those of gastric and 

colonic mucosa, inhibitable by SCH28080 and vanadate (Garg and Narang, 1988). 
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Aldosterone stimulates collecting tubule H-ATPase activity (Khadouri et al., 1989), 

whereas, potassium depletion enhances the activity of the H,K-ATPase (Garg and Narang, 

1988). The effect of aldosterone on the renal H,K-ATPase and of potassium depletion on 

H-ATPase was controversial (Khadouri et al, 1991). Until a carefiilly controlled study 

demonstrated clearly that the activity of each enzyme (i.e., H-ATPase and H,K-ATPase) 

responds to different regulators (Eiam-Ong et al, 1993). The collecting tubule H-ATPase 

changes directly with aldosterone; its activity (Vmax) increases in response to aldosterone 

excess. The H,K-ATPase varies inversely with potassium, but it is not afifected by 

aldosterone. The Vmax of the H,K-ATPase activity increases in response to low 

potassium, presumably an attempt to conserve the ion. 

The present data, in the young F344 x BNFl rats, show that potassium depletion 

significantly suppressed H-ATPase activity (Fig. 12) and stimulated H,K-ATPase activity 

(Fig. 13) in both CCT and MCT. Aging blunted the response of H-ATPase activity in 

MCT during potassium depletion. Hypokalemic senescent animals had a higher level of 

H-ATPase and H,K-ATPase activity as compared to their young K-depleted counterparts. 

In spite of a lower plasma aldosterone, a^ng per se, was associated with an 

increase in basal H-ATPase activity in the collecting ducts and not a decrease in activity as 

was predicted. The precise mechanism for this finding is not known. It may be that aging 

decreases PCT proton secretion due to the lower basal Na,K-ATPase activity, 

subsequently decreasing Na/H exchanger activity. Therefore, a compensation for proton 

secretion occurs in the distal nephron segments which increases H-ATPase activity and 
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enhances sensitivity to a lower aldosterone. Further studies are needed to determine 

whether this speculation is correct. 

Basal H,K-ATPase activity in control senescent rats was substantially higher than 

that found in their young counterparts. This may due to the slightly lower plasma 

potassium noted in the aged animals. Potassium depletion in the old rats resulted in a 

2-fold rise of H,K-ATPase activity in CCT, while the activity in MCT was more 

profoundly afifected where it increased approximately 2.5 fold. Recent studies in young 

Sprague-Dawley rats demonstrate that potassium depletion increases colonic H,K-ATPase 

(cHKA, HKa2) protein abundance in renal microsomes (Kraut et al, 1997) and mRNA of 

cHKA in renal cortex (Wang et al, 1997). Using in situ hybridization and competitive 

polymerase chain reaction, chronic potassium depletion has been noted to also increase 

protein abundance of gastric H,K-ATPase a l isoform in CCT, but in MCT it increases 

the cHKA isoform, the HKa2 isoform (Ahn et al, 1996a, b). Whether such changes also 

occur in hypokalemic F344 x BNFl rats and whether age-dependent alterations occur 

remains to be clarified. 

91 



CHAPTER VI 

CONCLUDING REMARKS 

The main objectives of this work were to examine the combined efifects of dietary 

potassium depletion and aging on kidney fiinction, renal cortical membrane protein and 

lipid metabolism, as well as transporter activity and abundance. Potassium depletion of 

7 days duration to young and senescent Fischer 344 x Brown-Norway Fl rats resulted in a 

decrease in total body potassium concentration and plasma aldosterone. Hypokalemia 

caused hypercholesterolemia, an increase in cell sodium concentration, a rise in renal acid 

excretion and a urinary concentrating defect. Salt wastage occurred only in the young 

K-depleted rats. Aged rats who were potassium depleted developed hyperbicarbonatemia, 

hyperglycemia, azotemia, and a rise in total pC02 tension. Aging decreased basal plasma 

phosphate and aldosterone whereas plasma cholesterol, urine volume, ammonium 

excretion and fractional excretion of CI increased. No age-associated alterations were 

noted in plasma creatinine or creatinine clearance in animals on a control or potassium 

deficient diet. 

Membrane protein concentration in both renal BBM and BLM increased in the 

young K-depleted rats, while no changes were observed in the senescent K-depleted 

animals. Protein biosynthesis in both membranes decreased in the aged K-depleted rats, 

but in the young K-depleted animals, only BLM biosynthesis fell. Aging resulted in a rise 

of basal membrane protein concentration in both BBM and BLM. 
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Potassium depletion, in both age groups, had more profound effects on the BBM 

lipid metabolism; it increased the concentration of all lipids tested and decreased their 

biosynthesis. All of the phospholipids in BLM of aged K-depleted rats were higher than 

those of the young condition-matched animals. In BBM, except for the Spm content, a 

lesser increase was noted in the hypokalemic senescent rats. 

The protein abundance of al-subunit Na,K-ATPase and NHE-1 in BLM remained 

unchanged in both age groups following potassium depletion. Hypokalemia increased the 

NHE-3 protein abundance but only in the young rats. The rise in the NHE-3 protein 

abundance to hypokalemia was blunted in the elderly animals. Potassium depletion 

increased Na,K-ATPase activity in both BLM vesicles and all of the microdissected 

nephron segments (PCT, CCT and MCT). In collecting tubules, H,K-ATPase activity 

increased while H-ATPase activity decreased with hypokalemia. Aging selectively blunted 

the responses of Na,K-ATPase activity in CCT and H-ATPase activity in MCT during 

potassium depletion. 

These results show that significant age-associated alterations occur in renal 

fiinction, membrane protein and lipid metabolism, as well as transporter properties 

(abundance and activity) during potassium depletion. Normal aging is related to specific 

changes in the biochemical properties of renal membranes. The alterations are such that 

hypokalemia results in "lipid laden membranes," increasing lipid concentration while 

decreasing degradation. Such changes are postulated to affect membrane protein and lipid 

interactions and are likely translated into alterations of membrane protein transporter 

properties (i.e., increased NHE-3 protein abundance or renal ATPase activity). The 
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consequences may be important to elderiy patients who are taking diuretics or ingesting a 

poor diet and become potassium depleted. 

Further studies will specifically examine, at the molecular level, the relationship 

between potassium and aldosterone on the mRNA and protein abundance of each enzyme 

(Na,K-ATPase, H-ATPase and H,K-ATPase) in the major nephron segments. 

Concomitant studies will specially determine at the biochemical level, the activity of the 

NHE-1 and NHE-3 transporters in these same nephron segments. 
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