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Abstract 

The pathophysiology of the major inborn errors of 

renal transport in man, is reviewed and summarized. The 

experimental sections describe: 1) the mutant ~mouse 

with X-linked hypophosphatemia and evidence for an intrinsic 

defect in net tubular reabsorption of phosphate anion; 

2) the PRO/Re mouse with autosomal recessive proline oxidase 

deficiency and evidence that intracellular oxidation of 

solute comes to influence its transepithelial reabsorption; 

3) renal handling of the inert amino acid a-aminoisobutyric 

acid (AIB) and of phosphate by the rat in vivo. The latter 

investigations show that AIB is transported by carriers 

serving the natural L-amino acids. It equilibrates slowly 

with an intrarenal pool so as to achieve significant cell­

to-lumen flux at steady-state. Whereas bovine parathyroid 

extract enhances fractional excretion of phosphate in the 

intact and TPTX rat, AIB excretion is not similarly affected 

in the TPTX rat. On the other hand, calcitonin enhances the 

fractional excretion of AIB but does not affect phosphate. 

These findings are significant for the interpretation of the 

tubulopathy in human vitamin 0-deficiency and autosomal 

recessive vitamin 0 dependency. 
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Biologie (Genetique) 

Transport Tubulaire Renal des Acides Amines et 

des Phosphates dans les Etats normaux et Mutants 

Roderick R. Mcinnes 

Resume 

Ph. D. 

La physiologie pathologique des principales erreurs innees du 

transport renal chez l'homme est examinee et resumee. Les sections 

experimentales decrivent: 1) la souris ~ mutante atteinte d'hypo­

phosphatemie reliee a l'X et les preuves d'un defaut intrinseque de la 

reabsorption tubulaire nette de l'anion de phosphate: 2) la souris 

PRO/Re atteinte d'une carence d'oxydase proline recessive autosomique 

et les preuves que l'oxydation intracellulaire du solute en arrivent 

a influencer sa reabsorption transepitheliale; 3) le traitement renal 

de l'acide amine inerte a-aminoisobutyrique (AIB) et du phosphate par 

le rat in vivo. Les dernieres investigations indiquent que l'AIB est 

transport€ par des porteurs desservant les acides amines L naturels. 

Il s'equilibre lentement a l'aide d'une masse commune intrarenal afin 

d'atteindre un ecoulement abondant de cellule a lumiere a l'etat regulier. 

Alors que l'extrait de parathyroide bovine augmente !'excretion frac­

tionnaire de phosphate chez les rats intact et TPTX, !'excretion d'AIB 

n'est pas affectee de la meme fa~on chez le rat TPTX. D'autre part, la 

calcitonine accroit !'excretion fractionnaire d'AIB mais n'affecte pas 

les phosphates. Ces constatations jouent un role important dans !'inter­

pretation de la tubulopathie dans la carence de vitamine D et la dependance 

autosomique a trait recessif de la vitamine D chez les etr~humains. 
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"My business is to teach ny aspirations to conform 

themselves to fact, not to try to make facts 

harmonize with my aspirations. Sit down before fact 

as a little child, be prepared to give up every 

preconceived notion, follow humbly wherever nature 

leads you, or you will learn nothing." 

- Thomas Huxley 
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PREFACE 

This thesis is submitted according to regulations for thesis 

style authorized by the Graduate Training Committee of the Biology 

Department of McGill University. The main body of the thesis is 

presented in a form suitable for publication. The section entitled 

11 Genetic aspects of renal tubular transport: Diversity and topology 

of carriers 11
, is a review of the physiological mechanisms of genetic 

I.l 

disorders of renal transport, already published in Kidney International. 

The next two sections describe m~tations which alter renal solute trans-

port in mice. The first describes the renal defect in phosphate transport 

in the~ mouse with X- linked hypophosphatemic rickets. This material 

has been accepted for publication in Kidney International. The second 

illustrates how deficiency of proline oxidase activity in the PRO/Re mouse 

affects net reabsorption of L-proline. This work was published in the 

Proceedings of the National Academy of Sciences (USA). 

The next three sections describe renal transport of the non­

metabolizable amino acid a-aminoisobutyrate (AIB) in the rat. In the 

first AIB transport is shown to resemble the transport of natural amino 

acids. The contribution of cell-to-lumen flux of AIB to fractional 

excretion {or its reciprocal, net reabsorption) is examined in the 

second. The last analyzes the relationship between renal transport of 

AIB and mineral metabolism. The first two reports have been submitted 

to the American Journal of Physiology, the third to Pediatric Research. 

Unless otherwise noted i~ the introduction to each section, the 

candidate conceived and carried out the experiments of this thesis alone. 

The sole exceptions to this statement are that urinary calcium and 

phosphate measurements were made on a Technicon Autoanalyser by Mr. 

Peter Lamm, and one-third of the amino acid analyses were done by Mr. 

Cyri1 Adams. 
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SECTION II 

INTRODUCTION 

Knowledge of the normal kidney is essential if one is to comprehend 

the disruption of structure and function resulting from both acquired 

and genetic renal disease. Study of the biochemical dysfunction caused 

by mutant genes, however. has been a powerful investigative tool for 
. . 

students of the kidney. Thus, in a recent review of organic solute 

transport. Ullrich (45) remarks that "at the moment, the safest indication 

for the diverse amino acid transport systems (in mammals) seems to be 

data gained from individ~als with genetic defectsn. Furthermore, in 

bacteria, multiple transport systems with overlapping specificities have 

been resolved only through a combination of kinetic and genetic means (33). 

Since the transport ~ndate of the kidney is unequivocally greater than 

that of the microb~ (41, section III of thesis) then genetic probes of 

transport will continue to be essential in the effort to understand the 

molecular basis of this function. 

The transport of hydrophilic solutes through the cell membrane, 

irrespective of whether or not the latter is ultimately accommodated by 

the fluid mosaic model (42) or some modification of it (8); must be a 

mediated process, since passive diffusion through a lipid barrier cannot 

account for the rates of transport observed (11, chapter 4). The so-called 

"carriE:';-rs" mediating solute transport in kidney are probably proteins, but 

at present the evidence is only indirect (39). When considered together 

with the certainty that the bacterial amino acid carriers are proteins (33)~ 



that Na+ and Ca++ transport in oattmalian tissue is ATP-ase mediated (34), 

and that soluble protein extracts prepared from rat kidney brush-border 

membranes contain the D-glucose, L-alanine and phosphate transport 

systems (26), there is little reason at present to implicate 

another molecular species. Consequently, it is difficult to argue with 

the contention that the known inborn errors (18) of renal transport 

(Section III of thesis) probably result from mutation of the genes that 

regulate or code for the synthesis of the carrier protein or related 

proteins. 

Regardless of the precise nature of the carriers, a large body 

of knowledge has been acquired about the characteristics of amino acid (30, 

38,39,41,48) and phosphate (28) transport in mammalian kidney. This 

information has been attained using a combination of in vivo and in vitro 

methods (25,38). Of the five methods generally used for the study of 

phosphate and amino acid transport in vivo, (38), only two are used in 

this thesis: the renal clearance technique and the maximum tubular 

reabsorption rate (Tm). Renal clearance determination is "The volume of 

blood which one minute's excretion suffices to clear of solute when the 

urine volume is large enough to permit maximum solute output" (29). 

Thus, amino acids whose net reabsorption is poor have high clearance rates. 

and vice-versa. The Tm measurement is a clearance study in which the 

amount of solute (i.e. substrate) presented to the nephron is increased in 

step-wise increments. When this is done, saturation of the reabsorptive 

or transport capacity of the kidney is observed for many amino acids 

(41). The relationship between the net reabsorption rate and the 

filtered solute load is similar to that between the enzyme reaction rate 
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and substrata concentration described by Michaelis kinetics (37). 

Demonstration of saturability of the reabsorptive capacity was one of 

the first indications that the transepithelial movement of amino acids 

in kidney is carrier-mediated (37). In metabolic or genetic disorders 

in which excessive solute excretion is found in the presence of a normal 

substrata (filtered) load, information concerning the nature of the 

reabsorptive abnormality may be deduced using the Tm technique. Thus, 

hereditary iminoglycinuria in one pedigree (36) has been found to be due 

to a decrease in the Tm for proline, with the residual transport system(s) 

sho~ing a normal affinity for proline. . In another unrelated kindred, 

however, a homozygote had a normal Tm for proline •. but an altered affinity 

for proline by the carrier, as indicated by an abnormal "splay" in the 

titration curve (22). 

The type of information which can be acquired from these and other 

in vivo methods (38) is limited, however, since it is not at·· all clear, 

using these approaches, what intermediate steps occur between the entry 

of the solute into the tubular lumen, and the formulation of the final 

urine composition. In this respect, the kidney has been recently 

referred to as a "black-box" (38,45). Nevertheless, a nascent understandtng, 

of the intermediate events has been gained using a variety of histological, 

biochemical and in vitro physiological methods (38,39,41). 

The post-glomerular part of each nephron is termed the proximal 

tubule. This region constitutes an epithelial sheet (44) in which the 

individual cells are held together at "tight junctionstt (15) which are 

themselves normally impermeable to solutes. Consequently, solute passage 
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must occur across the brush-border membrane of the cell,. rather than 

between the cells. Since the great majority of phosphate (21) and amino 

acids. (41) is reabsorbed in this part of the tubule:, it is not surprising 

that membrane preparations of the proximal tubule. brush-border. demonstrate 

significant transport activity towards these solutes (25,26,38, and 

section IV of this thesis). This transport step is.active for both amino 

acids {45) and phosphate (28). This conclusion is partly based on the 

observation that the intracellular concentration of these solutes,. in an 

osmotically active form, is higher than that of the filtrate or the 

plasma. Furthermore, this distribution ratio cannot be achieved by 

electrochemical equilibration according to the Nernst equation {28,38). 

Upon entry into the renal tubular cell the. solute has three possible 

fates: (i) it may enter the peritubular capillary by transport across 

the basolateral membrane. This process is carrier-mediated (39). (ii} it 

may enter the metabolism of the cell (13), (iii) it may backflux into the 

tubular lumen to either be reabsorbed again or lost into the urine (4; 

also, sections V and VIII of this thesis). This description clearly shows 

how transepithelial membrane transport is a more complex process than 

the accumulative transport found in non-epithelial cells, or in microorganisms. 

Unfortunately, none of the in vivo methods currently in use is able to 

study, as an isolated event, any single one of the transport phenomena 

constituting this net process. The claim (41) that micropuncture methods 

examine transport across the luminal membrane as an isolated phenomenon 

ignores the facts that the cellular concentration of solutes which might 

counter-exchange with the luminal solute is uncontrolled, and that the 

metabolism of the renal cell modulates the intracellular concentration of 
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such"exchangeable" compounds (19, and section V of this thesis). On the 

other hand, the various micropuncture techniques (where filtrate from 

individual nephrons is sampled, or a single nephron is infused with a 

known solution) do give kinetic information on net uptake of solute 

from lumen (4l),and on the parts of the nephron most important in amino 

acid transport (3,27). They are also capable of directly demonstrating 

the presence of extracellular fluid to lumen fluxes of solute (4). 

Recognition of the importance and precise mechanism of each component 

of the net reabsorptive process, therefore, has been possible only 

through a synthesis of knowledge from in vitro and in vivo methods. The 

in vitro methods (38) include kinetic studies of transport in slices of 

kidney (cortex, medulla or papilla), isolated glomeruli, isolated tubules, 

and subcellular preparations of membrane vesicles (25). That studies 

of renal cortex slices in vitro describe transport events primarily at.the 

peritubular membrane rather than at the brush-border luminal surface 

(30,38,40 and section III of this thesis) was forcibly proposed 

by Wedeen & Weiner (46). Using autoradiographic methods, these 

investigators showed that an extracellular marker,tritiu~labelled inulin, 

does not have access to the lumina of proximal tubules in slices incubated 

in vitro. On the other hand, efflux of amino acid from cell to lumen 

appears to occur in the slice (10), as do secretory processes, such as 

PAR secretion {46). This new understanding of the meaning of transport studies 

in kidney cortex slices has allowed a more rational interpretation of 

amino acid transport data acquired from in vivo work (38,40). This fact is 

demonstrated in Section V of this thesis, and, for example, in studies of 
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dibasic amino acid and cystine transport by Segal and his colleagues (2, 

23). An overly.simplistic interpretation. of the basic defect in the 

human disease cystinuria has been avoided because of transport· ·studies 

in kidney cortex slices from affected patients. Thus, whereas the urinary 

excretion of cystine, ornithine, arginine and lysine is increased in 

cystinuria, only the uptake of the dibasic amino acids by the slice is 

low, cystine transp~rl: being normal. The basic defect has not yet been 

identified, but it will have to account for these divergent findings 

~hich describe events at different membranes of the tubular cell (43). 

In vitro methods, especially transport studies in the cortical slice, 

have allowed characterization of the transport step· from peritubular lumen 

to cell. Amino acid uptake at this renal cell surface resembles that 

feund in many other mammalian tissues (11, chapter 5) in being dependent 

on Na+, pH, and energy, and in demonstrating stereospecificity CL-configur­

ation preferred), saturation kinetics, competitive inhibition by related 

amino acids, exchange diffusion, and sensitivity to temperature change (38, 

39). With the exception of the last variable, analagous studies of luminal 

surface events in vivo, primarily using micropuncture methods, have shown 

that the net transport step at the brush-border demonstrates these properties 

as well. It is evident, however, th~t these luminal and peritubular 

characteristics of amino acid influx into the renal cell, though similar, 

are not identical. The previously quoted problem concerning dibasic 

amino acid and cystine transport exemplifies these differences. Many 

other discrepancies are noted in the review of Silbernagl et al (41). 

A major difference, discussed by Ullrich (45), lies in the fact that amino 

acid transport at the luminal membrane appears to be entirelx Na+ -dependent~ 
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whereas in vitro, this is not necessarily always the c.ase (37). · The 

dependence on Na+ for luminal transport means that "a mutual inhibition 

of amino acids in their transport does-not necessarily indicate .... 

that they share a common transport systemn (45). Whether this dependence 

on Na+ cotransport means, as at the basolateral membrane, that the Na+ 

participates· in a ternary complex (11,36) involving the reactive site 

of the carrier, the Na+ and the amino acid, or whether Na+ may only 

participate in the couplin~ of amino acid transport to cell energy 

. ·metabolism (i.e. the amino acid transport is secondarily active (45)) 

is currently unresolved (38). These are not mutually exclusive 

alternatives. 

Despite the appropriateness of the cautionary statement by Ullrich· 

noted above, the competitive interactions observed between amino acids. 

at both the luminal (41) and peritubular surface (37) are often highly 

selective. For example, L-proline inhibits L-hydroxyproline and glycine . 

reabsorption ·(35), but has no significant effect on the reabsorption of 

other amino acids besides L-alanine (41). On the basis of these studies 

of competitive interactions in vivo, at least five major transport groups 

are well established: (i) a-amino acids - cationic{ includes cystine. 

(ii} a-amino acids - anionic (iii) iminoglycine group (iv) a-amino acids -

the remaining neutral amino acids (v) 8-amino acids. The recognition 

of genetic diseases which selectively affect only one of these groups 

(section III, this thesis) is, as mentioned previously, the best single 

proof to date of their existence. In addition to these major 

divisions, competitive interactions also suggest the presence of smaller 
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so it is in: kidney~tha£interactions which are not explicable on the 

basis of the major divisions are also known. For example, tl:ie non­

metabolizable amino acid a-aminoisobutyrate (AIB), used in the studies 

of sections VI,. VII,. and VIII of this thesis, although mainly interacting 

with the neutral amino acids in Ehrlich cells <.11), causes a pron~unced 

increase in dibasic amino acid excretion in man (17). Similar examples 

are noted in the major review articles (38,39,41) .. 

In contrast to the significant knowledge which has been acquired 

concerning the influx of amino acids into the cell, across either the 

peritubular or luminal membrane, relatively little is known about the 

efflux systems which allow the absorbed solute to return to the extra­

cellular fluid. For some groups of amino acids, the dibasics for 

example, the specificities for influx and efflux are the same, as sho'Wn. 

by exchange diffusion in renal cortical cells (39). In general, however, 

understanding of the contribution which efflux makes to the net reabsorptive 

process is poor, a point recently emphasized by Segal (40). The importance 

of a normal efflux process is indirectly illustrated by the study of 

prolinuria in hyperprolinemic mice in this thesis (section V). In the 

renal cortex of these animals, a deficiency of proline oxidase results in 

an elevation of the proline concentration in the renal cortical celL. 

This elevated intracellular concentration is interpreted·as being 

responsible for an increased cell to lumen flux of the amino acid,resulting in 

increased proline excretion. In the same way that this metabolic block 
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:te&ults in decreased in,tracellular disposition of a solute taken up by. 

the cortical cell~> ·. a decrease in cell to capillary flux of amino 

acid would tend to increase the intracellular concentration of the solute, · 

with a similar consequence - incr~sed net excretion.. This latter 

tnechanism has been suggested as one cause of the cystinuria induced by 

lysine infusion in rats, since lysine infusion.increases renal-tubule 

cell cysteine (23). 

The increased cell to lumen flux of amino acid which occurs in either 

of these situations is an accentuation of a normal process which is 

usually not of great significance (4,9). In section VII of this 

thesis, a cell to lumen flux of the non-metabolizable amino acid 

a-aminoisobutyrate is demonstrated. Our data suggest that approximately 

half of the urinary excretion of AIB is derived from this cell to lumen 

flux. This means that a quantity of AIB equivalent to approximately 7% 

of the filtered load reaches the urine without glomerular passage. 

Since the fractional reabsorption of the natural amino acids is generally 

greater than 98%, a cell to lumen flux by them is unlikely to be of the 

same absolute magnitude as it is for AIB, unless subsequent reabsorption 

occurs at points further along the nephron. 

Increased cell to lumen solute efflux can also result from impaired 

energy production, as demonstrated by the toxin maleic acid in rats (4), 

and by bacterial mutants lacking energy coupling, in which the normal 

energy-dependent elevation of the efflux Km is no longer maintained {47). 

In pathological situations such as that induced by maleic acid or other 
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tubular toxins, the increased excretion of solutes is, not surprisingly, 

generalized. In humans, this generalized abnormality, called the 

renal Fanconi syndrome (38), has genetic as well as metabolic causes. 

One of the most studied of the latter group is the abnormality found 

in patients with hyperparathyroidism accompanying vitamin-D or calcium 

deficiency (31). Although increased parathyroid hormone (PTH) secretion has 

been generally considered to be a necessary component of the hyperamino-

aciduria (24), section VIII of this thesis shows this interpretation to be 

an over simplification. We found that PTH does not increase the excretion 

of n-aminoisobutyrate in thyroparathyroidectomized rats. On tbe other 

hand, calcitonin, the other major calciotropic hormone, induced a 

striking increase in AIB excretion. A major intracellular action of 

calcitonin appears to be reduction of the cytoplasmic calcium ion 

concentration (6). This observation suggests that in both vitamin-D 

and calcium deficiency, low cytoplasmic calcium (7) may reduce membrane 

permeability (see section VIII) and thus decrease lumen to cell 

movement of amino acids. 

Hyperparathyroidism has not only been considered as a cause of 

the generalized tubular defect of vitamin-D and calcium deficiency, but.also 

of the hyperphosphaturia found in one of the classical human hereditary 

disorders of transport, X-linked hypophosphatemia (XLII). This hypothesis 

was challenged by Arnaud et al (1) and Glorieux and Scriver (20), who found 

no eyidence for hyperparathyroidis~, but proposed that the disease resulted 
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from a defect in one of two phosphate transport sytems (14) present in 

the normal kidney. The limitations of in vivo studies in humans made the 

direct evaluation of this hypothesis impossible until the discovery of 

X-linked hypophosphatemic mice (Hyp/Y) by Eicher et al (16). The -
similarity of the human and murine phenotypes and the stability of the 

X-chromosome during evolution (32) suggests that both X-linked mutations 

involve the homologous gene. Section IV of this thesis describes the 

in vivo and in vitro investigations of renal phosphate transport in the 

murine mutant. Serum parathyroid hormone levels are normal in ~y (16), 

ls is phosphate transport by the peritubular membrane of the cortical cell. 

The explanation of the increased phosphate clearance observed in vivo 

was apparent only during the study of phosphate entry into vesicles 

prepared from renal cortical brush-border membranes of normal and ~y 

mice. The mutant mice have a marked decrease in a Na+ -dependent component 

of phosphate influx across the luoinal membrane. Further study should allow 

definition of this mammalian inborn error of transport at a molecular 

level. 

c 
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SECTION Ill 

Genetic Aspects of Renal Tubular Transport: Diversity 

and Topology of Carriers 

This review of the inborn errors of renal transport discusses the 

pathophysiological mechanisms of these disorders in terms of the individual 

fluxes.which constitute net transepithelial transport. Once a solute is 

transported from the tubular lumen to the cell interior, it has three 

possible fates: backflux into the lumen, metabolism. in the cell, or efflux. 

across the. basolateral membrane into the peritubular fluid. Of the thirty 

inherited disorders of transport discussed in this review, only in X-linked 

hypophosphatemia (see Section IV of this thesis) has it been possible to 

identify which of these four steps is altered by the mutation. In many of 

these disorders, however, the indirect evidence implicating one of the four 

steps listed above as the precise locus of the transport defect is. very 

compealing. Thirteen of these diseases are analysed in detail, and the 

apparent target of the mutation is suggested for each one. Four of these 

conditions are the subject of other sections of this thesis (Sections IV, V, 

VII and VIII) and the candidate also contributed to the concepts presented 

on the renal Fanconi syndrome and pseudohypoparathyroidism in this review. 

The other known mammalian inborn errors of renal transport are tabulated. 

Throughout this discussion particular emphasis is given to the role 

these inborn errors of transport have had in providing insight into the 

physiology of the normal kidney. The diversity of the transport systems 

responsible for the uptake of individual solutes is revealed more unambiguously 

by mutation than by any other probe available. 

This review is published in Kidney International 9, 149-171, 1976. 
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Genetic aspects of renal tubular transport: Diversity and 
topology of carriers 

CHARLES R. SCRIVER, RussELL \V. CHES:KEY and RooERICK R. McJ:-.;NES 

Medical Research Council Group in Genetics, deBelle Laboratory for Biochemical Genetics, McGill Unir:eniry-.\-fontreal 
Children's Hospital Research Institute, ,\[ontreal, QuebeC'. Canada · 

Mutations which cause the inborn errors of mem­
brane transport can provide information about the 
no·rmal topology1 of remii transepithelial transport. 
In recent years various reviews of tubular transport 
[1-6] have appeared which discussed the interrelation 
between disease and net tubular reabsorption of or­
ganic solutes.2 Their emphasiswas primarily on the 
functions which served solute transport and less on 
the diseases associated with the disturbance of trans­
port. In this review we have taken the opportunity to 
describe, and to speculate on, the probable site in the 
t\lbular cell of the derect in transcellular movement of 
the solute in a number of inborn errors of tubular 
tmnsport. We hope that the speculations will stimu­
late debate, formulation of hypotheses and further. 

· experimental evaluation to advance our knowledge. 
The table included in this paper provides a catalogue 
of the currently accepted inborn errors of tubular 
transport. It is these clinical .. windows" which, 
through the expression of mutation, have revealed 
and helped to delineate an impressive array of spe­
cific transport functions in tubular membrane. 

Cellular uptake and tran~ellular transport 

The epithelial cell of the renal tubule has luminal 
and basilar poles, with definite orientations to the 
fluids in contact with them; it_s luminal pole faces an 
ultrafiltrate of plasma where solute is topologically 
outside the body while the basilar pole is in contact 
with peritubular interstitial fluid where solute is inside 
the body. Cells of the proximal tubule, in both the 

• Topology-anatomical definition: the structure of a particular 
region or part of the body (Webster). 

'The term .. solute" in this paper refers to organic solutes except 
when clearly indicated otherwise: for example, in the section on 
phospb:ue reabsorption. 

@ 1976, by the International Society of Nephrology. 
P~,;:,lished by Springer-Verlag New York 
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convoluted and pars recta segments where a· major 
fraction of electrolyte and organic solute transport 
occurs, have a greatly enlarged membranous surface 
formed of closely packed microvilli: the latter in­
crease the absorptive surface about forty-fold 17, 8}~ 
Microvilli are associated with an unstirred layer at 
the external liquid-solid interface. which is the major 
rate-limiting step in trans brush-border permeation at 
lov.- concentrations of many solutes [9]. The unstirred 
layer also serves as a locale in which eniymes may act · 
upon substrate, e.g., disaccha.rides, before transport 
[10]. Tubular epithelium is also a continuous sheet by 
virtue of punctuate contacts; or tight junctions, be­
tween cells at their luminal poles [11}. These junc­
tions are probably impermeable to organic solutes 
under normal conditions. Thererore, the solute must 
enter epithelial cells to reach the peritubular space 
during reclamative transport and to reach the lumen 
during secretory transport. To achieve this vectorial 
process, an asymmetrY. of net solute flux is required 
during redamative and secretory transports. How 
mutation informs us about the functional organ­
ization of two sets of membranes (luminal or brush 
border, and basolateral) and three pools (luminal, 
cellular and peritubular) ordered in series, and how 
they achieve these net transtubular fluxes. is of 
fundamental interest to us in this brief review. 

Cellular uptake of solute. The current view of bio­
logical membranes emphasizes a fluid-mosaic, struc~. 
tural model, in which the proteins form a mosaic in 
the bilaminar bed of lipid (12). In the absence of 
diffusion channels. permeation of the plasma mem­
brane by hydrophyllic solutes must be facilitated by 
carriers [13]. Certain types of membrane protein ap­
parently serve as carriers [14}, thus providing a per­
tinent focus for the effect of mutation on the trans­
port process. Various chemical and k.inetic probes 
[13] reveal the specificity of carriers and their ability 
to recognize solutes. Since the transmembrane move-
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ment of many solutes across the basolaterai and 
brush border membranes of tubular epithelium. both 
in cir.;o and In uitro, can occur against a chemical 
'gradient in all parts of the nephron [5. 6], there mu5t 
also be an investment of energy in transport in the 
form of a conjugate-driving force [15]. 

Assuming that the solute remains osmotically ac­
tive upon entering the intracellular pool, and there is 
no evidence yet to the contrary {16], it follows that 
the plasma membra~e plays a critical role in the form 
of a barrier to exodus after concentrative uptake. A·· 

. mechanism for attainment of dynamic asymmetry in 
the carrier as it functions on opposite sides of the 
membrane iS required. A simple kinetic description of 
this event is possible [6} (Fig. I). The Michaelis equa­
tion can be used to describe carrier-mediated and 
opposing fluxes2 ·of solute across the membrane 
where entry (or influx) and exodus (or efflux) are 
described by separate equations: 

U 
_ Vmax lnr· (S}o 

lnf-
Km tnf + (S]o 

(I) 

and 

[S]<> and [S}1 are the conce~trations of solute on the 
outside and inside of the membrane, respectively. 
When uptake is concentrative, influx exceeds efflux 
until the steady state is achieved at which time influx 

[50 I I !I Pro! 

Fig. 1. Diagram showing the apparent kinetics of steady-stare emry 
(influx} and exodus (elfiru} under conditions of active tr-ansport 
(aawnulation against a chemical gradient) oft-proline across rh!! 
plasma membrane of a cell. (See text for appropriate :-.tichaelis 
equations and description of terms.) Where the rate of solute ent:y 
is not higher than the rate of its removal by metabolism. L"'le lat<er 
comes to inftuence transport in the transtubular orienta:ion. Di­
minution or metabolic "runout" may cause the internal solute 
concentration to rise (i.e., change from (S},. to [5}11,): when t~is 
ch:~nge occurs in relation to the luminal membrane. exoch.!;; (back­
flux) will increase and egressed solute will be removed by the 
flowing column of urine. These con5iderations may be r~I;:van: to 
the interpretation or solute loss in some hereditary di>.:>rders of 
tubular transport and metabolism and to the concept of maxi::lal 
rates of tubular absorption (Tm). (From Scriver, Mcl:!ne$ z:~d 
l\h•hyuddin (97}.) 

equals effiux:. In the latter state,{S}1 will be>> [S}o: it 
follows from equations I and 2 that Kro err must then 
be >> Km tnr· The maintenance of this relationship 
which is essential to concentrative uptake appears to 
be a genetically determined property of the carrier. 

Effiu:rt across the luminal membrane occurs during 
net absorption of amino acids and glucose by the 
proximal tubule (17-19]; this backflu.'\ is quite in 
keeping with the normal kinetics of efflux depicted in 
Fig. I. However, back flux is necessarity small if con­
centrative uptake is an initial step during net trans­
epithelial reclamation of solute, as is now known to 

· be the case for the transport of some amino acids and 
for glucose [17-19l 

The ability to generate asymmetry in transcellular 
movement of solute, so that a vectorial flux occurs. 
has long been a subject of interest (20}. Transport 
across epithelium has many. features which are analo­
gous to transport across the plasma membrane; 
but transepithelial transport also has unique char­
acteristics which distinguish it from simple up­
take into cells. In tubular epithelium the now well­
recognized substrate specificity of the transport proc­
ess, presumably invested in the transport protein~ or 
reactive sites of the plasma membrane [13]. and lim­
ned by the appropriate kinetic, chemical and genetic 
probes [1-6], is not necessarily identical at opposite 
poles of the transporting cell. Uptake into the in­
tracellular pool, as defined by equations I and 2. can 
pertain to both luminal and basilar and lateral mem­
branes. However, if an identical net flux exists at both 
sets of membranes, net transcellular flux. from urine 
to peritubular space, or the reverse would not occur. 
For example, unless the unidirectional flux of solute 
outward at the basilar pole of the cell is greater than 
the unidirectional flux outward at the luminal pole. 
there is nothing to prevent achievement of a trans­
cellular steady state so that backflu:~ becomes the 
equal of entry at the luminal site serving uptake from 
glomerular ultrafiltrate, thus making net absorptive 
transport impossible. During absorption, a mecha­
nism· must be found which maintains the interim 
instantaneous uptake ratio below the .. true" steady­
state ratio across the luminal membrane; therefore, 

·an explanation for .. run out" from the intracellular 
space in the direction of the peritubular space is 
required. Two mechanisms seem plausible. 1) M eta· 
holism. Jf there is a large intracellular pool o-f the 
solute, membrane transport will not be the rate-limit­
ing step in its transcellular movement. The rate of its 
intracellular utilization will determine its intracellnlar 
concentration and, therefore, the number of mole­
cules of the original solute species available for back­
flux after uptake. It follows that a disturbance of 
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intracellular metabolism may perturb tubular ab­
sorption through modulation of intracellular pool 
size. Currently available techniques which meas:.1re 
net reabsorption and transepith~lial movement z.re, 
in essence, "black box" methods which largely fail to 
account for intracellular events acting on solute. 2) 
Dissimilar characteristics of luminal and basilar mem­
branes. Luminal and basilar membranes are dis­
similar both in their morphologic and functional 
characteristics. Differences at the two poles have be.:n 
described, for example. in electropotential [21], a:1d 
in the uptake of amino acids [18, 22-25] sugars [ 19, 
26, 27} and keto acids [28]. This functional 
asymmetry dearly permits metabolically inert amino 
acids, which have no .. run out" into other metabolic 

· pools, to be red aimed from urine into blood against a 
chemical gradient [29]. Accordingly, proximal tubule 
reclamation may be accomplished by a more per­
missive efflux. at the basilar membrane relative to the 
luminal pole. Relatively little work has been done to 
examine the role of solute removal by peritubular 
blood flow in relation to urine flow, and the relation 
this may have to transtubular transport kinetics. 

We should recognize also that solutes such as, 
a,mino adds [6. 30, 31] and glucose [19] which are 
taken up from peritubular fluid in many portions [ 16, 
26, 27] ofthe nephron evidently experience only min-

. imal net efflux across the luminal membrane and do 
not appear in bladder urine in significant amounts. 
Further evidence for diversification of transport in 
brush border and basolateral membranes in various 
parts of the nephron is seen in the distal tubule, which 
takes up amino acids, not at all from the lumen and 
only slowly from peritubular fluid [6]. 

Functional classification of 
inborn errors of tubular transport . 

Two membranes and three solute pools, arranged 
in series, accommodate transepitheliat transport. In 
principle, the various inborn errors of reclamative 
transport can then be assigned to specific disorders of 
membrane function according to Fig. 2. Mutation 
can effect tubular reabsorption at the following 
stages: I A) uptake activity (entry) at the luminal 
carrier; I B) backflux (luminal ex.odus) permitted on 
the carrier; 2) cellular utilization of absorbed solute 
(pool size) controlled by its metabolic disposal; 3) 
unidirectional flux from cell to peritubular fluid at 
basilar and lateral membranes (peritubular exodus). 

Disorders of secretory transport can also be served 
by this model with due consideration for the pre­
dominant direction of the fluxes. 

Hormone-dependent inborn errors of tubular 

Urine 

t 

Fig. 2. A model delirreoting possible silt!$ for exp"sslon of mutant 
alle/es causing hM!'ditary disonlers of tubul(U rt!abswption. Appro-. 
priate recognition of the vectorial flux in secretory transport allows. 
the model to be adapted also to disorders of secretion. Defect lA, 
mutant site (carrier) blocks entry; defect IB, mutant carrier per­
mits ex.cessive ex.odus (backftiU) fro!Jl internal pool (ll. ): defect 2, 
blocked catabolic mutant state prevents metabolic .. runout" to 
alternate form (::)) leading to accumulation of original solute in 
the internal pool (.5) and exaggerated exodus (backflux) on l')ormal 
carrier: d..:fect 3, defect in exodus at basilar (or lateral) mll'mbr<~.nc 
leads to intr<!cellular accumub.tion as in defect 2. All lead to 
reduction of net transepithelial flux. Not shown :ne hormone­
modulated defects involving hormone binding at specific sites on 
the basilar membrane, and transduction of signal by internal mes­
senger to influence the primary transport process (e.g., phosphate 
transport modulation by parathyroid hormone or calcitonin, and 
water transport modulation by vasopressin). 

transport require consideration of two additional 
steps: 1) binding of hormone to the appropriate 
plasma membrane and 2) intracellular translation of 
the hormonal signal. We have selected ·examples 
from Table I to describe defective mechanisms at 
different stages of the transepithelial transport proc­
ess. 
lA. Disorders of solute uptake of the luminal mem­
brane. The casual student of biological transport is 
likely to assume that the hereditary disorders of tubu­
lar transport express themselves at the luminal mem­
brane. We know from studies of electrolyte transport 
that other peritubular membranes play vital roles in 
solute migration across the tubule; no direct evidence 
for a luminal membrane defect has been obtained in. 
any disease listed in Table l; only indirect evidence, 
and only in certain disorders of net reclamation, is at 
hand. The examples we have chosen will highlight a 
number of themes including the diversity of mem­
brane sites used by even a single solute during tubular 
transport, and the great specificity among sites ex­
posed to a wide mixture of solutes. Consequently, 
mutation is likely to ablate only a fraction of any 
given transport function. Diversity has adaptive ad­
vantage. 

The Hartmtp trait. Typical homozygotes have a 
selective impairment in the intestinal and tubular ab­
sorption of a particular group of neutral a-amino 



152 Scrir:er et a/ 
III.. 5 

Table I. Heritable disorders of renal tubular transport in man' 

Trait Presumed (or Other Apparent 
(McKusick Substance possible) matant tissues inheritance 

Q cat. :o-;o.) affected gene product affected pattern Comment• 

Hyperdibasic Lysine, ornithine Shared ··dibasi~- Intestine AD/t\R Two alleies (differ~:nt loci"?) · 
Jminoaciduri'* arginine, amino acid tran;port liver'? · Type I (lli70) protein 
. {17.600) ( .. dibasic'' group) system (uptake) brain? intolerance: failure to 

(22270t thrive, byperammonemia 
(mitochondrial deJect?)bets 
silent. Type 11 ( 12600) 
assoc. wittl mental retarda· 
tion in rcc~tntly discovered 
bomoL Hels. have modest. 
dibasic aminoa;;.iduria. 

Cystinuria Lysine.. ornithine Shared mernbraHe Intestine AR -Negative" reabsorption 
(220l0f" . a~ginineandcy$t(e)ine efflux system? brain? of affected amino acid can 

(skin fibroblasts are occur. Tbtcealldes(same 
normal locus?) each causin$ differ. 

- ent phenotypes: in typi-.1 
bets. no excess amino 
acidi in urincr ( .. silent"): in. 
ty~nl homoz. inttitin:ll 
transport intact. 

Uypercystinuria Cystine Specific system for ? AR? Ont pedigree only 
(23820) cyst(e)ine (uptake) 

lminoglyclnuria Proline. hydroxy- Shared system for Intestine AR Four al!eles (same locus?) 
(24260)" proline, glycine iminoacids, glycine · I. ll.silent hcts 

(&sarcosine) (uptake) IH.lV hyperglycinuric bets 
J, with intutinal defect 
IV, Km mutant. 

Hartnup Neutral amino acids Shared system for Intestine AR Two alleh::s (same locus?) 
(23450)~ (excluding iminoacids large neutral amino (skin fibroblasts IJ intestine affected; 11. 

and glycine) acid group (uptake) are normal) intestine normal. Hets 
"silent'" in both. 

Dicarboxylic Glutami~ aspartic Shared dicarboxylic Intestine AR 
ilminoaciduria acid transport 
(glutamate-aspartate system(?) 
transport defect) 
(~3165) 

P-aminoaciduria- Taurine,,::l-alanine No primary transport System defined by eo m-
(hypertaurinuria) P-AIB defect in man; taurinuria pctitive inhibition in hyper-
Seete11.t in mouse P-alaninemia in man 

(McKusick [23740))(&. 
taurinuria phenotype in 
mouse). 

Renal glucosuria Glucose Glucose carrier Intestine normal AR Two forms: Km variant 
(glycosuria) {uptake) & low-Tm variant (Reubi 

(03260)3 type A). 
Glucose•galactose Glucose galactos.: Shared glucose- Intestine AR Minimal renal glucosuria 
malabsorption . galactose carrier and no galactosuria. under 

(23160)3 (uptake) usual conditions. Diarrhea 
principal symptom; mimics 
disaccaridase deficiency 

Bartter syndrome Na+ ANa+ carrier? Erythrocyte AR. Secondary jux.taglomerJ.Ilar 
(hypokalemic (K + secondarily?) (Na• content cell hyperplasia, normal 
alkalosis) (24120)" increased} blood pressure, secondary 

hyperaldosteronism &. 
hypokalemic alkalosis 

Albrigbt's hereditary Calcium Regulation of Bone XL (dominant) More then one allele (at 
osteodystrophy parathyroid hormone (or sex- different gene loci?) Type f. 
(pseudohypopara- receptor mechanism influenced AD) no increase in urinary 
thyroidism, etc.) (or messenger system)· cAMP arter PTH challenge; 

(30080)" cortical adenyl cyclase 
present; circulating PTH in· 
creased. Type Tl, urinary 
cAMP response intact but 
not effective. 

c 
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Trait 
(McKusick 
cat. No.) 

Famili:Uhyi)O" 
.phosphatcmicrickets 

(30780)' 

Rc:nal tubular 
acidosis(type 11) 

·(31240) 

Renal tubular acidosis 
(~pent) 

(26720) 

Renal tubular 
!ltcidosis(type I) 

(17980)' 

Dista1 renal tubular 
a.::idosi$ with nerve 
dearness (26730}' 

Diabetes insipidus 
(vasopressin resistant) 

lJ0480)' 

idiopathic Fanconi 
s:;·ndromc 

(22770)' 
(22780)' 

· S)mptomatic forms of 
F ~neoni syndromes: 

a) Cystinosis 
Type I (21980)' 
Type 11 (21990)1 

. Type HI (22000)l 

Substance 
affected 

Phosphate 

Bicarbonate 

Bicarbonate 

H'" 

H~ 

HzO 

Generalized effect on 
all solutes & water 

Same 
(secondary respOnse) 

b) Hereditary fructose Same 
intolerance (+fructose) 
(22960)' 

c) Galactosemia 
(23040)' 

d) Hereditary 
tyrosinemia 
(27670) 

Same 
(+galactose) 

Same ( + tyrosine 
metabolites) 

REor.JZ! rubu!l:r rranspon 

Table 1. fConrinued). 

Presumed ( •:>r Other 
possible) mu~t tissues 

geneprodt.:a affected 

Phosphate carrier Intestine? 
(luminal meml:>rane'!) Bone? 
(retaining cellular 
pool) 

Proximal tubular Intestine 
mechanism for (probable) 
reclamation 

Late proximal or 
early distal tubular 
mechanism for re-
damation 
Distal tubular collect-
ing duct hydrogen 
ion secretion 
mechanism 

Carbonic anhydrase B Erythrocyte 

Antidiuretic hormone 
receptor mecha::1ism 
(or messenger s~·stern) 

Coupling of en~rgy Cl Secondary to 
Tight junction i;1tegrity renal phenotype 
('!) 

. Cystine storage 
(lysosomal defect) 
with secondary 
damage to tubule & 
glomerulus (later) 

Same 

Fructose-1-phosphate: Same 
aldolase (with secon6ry (hepatic cirrhosis) 
effects on celluhr ATP) 

Galactose·l-pho-5pba-:e Same 
uridyltransferas (wiu (cataracts. CNS) 
secondary etfeci:S on 
cellular A TP) 

Unknown (with secou- Same (hepatic 
dary effects on ~llular cirrhosis) 
ATP) 

Apparent 
inheritance 

pattern 

III. 6 
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Commenl' 

XL (dominant) low Tmr1: ""negative" 
reabsorption of pbosphale · 
can also occur. susga.ting 
excessivebaddlux from cc:ll 
to urine.. Trail responds to 

Xl('!) 
(recessive) 
(orAR?) · 

AR(?) 

AD 

AR 

XL 
(recessive) 

? 

AR 
(&AD?) 

phosphate n:placc:mc:nt. 
Prevalent in males. Low 
capacity (Tm) for n:ab­
sorption of ~HcO.,.. O:rily 
requirement of- HCO, islG 
to &S mEq/kg. 
.. Dislocation- (Km }type 
assoc.. with hypokalcmia &. . 
osteomalacia/rickets.. 

· Bicarbonate reclamation 
normal. Ability to se-
crete H • in distal syitcm 
vs. gradient is defective. 
Daily requiremc:nt of HCO, 
is 1 to2mEq/kg. 
Progressive nerve deaf-
ness is marker finding. 
RT A responds to HCO,-. 
l to 2 mEq/lcg.. 
Two allcles (different . 
loci?). Type I. np urinary 
eAMP response to ADH. 
Type U, female proband 
urinary eA MP response. 
intact but not effective. 
Adult-onsel (22780) and 
infantile childhood forms 
(24270) aredifferentiated. 
Basic defect unknown; 
probably several alleles. 

AR Several alleles. Infantile 
(for each type) (type I) & adolescent (type 

11) forms have differing 
rates for onset of nephro­
pathy. "Adult~ form (type 
Ill) has no nephropathy. 

AR 

AR 

AR 

Nephropathy dependent on . 
phosphate depletion in 
kidney. Responds to fru~ 
tose withdrawal. 

"Galactosemia- due to 
galactokinase. deficiency 
does nor have F anconi 
syndrome. FanJ:ani syn• 
drome responds to galactose 
withdrawal. 

Fanconi syndrome responds 
to tyrosine restriction. 
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Tabte- I. tContinued). 

Trait 
(McKusick 
cat. No.) 

e) Wilson·s disc:ase: 
(27790) 

Substance 
affected· 

Same (with proximal 
and dista.l RT A) 

Presumed (or 
possible) mc.unt 

gene prod!.:.;:t 

Unkno"'n (seondary 
effects on cytocllrome 
oxidase systeL:l ?) 

f) [owe's oculucerebro Generalized disfunction Unknown 
renal syndrome · with defective urinary 
(30900)a ammonia production 

Vi~min D dependency Generalized def.:ct. 
(pseudodcficiency (Secondary response) 
rickets}(26470)' 

Miscellaneous 

a) Glucoglycinaria 
(13810) 

b) Luder-Sheldon 
syndrome ( 15250) 

Glucose & glycine 

Generalized amino 
acids glucose & 
phosphate 

c) Rowley·Rosenberg Generalized 
syndrome (26850) aminoaciduria 

25-hydroxy .. iumin 0. 
la-hydroxylJ..Se 

Unknown ( '~e two 
solutes do r.oc share a 
.common c:.1:rier. 

Unknown 

Unknown 

Other 
tissues 

affected 

Hepatolenticular 
degeneration 

An oculocerebro­
intestinal·ro:nal 
syndrome (involving 
tissues with high 
")'-glutamyt cycle 
activity?) 

(Vitamin D hormone 
synthesis occurs in 
kidney mitochon· 
dria; deficiency af· 
fects intestinal 
absorbtion of cal­
cium &.initiates 
PTH response.) 

Apparent 
inheritance 

pattern 

AR 

Comm~nt' 

F anconi syndrome responds 
to depletion of copper 
storage. 

XL Basic defect st111 
(recessive) unknown. Treatment for 

tubular reclamation 
defects does not improve· 
mental retardation ot \he 
cataracts& hy<lro­
phthalmia. 

AR 

AD 

AD 

AR 

Nephropathy dependcaton 
PTH exccss&.bypocakcmia 
(phenocopy oa:uB io vita­
min Ddeliciency.) 

Asymptomatic. Norma1-Tm 
(type-B) glucosuria. Possi-­
bility that this is a 
heterozyg:OU$ m:mifestation 
of a Fanconi-lik~: tUblllopa­
thy merits con.sidc:r.rtioR. 

Same as for previous entry. 
Symptoms or Fanconi 
syndrome have oa:um:d 
in probands. 

Associated components of 
syndrome; growth, retarda· 
tion. muscular hypoplasia. 
pulmonary involvement & 
right ventricular hyper­
trophy. 

1 A catalogue of 28 inherited disorders of tubular transport is provided herein. Each disease included in the table has a proven (see footnot..:: 
3) or suspected pattern of inheritance and is to be found under its own five-digit catalogue number in the appropriate section (autosomal 
dominant, 10.000 series; autosomal r.:cessive, 20,000 series: and X-linked, 30,000 series) of McKusick's Caralogue of Mendelian Inheritance 
in Man [161]; selected literature citations are given with ea.::h entry. Vignettes covering the major clinical features and the genetic aspects of 
many of these traits will also be found in the Compendium of Birth Defects. published by the National Foundation-March of Dime5 (162). 
Numerous probable inborn errors or tubular transport are not included in Table I because their tubular manifestations have yet to be 
clearly understood. These conditions (and their McKusi;;k catalogue number, if available) include the following: Pyroglutamic Di!fduTia 
{26613) due to a defect in glutathione synthesis and second2ry overproduction of the pyroglutamic acid (S-oxo-prolioe} intermediate or the 
-y-glutamyl cycle; idiopathic hypercalcuria (hyperexcretory form) (23810): some patients with Leigh's necrotizing encephaloptJthy {25600): 
Familial nephrosis (25630) with a generalized tubulopath::-: and Immerslunas syndrome (26110) with unexplained tubular proteinuria. 
• bets = heterozygote, homoz = homozygote. 
• Proven pattern of inheritance. 

acids [6, 32]; nonepitheliat cells, such as cultured skin 
fibroblasts, do not have the defect [33]. Intestinal 
uptake of various dipeptides containing amino acids 
affected by the Hartnup trait is not impaired [3-+-36]. 
because dipeptides are transported in the gut and 
kidney, at membrane sites which are independent of 
those used by their constituent free amino acids {37, 
38]. Follo\ving uptake, dipeptides are cleaved by in-

tracellular peptidases; the free amino acids then enter 
metabolic pools or leave the cell. The normal plasma 
response curve in the Hartnup trait, following dipep­
tide feeding, indicates that cleavage and absorption of 
dipeptide-derived amino acids are normal. Therefore, 
efflux of the released free amino acids across the 
basilar plasma membrane must be intact, and the 
defect in transepithelial absorption must be confined 
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to a specific uptake carrier serving the large 
•·Hartnup" group of amino acids on the luminal 
membrane {viz. Fig. 16-21 in [6]). In the absence of 
any comparable studies of dipeptide reabsorption by 
kidney, we reason by analogy that a similar location 
of the defect in proximal tubule epithelium accounts 
for the specific Hartnup hyperaminoaciduria. 

Renal glucosuria and glucose-galactose mal­
absorption. Two autosomal recessive disorders of 
hexose transport [39, 40} reveal the likelihood that 
renal tubular epithelium possesses. two (or more) ge­
netically distinct mechanisms for glucose transport: 
this· may· not be the case in the intestine. The 
transport defect in each trait almost certainly in­
volves an uptake system on the luminaf membrane. 

The characteri&tics of o-hexose transport in kidney 
are complex. Hexose transport mechanisms provide 
substrates for the metabolic systems yielding energy 
for· basal renal work, and also for a component of 
rerral transport work itself [41]. Hexoses enter prox­
imal tubular cells, in vivo, from luminal and basilar 
poles [26, 42]. However, luminal and basilar mem­
branes clearly possess differing characteristics for 
he:tose transport. By means of the sudden-injection. 
multiple-indicator dilution method [26], it has been 
shown that there are o-glucose-preferring (G) sites· 
(shared with o-galactose) and o-mannose-prefer­
ring (M) sites in the luminal membrane [42]. 
Confirmation of these data, and evidence for Na+­
dependent o-gtucose transport at the luminal mem­
brane, has been obtained by a stop-ffow micro­
perfusion method [43] and by kinetic analysis 
of isolated preparations of brush border membranes 
[4-+]. It is likely also that G sites of luminal and 
basilar membranes are not identical [26, 42]. Further­
more, this delineation of hexose transport in the lu­
minal membrane of kidney leads one to believe that 
its properties are qualitatively different from those 
previously defined for the luminal membrane of in­
testinal epithelium [45]. 

By means of a technique using isolated, perfused 
proximal tubule segments, the characterisitcs for true 
transcellular transport of o~glucose have been re­
vealed. o-glucose can be transported against a.chem­
ical gradient out of the tubule lumen. Active trans­
port is therefore a property of the luminal membrane. 
Glucose reclamation occurs predominantly in the 
convoluted portion of the proximal tubule but it also 
takes place in the pars recta. The unidirectional fluxes 
of o-glucose, from cdl to lumen, and from cell to 
peritubular fluid, were dissected from the net trans­
epithelial fluxes; outward flux at the basilar pole ex­
ceeds exodus at the luminal border by a four-fold 
margin. Basilar permeability to o-glucose is appar-

ently carried-mediated. When the maxim.um rate of 
reabsorption (TmG) is reached, the limiting com­
ponent is, accordingly. uptake at the luminal mem­
brane (or intracellular metabolism). not permeability 
at the basilar membrane. 

Tubular reabsorption of o-glucose has long been 
known to observe a Tm in mammalian kidney in ,;iuo 
[46, 47] (Fig. 3). The observed "splay'' in the titration 
curve relating filtered load to the threshold for gluco­
suria (Fmin0 ), and the reabsorption rate, has evinced 
much argument. Some consider the observation to be . 
compatible with ordinary Michaelis-Menten kinetics 
for uptake by a single saturable system; others take it 
as evidence for anatomical heterogeneity among the 
nephrons performing the functions of filtration and 
reabsorption [ 1]. We believe a resolution of this etas. 
sical argument among renal physiologists is to be 
found in the hereditary disorders of glucose trans- · 
port. 

Reubi [48] observed two variations upon the nor­
mal titration curve in familial renal glucosuria. The 
type-A variation is characterized by a low Fmin0 and 
low Tm0 ; lype-B glucosuria has a low Fmin0 but a 
normal Tmc (Fig .. 3). A kinetic interpretation [3, 6; 
-19) of glucose reabsorption ascribes the type-A vari­
ant to a reduced number of transport sites, while the 
type-8 variant reflects reduced affinity of the hexose. 
carrier for glucose. With this in mind. shQutd a hered­
itary disorder of glucose transport involve the in­
testine as well as the kidney. or should the type-A and 
type-8 phenotypes be found in the same pedigree, 
there would then be little room for the nephron heter­
ogeneity hypothesis as an explanation for splay in 
solute absorption curves. 

When in vivo data for hexose transport are corn~ 
pared 'with data obtained by the kidney cortex s1ice 
method, additional points of interest are found. 
The slice method, which exposes only the basilar 
membranes of proximal tubular epithelium to the 
incubation medium (see following), reveal£ active 
transport (uptake) of hexoses across these mem~ 
branes [50. 51]; this finding is analogous to the 
evidence for active transport in vivo [19]. The slice 
data also reveal more than one type of o-hex.ose 
uptake [48]; this finding is also in keeping with the in 
r:ivo observations [26, 42]. Kleinzeller [49} has delin­
eated a number of homologies between o-hexose 
uptake in vitro by kidney slices and during absorption 
in vivo. However, Silverman, Aganon and Chinard . 
[26, 42} have shown with different techniques that 
basilar membranes and luminal membranes are not 
identical in their hexose carrier properties. Therefore, 
the genetic probes of glucose transport in man as­
sume great importance since they may inform us 
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type-A and type-B glucosuria titration 
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. thetical curves do not confonn to the ac­
tual observations ill r::ico shown iJ\ the 
three adjacent panels.. Actual type-A 
glucosuria data (Znd panel from left) were 
redrawn from Elsas, Busse and Rosenberg. 
(39]: type-B glucosuria. data (Jrd panel 
from left) were redrawn from Elsa:s and 
Rosenberg (49]. The data for renal han­
dling of D·glucosc in glucose-galactose · 
malabsorption (right panel) are taken from 
Elsas. et al (0) {-10], Be.auvais et al (0) 
{54] and Abraham et al (A) (55]~ 
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about the disposition of hexose carriers in the renal 
tubule in a manner not revealed by any pre"·ious 
study .. 

Glucose-galactose malabsorption is characterized by . 
severe impairment of hexose transport in the gut and 
minimal deficit in the renal tubule; familial renal 
glucosuria is a disorder of renal tubular reclamation 
of o-glucose without an intestinal defect. 

In glucose-galactose malabsorption, an uptake sys­
tem, which resembles the G·system in kidney brush 
border [26, 42], is deleted in the luminal membrane of 
intestinal epithelium of homozygotes [40, 52-54]. On 
the other hand, renal titration studies reveal little [40] 
or no [54, 55] deviation of Tm0 from normal in 
homozygotes (Fig. 3 ). Endogenous glucose metabo­
lism is normal in the disease [55, 56] and the hexose 
transport defect is not expressed in the erythrocytes, 
as a representative of nonepithelial tissues [57}. 

In contrast to these findings in glucose-galactose 
malabsorption, there is no aberration of glucose 
transport in the intestine of homozygotes with fami­
lial renal glucosuria [58]. However, the renal titra~ion 
data reveal a very complex picture compared to the 
renal findings in glucose-galactose malabsorption. 
(Fig. 3). Studies in three unrelated pedigrees [39. 58] 
have revealed a "mild" form of homozygous type-A 
glucosuria inherited from .. silent" heterozygotes 
(COY pedigree, [58]); "severe" type-A glucosuria in­
herited from "mild" type-A glucosuric heterozygotes 
(Hold pedigree, [39]) and type-Band ••severe" type-A 
glucosuria in sibs of a pedigree in which there are 
relatives with .. mild" type-A glucosuria (Ho! ped­
igree, [58]. A compelling argument for at least three 
mutant alleles, at a gene locus specifying a renal 
glucose transport system, is offered by these observa­
tions. Of particular interest is the evidence that even 

.. severe" type-A homozygotes retain about one-third 
the normal Tma (Fig. 3); and that type-B probands 
(subject ll-4, Hot. [58J) have a normal threshold for 
glucosuria (Fmina) which is about one-third the nor­
mat Tm(j. 

The combined evidence both from physiologic ob­
servations in several mammalian species [19, 26, 42, 
47]. and from the genetic studies in man suggests the 
foil owing synthesis and hypothesis. Efficient reclama­
tion· of hexose by the proximal tubule is controlled by 
the luminal membrane. Three types ofluminal hexose 
carriers operate in parallel in this capacity. One is the 
M carrier [26, 42], a diffusional system of no further 
interest to us here. The second, which we will call the 
G 1 system, corresponds to the G-system ofSilverman 
et al [26, 42]; this carrier interacts with glucose and 
galactose and is under control of a gene we will call 
the "glucose-galatose" carrier (G1} locus. We pro­
pose that the integrity of the G 1 carrier is unmasked 
in one condition-severe type-A glucosuria which 
causes deletion pf a second (Gl!} glucose carrier. 
Evidence for the third carrier, which we call G:h is 
revealed in homozygous glucose-galactose mahib­
sorption which causes deletion of the G 1 carrier and 
.. unmasks" the activity of the G:~ carrier. 

We estimate that the maximal capacity of the G 1 

carrier is about one-third the total capacity for o­
glucose transport in the normal nephron (Fig. 3). 
From observations in type-A glucosuria, we deduce 
that the affinity of the G1 system forD-glucose is less 
than that of the principle carrier (G2 ); this fact is 
revealed by the displacer.:ent of the titration curve for 
the residual glucose transport in homozygous type-A 
glucosuria {Fig. 3). The G:~ carrier appears to be very 
specific for o-glucose and it has a high affinity and 
high capacity for D-gtucose transport {Fig. 3). 
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Mutation at the G, locus causes glucose-galactose 
malabsorption: mutation at the G2 locus causes farr:i­
.lial renal glucosuria. The G 2 locus may not be ex­
pressed in the intestine according to physiologic and 
genetic evidence; or if there is. an intestinal G 2 carrier. 
it has not been affected by the mutations which per­
mit homozygotes with renal glucosuria to survive and 
to be recognized [58]. More than one mutant allele 
has already been described for the proposed G2 locus. 
One type impairs the capacity of the G2 carrier foro­
glucose and causes .. mild .. or .. severe" Reubi type-A . 
. glucosuria; genetic. and'phenotypic evidence [40, 58] 
implies that there exist two different type-A alleles in 

· this respect. The other allele alters the affinity of 
the G2 carrier for substrate and causes type-B 
glucosuria. 

Hereditary taurinuria. We divert briefly to discu:;s 
the first of three animal models of hereditary loss of 
organic solute. Such examples are rare [3} and, when 
they occur, the opportunity they provide for in vitro 
investigation is valuable. 

We have used the kidney cortex slice metho~ and in 
vico clearance studies, in parallel, to delineate the 
location of an inherited impairment of taurine rec­
lamation [59, 60] which has been observed in the 
mouse. Taurine is the prevalent P-amino acid in 
mammalian body fluids· and it serves as a marker for 
a well-documented, P-amino-acid-preferring trans­
port system in the kidney [38, 60-63]. 

Wedeen and Weiner have shown that kidney slices 
do not necessarily expose proximal tubule luminal 
membranes to uptake from the incubation medium 
[64-66]. In response, some investigators have been 
quick to reject the slice method as a useful technique 
to study solute transport in kidney. We have less 
reactionary views; \ve believe the slice method pro­
vides an opportunity to study pools-in-series (Fig. -t) 
which can highlight the topology of transepithelial 
transport. Quick-freeze, soluble-label autoradiog­
raphy has revealed the distribution of tritium-la­
belled, inert solutes after their uptake by cortex slices 
[64] (Fig. 4, top half). Inulin is confined to an ex.tr:!­
cellular space . in contact wit)l basilar and lateml 
membranes of proximal tubular epithelium; only in 
the distal tubule does inulin penetrate ·the lumen. ct­
Aminoisobutyric acid (AIB) is concentrated \;·ithin 
ceils of the convoluted and straight portions of prox­
imal tubule, little being found in the lumen; if AIB 
fluxes into the luminal pool. it is avidly reclaimed in 
r:itro. p-Aminohippuric acid (PAH) is accumulated 
maximally in the lumen of straight segment but also 
in the convoluted portion of proximal tubules. Integ­
rity of the punctate contacts between epithelial eel::; 
at their luminal pole is essential for these solute distri-

butions to occur in kidney cortex slices. Specific. net 
flux orientations across the isolated luminal mem­
brane of the proximal tubule are also necessary to 
achieve the independent spatial distribution of AI B · 
and PAH. The findings indicate that the peritubular. 
cytoplasmic and luminal pools of proximal tubules in 
slices exist in series. and that net reabsorptive and 
secretory fluxes across the luminal membrane remain 
intact in slices. 

The unique topology of slices was put to use in our 
study of hereditary taurinuria in the mouse. Taurine 
is an inert metabolite in mouse kidney and is there· 
fore a useful probe of its transport functions. We 
investigated three inbred strains of mice available 
from the Jackson Laboratory. Bar Harbor. Maine: 
A/J ·is a normal taurine excretor {tau1+) and 
C57BL/6J and PRO/Re are two homozygous hyper· 
taurinuric strains (taut-). Urine taurine is ten-fold 
greater in taut- animals, while plasma taurine is com­
parable in the three strains. Net tubular reabsorption 
of taurine is 96.7 ± 1.3% (mean ±so} of the filtered 
load in A/J, and 83.9 ± 0.8% and 78.7 ± 5.0% in 
C57BL/6J and PRO/Re. respectively. Intracellular 
taurine concentration in outer cortex in vico is similar 
in the three strains. This important finding. when· 
interpreted according to the kinetics described in Fig. 
I, indicates that backfiux from an expanded in­
tracellular pool of taurine is not the cause of hyper .. 
taurinuria. 

Other in viw findings were of interesL P-Alanine is 
a competitive inhibitor of taurine transport in kidney 
[38. 60, 63]. P-Aianine inhibits taurine reabsorption 

· in z.:ivo, in both taut+ and taut- strains, indicating the 
retention of a residual taurine transport activity in 
the nephrons of the latter. 

Steady-state uptake of taurine at physiologic con­
centrations (about 0.5 mM) by thin, outer-cortex 
slices is clearly greater in taut- than in taut+ tissue. 
The higher ?Jptake ratio by taut- slices is not the 
result of altered efflux at the basilar membrane slice; 
efflux from slices is the same in taut+ and taut-. 
str-ains. 

P-Alanine, which shares the taurine transport sys­
tem in l:itro [38) and in vivo (60-63], is also taken 
up more avidly by taut- slices. P-Alanine which is 
vigorously oxidized by taut+ kidney cortex slices [38] 
is oxidized less by taut- slices but normally by slice 
homogenates with disrupted architecture. 

. These data suggest a block in concentrative uptake 
of taurine at the luminal membrane of proximal tu­
bule (Fig. 4). P-Taurine is not reclaimed efficiently 
from the luminal .. lacuna., of slices (the innermost of 
the three pools in series) once it has fiuxed from cell 
into lumen. Retention of solute in this pool leads to 
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Fig. 4. An inte1pretati01t of enhanct?d taurine uptake as obsen:ed in 
kidney cortex .slices obtained from hypenazuinuric ntice(C57BL/6J 
and PRO/Re sunins designated ra,r- in text}. when compared with 
normal mice (A/J. designated taiL""}. Upper half: Figure shows 
distribution oPH-inu!in, 3H· (or "C-) a-amino-isobutyrate (AI B) 
and •H-p-aminobippuric acid (PAH) after incubation or rat cor­
te.x slices. Inulin does not penetrate the lumen of the proximal 
tt\bule. artd is confined to e:~~tracetlular peritubular and glomerular 
spaces; Alll is concentrated by proximal tubule cells. PAH is 
ma:~~imall:t concentrated in the lumen of proximal tubule. A con­
cept of "pools-in-series" is implied by these findings (see te.\t). 
(Repbotggraphed from Wedeen and \Veiner [63).) Lower half: 
Figure shows the enhanced distribution ratio (OR) during time 
course for taurine uptake by slices. The. interpretation for this 
anomaly is shown in the two sketches at the bottom; it utilizes the 
"pools-in-series" hypothesis. The shaded area indicates the inulin 
space; the adjacent clear area is the cytoplasmic pool; the luminal 
pool is drawn at the apex bounded by luminal membrane and tight 
junctions (shown by solid bars). The luminal pool can be entered 
rrom the e.\tracellular space only through the cytoplasm. Taurine 
becomes trapped in the luminal pool (stippled area) of tau•- slices. 
Four relevant permeation lluxes are shown: influx across basilar 
membrane (J,); effluJt into luminal pool (J2); reciamation flux from 
luminal pool (J3 ); and efflux across basilar membrane (J,). J, 
exceeds J. under normal conditions so that little amino acid is 
retained in the luminal pool. Assuming J, = [Tau,] X 
~rrneability,., where le is the lumen·ta<ell movement, accumula­
tion of taurine in luminal pool will occur if luminal membrane 
~rmeability,. is decreased, all other events being unchanged. The 
"Change in J, in tau•- kidney is presumed to be the result of an 
hereditary impairment of transport at the urinary surface of the 
taurine carrier in the luminal membrane (from Chesney RW, Scri­
"·er CR. Mohyuddin F, J. Crin In-cest. vol. 57, 1976, in press). 

the higher uptake ratio observed in vitro. The in vieo 
data indicate "sequestration" of taurine in the urine 
pool. a finding also compatible with a luminal mem· 
brane transport defect. In citro add in vivo data are 
thus. concordant. We believe that in vivo and in virrt> 
data have been used in parallel, in this case, for 
topological assignment of a hereditary transport de· 
f~ct to a specific membrane surface in the mamma· · 
lian nephron. Appropriate studies-both with quick­
freeze, soluble-label autoradiography to discern 
whether labelled taurine accumulates in excess in the 
lumen of taut- slices, and with isolated brush border 
membranes to study taurine binding-will either af­
firm or dispute these conclusions. 
18. Defects in the integrity of the (luminal} piDSI'f1(l 
membrane to efflux. No hereditary disorder of tubular 
transport has been proven in this class. However, 
there is precedent for genetic control of ex.odus in 
prokaryocytes [67, 68]; and two disorders in man are 
reasonable candidates for this type of defect. 

Wong, Kashket and Wilson [67] describe a genetic 
defect of thiogalactoside transport in Escherichia coli. 
and Hectman and Scriver [68] found a mutant strain 
of Pseudomonas fluorescens defective in tf-alanine ac­
cumulation. Both mutants are unable to concentrate 
the relevant free solute against a gradient· in the in~ . 
tracellular pool, yet both retain the pertinent carrier 
in their plasma membranes. It was surmized in both 
that the mutant carrier was unable to prevent solute 
effiux. following uptake into the intrac!!Hular pool. 
_\Vith these precedents in mind, it has been proposed 
[69. 70] that classical cystinuria .and X-linked hypo­
phosphaturia may be disorders in which the relevant, 
specific carriers in the luminal membrane are mutant 
so as to allow abnormal backflux, while still retaining 
their carrier functions for facilitated entry. 

CystinJJria is an autosomal recessive disorder char~ 
acterized by defective transport of the diamino dicar· 
boxylic amino acid cystine, and the diamino mon­
ocarboxylic amino acids lysine, ornithine and 
arginine [71 ]. Two or more mutant allele5 exist at the 
gene locus controlling the transport function in­
volved in cystinuria [72]. Net tubular reabsorption of 
the four amino acids is greatly impaired in mutant 
homozygotes and in "genetic compounds". It is par­
tially impaired in beterozygotes for two of the three 
proposed alleles [72]. 

While FminLY• and TmLya may ·both be zero in 
homozygous cystinuria. Lester and Cusworth [73] 
have shown that lysine infusion will still provoke 
enhanced excretion of ornithine, arginine and cystine. 
They, and others {74, 75), have also shown that the 
endogenous renal clearance of cystine and the other 
affected amino acids can exceed the clearance of in· 



0 

III. 13 

160 Scriur et al 

ulin, so that the .. negative reabsorption"3 of amino 
acids occurs in cystinuria. On the other hand, 
cyst(e)ine uptake is only slightly depressed, if at all. in 
slices prepared from human cystinuric kidney [72. 76, 
77;. 78}: the representative dibasic amino acid lysine 
observes a reduced rate of uptake without change in 
its apparent Km for uptake [72. 76, 78]. The carrier 
retains its ability to interact with the dibasic amino 
acids. By contrast with these findings in kidney, the 
uptake of both cystine and the dibasic amino acids is 
clearly impaired in the intestine in homozygous cys­
tinuria [72]. 

The original hypothesis of Dent and Rose [79]. and 
of Robson and Rose [80}, stated that cystinuria is a 
defect in a selective transport (uptake) system of the 
tubule shared by cystine and the dibasic amino acids. 
However, subsequent work in vitro has shown that 
cystine and the dibasic amino acids do not share a 
common system for uptake across the basilar plasma 
membrane ofthe tubule as it is exposed in slices of 
mammalian kidney [60, 81, 82]. On the other hand, 
cystine. cysteine and the three dibasic amino acids all 
interact with each other at the luminal membrane, in 
the normal proximal tubule, presumably on a shared 
site [83}. The discordance between the properties of 
uptake sites on luminal and anti-luminal membranes 
is further ramified when efflux: is considered. 
Schwartzman, Blair and Segal [84, 8:5] showed that 
cysteine and the dibasic amino acids shared a mem-

. brane efflux site in kidney cortex slices. The 
properties of the efflux system appear not to be dupli­
cated completely at the corresponding influx site: nor 

· does the efflux carrier experience the customary prop­
erties of counterftow. These properties might be ac­
comodated by the behavior of carriers on the outer 
surfaces of luminal and basilar membranes when ex­
posed in the slice model (see above, hereditary tauri­
nuria discussion) except for the following facts. 
We know also that a mixed disulfide (cysteine­
homocysteine) is prominent in cystinuric urine {86}: 
that the renal arterial:venous extraction ratio is nor­
mal for cysteine, and for cystine. in cystinuria [87]: 
and that the intracellular cysteine:cystine ratio in nor­
mal human and cystinuric renal cortex is normally 
about I 0: I. regardless of the form in which cyst( e )ine 

• The term .. negative reabsorption" is sometimes used when it is 
found that the excretion rate (UY) of a solute exceeds its load in 
glomerular filtrate (F), whereas the customary relationship is F > 
uv. The term ••net secretion" could also be used in this i:-sunce 
provided it was no! implied that UV > F was the res~lt of a 
sp.::cific energy·dependent secretion process. When used in thi; 
paper, negative reabsorption implies an abnormal findin~ 
secretion is reserved for normal functions in which UV > F is th:: 
customary relationship. 

enters the cell (77. · 88]. 1 Each of these latter 
observations suggests that intracellular cysteine is the 
source of excess urinary disulfide in cystinuria. 

These disparate observations at first defy coherent 
interpretation. Moreover, the genetic evidence (Table 
I) tells us that mutation, in the form of isolated 
hypercystinuria. and as hyperdibasicaminoaciduria. 
can impair tubular reabsorption of cystine and the 
dibasic amino acid quite independently, a finding 
\vhich is explicable only if we assume that the luminal 
membrane contains reactive sites which are 
cyst(e)ine-specific and dibasic amino acid-J:ipecifk, 
each under the control of separate genes • .However, to 
reiterate, the physiological evidence [83] tells us that 
a third species of uptake site in the luminal 
membrane of the mammalian nephron is shared by 
the five naturally occurring amino acids, but that this. 
site is apparently not present in the basilar membrane 
[61. 81, 82}. Loss of only the luminal membrane 
system [83] {shared by cysteine, cystine, lysine. orni­
thine and arginine) would indeed account for the· 
cystinuria trait as we know it. But this simple inter­
pretation would not explain the stimultaneous obser­
vation of zero Fmin1.:;s. zero TmLya. negative reab­
sorption of amino acids and competitive interaction 
between the four amino acids during reabsorption .. 
An alternative and seemingly unifying interpretation 
is to propose that cystinuria is a defect in a shared 
efflux system of the plasma membrane so that the 
relevant intracellular amino acids (cysteine. lysine, 
ornithine and arginine) experience exaggerated 
exodus. This interpretation explains most of the in 
r:i1ro data and would account for backfiux into urine 
from the intracellular pool to yield negative reabsorp­
tion under certain conditions. The relevant amino 
acids still interact on a shared luminal membrane 
uptake system which permits competitive ·inhibition 
to occur under certain conditions. · 

The second candidate for defective luminal efflux is 
X-/inked ltypophosphatemia (familial hypophospha· 
temic rickets). In this .. phosphopenic" form of rick­
ets [70} tubular reabsorption of phosphate is selec­
tively affected [89}; a corresponding defect in 
intestinal absorption may also exist (90}. The vener­
able hypothesis of Albright ascribed the defect in 
tubular reabsorption of phosphate in familial hypo­
phosphatemia as a consequence of secondary hy- · 
perparathyroidism initiated by a primary disorder of 
vitamin D-dependent calcium absorption in the in­
testine [91 ]. However, this is implausible as there are 
no elevated serum concentrations of C-terminal im­
munoreactive PTH in mutant hemizygotes unless cal­
cium homeostasis has been altered [70]. Moreover, 
the anticipated generalized defect in tubular reab-
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sorption of solute which accompanies .. calciopenic'.' 
second:.uy hyperparathyroidism [701 is not observed 
in the X-linked trait. Furthermore, normal urinary 

· cyclic-AMP excretion under basal conditions [89, 92] 
is p.artial evidence against the defect being a selective 
hyperresponsiveness of the tubule to normal levels of 
circulating PTH [93]. Mutant hemizygote& also mani-

.. fest a low TmPI and negative reabsorption of ortho­
phosphate [89, 92, 94]; these two findings focus 
interest on a primary transport defect involving 

. Qrtbophosphate. 
· The fortunate discovery by Eicher and Southard, . 
at the Jackson Laboratory, of an X-linked mutation 
which causes hypophosphatemic rickets in the mouse 
has. allowed us to investigate, in preliminary fashion. 

·the mechanism of hyperphosphaturia in this pre­
sumed model of the human disease. Renal tubular 
reclamation of orthophosphate is equally diminished 
in the mutant mouse and in man. Concentrative up­
take of phosphate by cortical and medullary slices 
appears to be normal in the mutant hemizygous 
mouse; and the intracellular concentration of total 
and inorganic phosphate also appears to be normal 
[95}" 

A hypothesis is proposed to accomodate the find­
ings in X-linked hypophosphatemia. We suggest that 
the mutation permits excessive luminal efflux (back­
flux) of cytoplasmic phosphate ion to account for 
negative reabsorption in the trait. We also suggest · 
that the equilibrium of phosphate between four pools 
in series may determine its net transepithelial flux; the 
luminal, cytoplasmic, mitochondrial and peritubular 
spaces comprise the four phosphate pools. Partition 
of phosphate in the mitochondrial pool may be found 
to be important in the transepithelial movement of 
phosphorus, modulating it in a manner analogous to 
that proposed for transepithelial movement of cal­
cium [96}. The hypothesis requires us to know 
whether concentration of phosphate in the cytoplasm 
available. to backftux is dependent to any extent on 
the amount in the mitochondrial pool. It may be of 
significance that mitochondria, particularly of prox­
imal tubule cells, are palisaded at the basilar mem­
brane [7}, forming an interface between peritubular 
and cytoplasmic pools. Events which diminish or in­
crease phosphate activity in mitochondria may come 
to influence phosphate activity in cytoplasm in a 
series model of transport and may help to explain the 
various effects of calcium and PTH infusions re­
ported in X-linked hypophosphatemia [89, 92, 93]. 

It is implied that a disorder of luminal membrane 
backflux could be expressed in any portion of neph­
ron and could come to influence net reabsorption in 
both the proximal and distal tubules. Any test of the 

luminal membrane efflux hypothesis, in cystinuria. 
and.X-Iinked hypophosphatemia for example. should 
consider this possibility. 
2. Disorders of inlracellular pool size. Interference 
with metabolic disposal ("run out") of solute could 
lead to expansion of the intracellular pool in the 
presence of continuing uptake (Fig. 2). Conse­
quently, the effective concentration of solute which 
interacts with the luminal carrier at the intracel­
lular interface could increase; under this condi­
tion. backflux into the lumen and the moving column 
of urine must increase. all other events being equal, as 
the efflux component at. the luminal membrane re­
sponds to the elevated, internal solute concentration 
(Fig. l ). In this respect, intracellular metabolism of 
solute comes to influence its transtubular migration. 
One cannot avoid thinking of the possibility. that 
under this circumstance the T m of a solute may be 
influenced by its renal metabolism {97, 98). 

Renal tubular reabsorption of amino acids has 
been carefully measured in phenylketonuria and sar:.. 
cosinemia, two blocked-catabolic mutant states in 
man. to determine whether impaired catabolism of 
the solute impedes its reabsorption [99-J 02]. In 
phenylketonuria the hepatic conversion of phenylala­
nine to tyrosine is almost completely blocked {103]. 
Phenylalanine hydroxylase activity, with about one­
fifth the specific activity of the hepatic enzyme, is 
found in human renal cortex [104]. However, it is not 
kno"vn whether the renal enzyme is an isozyme or 
whether it is deficient in phenylketonuria. It is known 
from measurement of phenylalanine reclamation that · 
there is no. abnormality of tubular reabsorption of 
this amino acid in phenylketonuria [99, 100. 101 J. 

A similar observation has been made for sarcosine 
reabsorption in sarcosiriemia [102]. It is likely that· 
less than I 0% of total body sarcosine oxidation takes 
place in mammalian kidney [102, 105]; a severe loss 
of sarcosine oxidation in one of our patients was not 
accompanied by impaired renal reabsorption of this 
amino acid [102], indicating that renal oxidation of 
this amino acid is unimportant in its reabsorption. 
Accumulation of sarcosine in the mutant state ac­
tually enhances glycine reabsorption [ 102] even 
though sarcosine and glycine interact competitively 
·on their shared uptake sites [6, 102]. Counterftow 
between the raised intracellular sarcosine and urinary 
glycine on the luminal carrier appears to be a satisfac­
tory explanation for the behavior of glycine reabsorp­
tion in sarcosinemia. The latter finding also suggests 
a normal backftux exchange activity at the luminal 
membrane in sarcosinuric kidney and no loss of car­
rier integrity. It follows from the examples of phenyl­
ketonuria and sarcosinemia that an initial increase in 
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the amount of an amino acid in its peritubuiar and 
luminal pools does not come to influence the capacity 
for its net tubular reabsorption, beyond the normal 
kinetics of concentration-dependent uptake [ 13] at 
the. plasma membrane. 

·Another animal model (the third and last to be 
mentioned in this review) has provided a valuable 
opportunity to examine directly the effect on net 
tubular absorption of an initial increase in 
intracellular pool size [97]. The mutant homozygous 
PRO/Re mouse ha<>hyperprolinemia and less than I% 
of the normal proline oxidase activity in kidney [ 106, 
I 07}. Under normal conditions, proline is reclaimed 
avidly from urine by the mammalian nephron [61, 
108, 109]; the kidney also takes up proline from peri­
tubular plasma in vivo [110]. In the PRO/Re mouse. 
the endogenous proline concentration is eight times 
normal in plasma and four times normal in kidney 
cortex; by contrast it is fifty times normal in the urine 
[97J. The in vivo, steady-state uptake of proline across 
the basilar plasma membrane is not impaired and 
effiux at this surface is normal; the integrity of the 
well-documented proline transport systems in these 
membranes [Ill, 112] is also retained in PRO/Re 
kidney. Appropriate studies also reveal the luminal 
membrane uptake of proline to be intact in the 
PRO/Re mouse [97]. 

Proline oxidation in normal mouse kidney is of 
such large capacity that the intracellular proline pool 
is kept at a low level [97); consequently, the normal 
metabolic outflow comes to influence proline uptake 
rather dramatically. Normal slices do not observe 
any expansion of the soluble proline pool until the 
external substrate concentration is greatly elevated; 
and saturation of tubular reabsorption in vivo (Tm.,,) 
is not observed in the normal mouse until the filtered 
proline load is augmented far beyond the limit which 
is required to delineate the TmPra in man. 

The extraordinary hyperprolinuria which charac­
terizes the PRO/Re mouse can be understood only 
by taking into account the elevated intracellular con­
centration of free proline (97]. When we apply Mi­
chaelis kinetics (Fig. l ), we see excessive prolinuria in 
the PRO/Re phenotype as a simple consequence of 
the primary elevation in the concentration of in­
tracellular proline in r:ivo (depicted as S1b in Fig. 1). 
Effiux of proline is thus enhanced on the same normal 
carrier that moves it normally into the cell either from 
urine, or from peritubular fluid. However, when 
exodus occurs across the luminal membrane, proline 
will emerge into a moving column of fluid; since its 
distal tubular reclamation is insignificant [6], the 
"lost'' proline will appear in bladder urine. Fractional 
excretion of proline is accordingly elevated in the 

. PRO/Re mutant •. The in vivo. topology of trans- · 
epithelial transport permits this phenomenon to be 
observed in · PRO/Re kidney whereas the in r;itro 
topology does not. 

With the hindsight afforded by the PRO/Re 
mod et, it is of interest that the venous plasma thresh­
old (FminPRo) for prolinuria in some human ho­
mozygotes with autosomal recessive hyperprolinemia 
appears. to be slightly lower than the threshold. ob­
served .in normal persons [108}. That finding suggests 
that renal proline oxidase activity may subtly in­
fluence proline reabsorption even in man. lt is also 
apparent from these observations that the (:lassical 
Tm concept will require reevaluation since renal 
metabolism of a solute does indeed influence its rate 
of tubular absorption. 

3. Disorders of e:rodus at the antiluminal pole. This 
type of disorder would impede net transtubular mi­
gration of solute (Fig. 3). The result would be en­
hanced intracellular accumulation of the substrate 
leading to exaggerated backflux at the luminal sur­
face. Thus far, only experimental models of this 
mechanism have been reported: 

The rapid~injection, multiple-indicator dilution 
technique has shown [10, 42, ll3J that most solutes 
which interact competitively to augment their frac­
tional excretion do so at the luminal membrane. 
However, an equivalent competition between solutes 
during unidirectional exodus at the basilar plasma 
membrane [84, 85] could also impede net 
reabsorption. The effect of artificially blocked exodus 
on fractional excretion has been studied in the ligated 
ureter preparation in vivo [31, 114]. t.-Arginine en­
hances renal clearance of L-lysine in the Jigated dog 
[31] in part by causing the intracellular lysine concen­
tration to increase through competitive interaction 
between lysine and arginine at the efflux site in the 
basilar membranes. Corresponding experiments in · 
the rat (I 14] showed that L~lysine provokes cellular . 
accumulation of 35 S-labelled products derived from 
extracellular L-35 S cystine, and increases the renal 
clearance of L-cystine. These findings illustrate the 
general theme of this review, that renal uptake and 
transtubular migration are independent phenomena 
[115); they also support the likelihood that blocked 
efflux of solute from the basilar pole of the epithelial 
cell can impede net reabsorption. It remains Jor in­
vestigators to find a disease of tubular function in 

· man which fits this interpretation. 

. Generalized disorders of tubular transport 

The renal Fanconi syndrome [116] of various eti­
ologies, and the X-1inked, ocu/o-cerebro-renal syn-
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drome of Lowe, Terry and M acLachlan [ 117] are ex­
amples of generalized disruptions of tubub.r 

. transport activities. 
The Fanconi syndrome can be defined as the in­

tegrated clinical manifestations. of whatever cause. 
resulting from excessive urinary loss of three or more 
classes of solute$ including the amino acids, mono­
saccharides, electrolytes (phosphate, calcium, bi­
carbonate. potassium. sodium), uric acid and protein 
{particularly ,$-globulins); water loss also occurs. 
Substances not normally observed in any quantity in 
urine may also appear in excess, including lithium, 
magnesium, insulin and vitamin D and even ly­
sozyme [118}. The increase in fractional excretion of 
these solutes is largely due to reduced net tubular 
reclamation. However. impairment oftubular secre'­
tion is also observed in the syndrome; for example. 
TmPAH is depressed [119}. 

·Morphologic abnormalities may accompany the 
Fanconi syndrome. The swan-neck lesion, which in­
volves the initial portion of the proximal tubule, is a 
hallmark { 120]. In all likelihood, this lesion is second­
~ry to the underlying cause of the syndrome. The 
atrophy of the absorptive surface in the anatomial 
lesion further reduces the membrane activity avail­
able for transport. Many species of transport sites are 
IH>netheless still active, in the atrophied epithelium. 
since the normal competitive interactions between 
moleeutes. which share reactive sites, are retained in 
the Fanconi syndrofl}e [79, 121] (Fig. 5). 

A reduced Tm value characterizes the tubular 
transport ofvarious solutes in the Fanconi syndrome 
(Fig. 5). This finding alone could be attributed to a 
simple reduction in the activity or the number of 
carriers in the membrane (equationl). However, 
negative reabsorption has also been observed at high 
plasma solute concentrations in some patients with 
the syndrome (Fig. 5) and this finding implies more 

· than the Joss of carrier activity. The work of 
Bergeron. Vadeboncoeur and Laporte with the ma­
leic acid model of the Fanconi syndrome [25. 122, 
113] is of particular interest in the latter conte.x:t. 
!vfaleic acid is a noncompetitive inhibitor of solute 
uptake by kidney in vitro [125], and it causes the 
Fanconi syndrome in vivo [124]. Within a few hours 
of exposure to sodium maleate (400 mg/kg i.p.). 
there is a profound deterioration in the network of 
perimitochondrial membranes [ 123]; this anatomical 
abnormality and the Fanconi syndrome appear and 
then abate in parallel after the maleate injection. 
Following peritubular capillary injection orJeucine in 
the maleate-treated rat. the amino acid appears in 
tubular urine at a rate indicating direct transtubu!a.r 
flux [25). There is also a reduction in the cellular 

Filtered L-proline,~mo!es • min-1 /J. 7Jm 1 

fig. 5. Upper part: Renal titration curves relating proline reabsorp­
tion to filtered load in nonnal subjects and three palients with tbe 
idiopathic Fanconi sy11drome. The lower normal range for TmPRo 
[109] is shown by the shaded area. Reabsorption is depressed at all 
concentrations of prolin<: in ultrafiltrate in the Fanconi syndrome. 
In two subjects, excreted proline exceeded the filtered load when 
the plasma proline concentration was raised indicating •·negative" 
reabsorption under these conditions. Lower part: Proline inhibits 
glycine comperitit:ely on a :shared, high-capacity system for uptake in 
the nomzal subject /109, Jllj. The upper normal range for frac­
tional excretion of glycine in·the presence of proline is shown by 
the shaded area. Glycine excretion is abnormally increased, even at 
normal endogenous le\·els of proline in the Fanconi syndrome, 
indicating excessive inhibiton of reclamation, or excessive back­
flux, of glycine on its tubular transport systems [109, Ill}. The 
response to proline inhibition is unusual in two subjects and nega­
tive reabsorption occurred. The latter finding indicates retention of 
membrane sites at which counter-Row inhibiton of uptake may be 
occurring simultaneously. Negative reabsorption of other amim> 
acids was not observed indicating a selective interaction between 
proline and glycine at a site whose ability to retain solute has. been 
compromised in the Fanconi syndrome. 

concentration of the amino acid while its fractional 
excretion is elevated [122}. Exaggeration of these 
findings to the point of "negative reabsorption" can 
be imagined. 

"Negative reabsorption" in the human Fanconi 
syndrome (Fig. 5) and transtubular back flux of solute 
with reduced cellular accumulation in the maleic acid 

· model in the rat suggest that two fundamental mech­
anisms are potentially adrift in the syndrome. The 
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defect in tubular transport may encompass enhar:.:ed 
exodus at the luminal surface after uptake of solute at 
either pole (s-ee defect lA, Fig. 2). The mechanism 
may be a loss of dynamic asymmetry in the carrier 
secondary to a disorder of energy metabolism and its 
coupling to the carriers. The other defect concerns 
integrity of punctate contacts between cells; integ.-ity 
is maintained by a variety of factors including cellular 
metabolism. 

Hereditary fructose intolerance (HFI) [1261 is a 
disease which illustrates how metabolism can be corn~ 
promised in the Fanconi syndrome. The metabolic 
abnormality induced by fructose in HFI is initiated 
by cellular storage of fructose-1-phosphate (FIP) in 

. tiver, kidney and bowel [126]. The Fanconi syndrome 
accompanies this metabolic event [127] waxing and 
waning with exposure to and withdrawal of o-fruc­
tose in the diet. Tissues normally assimilate fructose 
and vigorously ·convert it to glucose and lactate. 
Fructokinase catalyzes the phosphorylation of fruc­
tose to FlP; disposal of FlP requires fructose-1-
phosphate aldolase which is present in splanchnic 
tissues and muscle. TJle aldolase (B-isoenzyme) of 
splanchnic tissues has strong cleavage activity toward 
F I P and strong condensing activity tO\\·ard 
dihydrox.yacetone phosphate and o-glyceraldehyde 
phosphate [129]. HFI is characterized by deficient 
atdolase-B activity. 

The critical enzymes required for fructose metabo­
lism in human kidney are found in the cortex but not 
in medulla [128]. This finding constitutes strong in­
direct evidence that renal cortex. metabolizes fructose 
by the FIP route, and that storage of FIP ·would 
occur in this region of kidney in HFI. The association 
of a precise anatomical location of fructose 
metabolism in kidney, and provocation of the Fan­
coni syndrome by exposure to fructose in HFI, is 
intriguing. The normal activity of fructokinase per­
mits large amount ofF 1 P to accumulate in HFI upon 
exposure to fructose. This response is accompanied 
by a fall in serum inorganic phosphorus while cellular 
adenosine triphosphate (A TP) is consumed to form 
the FlP [129]. This relationship in HFI constitutes a 
.. futile" hydrolysis of A TP, with dcepletion of high­
energy phosphate and inorganic phosphate pools and 
it is analogous to the situation in galactosem~a. in 
which the Fanconi syndrome also occurs [130]. 

Parathyroid hormone plays an important modu­
lating role in the pathogenesis of the Fanconi syn­
drome in HFI [l3l]. Administration of o-fructose 
may not provoke the Fanconi syndrome in the ab­
sence of the hormone [131]. Parathyroid hormone 
stimulates renal adenyl cyclase and A TP cons!.!mp­
tion. The "threshold" defect in A TP metabolism, · 

which appears to exist in HFI, highlights the energy 
requirements of mechanisms serving transtubular 
transport. From this perspective it is \'>Orth recall­
ing that solutes of different species 1,\:hich do not 
share common carriers in kidney membranes can still 
impede each others· reabsorption [132} or uptake 
[133] by mechanisms which do not involve 
competitive interaction [I 33]. Competition for avail­
able energy may occur under such circumstances; a 
mechanism which may explain the unusually intense 
inhibition of amino acid reabsorption upon exposure 
to solute loads in the Fanconi syndrome (Fig. 5). 

Disorders of net tubular secntioo 

There is no kno\vn primary hereditary disorder 
affecting the active tubular secretion of organic. so­
lutes. with the possible exception of some forms of 
hypentricemia. However, one can speculate that or­
ganic anions which escape excretion by nonionic dif­
fusion {134]. and which require conjugated transport 
systems for their tubular excretion, are eligible sub­
strates for inborn errors of tubular transport. The 
recent finding that the proximal tubule contains li­
gandin [135], an organic anion-binding protein which 
is antigenically similar to. the hepatic Y protein, yields 
a candidate for an organic anion carrier in kidney. 
An inherited deficiency of ligandin would provide a. 
significant test of its importance in tubular secretion 
of organic anions. In the meantime. we can question 
whether ontogeny of renal ligandin activity, similar 
to that of hepatic Y protein [136], is an explanation 
for the abnormally low secretion of substances such 
as PAH, chloramphenicol and penicillin in the hu­
man newborn. An alteration in ligandin-dependent 
organic acid excretion might even explain why a por­
tion of gouty individuals with normal uric acid pro­
duction have reduced net renal urate clearance with 
resultant hyperuricemia [137]. Finally, if it is an im­
portant organic anion carrier. we could understand 
better why hyperuricemia occurs in type-! g/y­
cogenosis, diabetes mellilus, lactic acidosis. maple 
syrup urine disease and fructose-1,6-diphosphatase 
deficiency when there is endogenous accumulation of 
the organic acids peculiar to each of these conditions 
[133]. 

Inherited defects of distal tubular acidification are 
likely to represent true disorders of net tubular secre­
tion. Classical renal tubular acidosis (type I or cRTA} 
occurs when the normal hydrogen ion gradient be­
tween tubular urine and plasma is not maintained. 
Accordingly, there is an inability to lower the urine 
pH no matter how marked the systemic acidosis 
[139]. Three abnormalities of hydrogen ion secre-
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tion could occur: I) H"~ secretion may be normal but 
·. with excessive back diffusion, so that the. normal H ~ 

·· gradient (800: 1-1000: I) between urine and plasma is 
dissipated; 2} H+ secretion may be normal but only 
up to a limited capacity, above which no further 
a-cidification can occur; 3) H+ secretion may be de­
creased. at any urine pH. Recently findings suggest 
that the third mechanism is an attractive explanation 
of cRTA [140}. Long ago. Pitts and Lotspeich [141] 
postulated that the elevated urinary Pco:z in alkaline 
urine, which is generally 35 mm Hg higher than in 
plasma, is the result of distal H+ ion secretion fol­
lowed by delayed, noncatalyzed. dehydration of 
H2CO;,.to form C02 and Hz. The gradient between 

· urine· and plasma was assumed to be dependent on 
impermeability of the coHecting duct to C020. Pak 
Poy and Wrong [142) were the first to observe that 

. the normal Pco2 gradient was absentin patients with 
distal RTA. This finding was.ex.tended by Halperin et 
al [140] who examined the urinary Pco2 gradient 
after loading their patients with bicarbonate to max­
imize H+ secretion. In their opinion [140] the most 
tenable explanation for the negligible Pco" gradient 
which they found is deficient H+ secretion. without· 
production of carbonic acid for delayed dehydration 
to C~. Others [143] have provided counter-evidence 
to this hypothesis, and suggest that the low urinary 
Pco2 in cRTA may represent excessive backflux of 
H2C03 in alkalosis, and of H+ during. acidosis. 

Absence of erythrocyte carbonic anhydrase B has 
been described in a family with disral RTA and deaf­
ness [144]. This observation is intriguing, in view of 
the suggestion of Maren [145] that distal bicarbonate 
reclamation is entirely dependent on intracellular 
carbonic anhydrase activity, which provides H+ ions 
to combine with H C02-. Distal tubular carbonic anhy­
drase has not yet been shown to be abnormal in these 
patients. 

Disorders accompanied by altered 
tubule-hormone interaction 

Hormones regulate several tubular transport func­
tions. Such transport activities will be modified if the 
tubule is hyperresponsive to normal (or elevated) 
serum concentrations of the relevant hormone; or if 
the tubule receptor and translation system are unre­
sponsive to the normal regulatory. action of the hor­
mone. Both phenomena can be illustrated by inher­
ited disorders which involve parathyroid hormone 
(PTH). PTH-responsive, membrane-dependent activ­
ities appear to be localized to the basilar surface of 
outer cortical tubule segments [146J. 

Autosomal recessive vitamin D dependency 

(ARVDD} [70] is a disorder in which the renal syn- · 
thesis of la, 25-dihydroxycholecalciferol, a hormonal 
form of vitamin D, is apparently defective. A .. calcio­
penic" form [70] of postnatal rickets develops. ac­
companied by secondary hyperparathyroidism; a 
generalized defect in proximal tubular transport 
follows. All abnormalities disappear when phar­
macologic doses of vitamin D. or quasi-physio­
logic doses of la-hydrox.yvitamin D analogues, are 
given. The disorder of tubular transport in ARVDD 
is related, in some manner, to the constellation of 
vitamin D hormone and calcium depletion and of 
PTH excess .. Depression of extracellular calcium ion · 
[147] or elevation of cytoplasmic calcium [148} in­
creases plasma membrane permeability. Catciotropic 
hormones which can modify cytoplasmic calcium al­
ter tubular transport of amino acids and other solutes 
[149}. Depression of cytoplasmic. calcium also in­
creases. tight-junction permeability {150}. Depression 
of cytoplasmic calcium is likely to occur in ARVDD, 
the result being a change in membrane and 
transtubular permeability, so that reclamation of so­
lute may be depressed or back flux. enhanced. It is also 
apparent from recent work [96] that the excess of 
PTH and the depletion of vitamin D hormone, which 
characterized AR VDD, will combine to deplete mito- . 
chondrial and cellular calcium and further alter cal­
cium-dependent cellular permeability. 

Pseudohypoparathyroidism of the classical type 
(PH P, type I) is an example of tubular unrespon­
siveness to PTH. In this disease, there is a fail­
ure of PTH infusion to augment urinary cyclic 3', 
5'-adenosine monophosphate (AMP) [I SI] and frac­
tional excretion of phosphate is diminished. Endo­
genous serum PTH levels are typically elevated while 
serum calcium remains low and phosphorus is ele­
vated. Recent studies (152] have shown that the PTH 
receptor and adenyl cyclase in renal cortex are appar­
ently intact in PHP-type I; it is the mechanism of 
cellular response to PTH and the effect on solute 
transport which are defective. On the other hand, 
cyclic AMP-dependent mechanisms in the tubules 
responsive to hormones other than PTH seem to be 
intact although this facet of the problem has not been 
rigorously examined to our knowledge. It is of inter­
est that the renal adenyl cyclases responsive to PTH, 
calcitonin and vasopressin are preferentially located 
in outer cortex, inner cortex. and medulla, respec­
tively [146]. The basis for the insensitivity of adenyl 
cyclase to PTH in the intact- tubule in PTH-type I 
remains obscure. 

A variant of PHP known as type 11 PHP, has been 
reported [ 153, 154 ]. In this trait, fractional excretion 
of phosphate remains insensitive to PTH infusion, 
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but a brisk increase in urinary cyclic AMP testifies to 
a responsive renal adenyl cyclase. PHP type Jl is 
further distinguished by a normal serum concen­
tration of inorganic phosphate, a feature which 
remains unexplained at present. Many facets of the 
tubular metabolism and handling of vitamin D. phos­
phate and calcium, as weU as of cyclic AMP 
metabolism regulated by PTH, are pertinent to the 
interpretation of PHP. but are beyond the scope of 
this review. 

Commentary 

In this review we have used some of the inborn 
errors of tubular transport listed in Table l to illus­
trate, in a specific manner, the various components of 
transtubular movement of solute. These experiments 
of nature, as well as the steadily increasing body of .. 
laboratory experimentation in man and animals. sup-
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Fig. 6. Renal clearance studies in the rat after bolus injection of "C· 
labelled a-amino-isobUlyrate (AlB}. an inert synthetic amino acid. 
Fractional excretion (left ordinate) rises above the 15-min \'alue 
(set at zero to accommodate interindividual variation between 0.03 
and 0.05 at 15 min). to approach a steady state after 90 min while 
the plasma concentration of AIB is falling (-•. (right ordinate). 
3 H-inulin clearance remained stable during the experiment. The 
reciprocal fall in fractional reabsorption of AlB with time could 
reflect saturation of an intrarenal binding process; this explanation 
is unlikely since reinjection of AIB. or elevation of AlB plasma 
concentration, did not alter the phenomenon. AIB equilibration 
between peritubular Huid and epithelium followed by backflu.'l into 
the lumen is a more likely explanation. AIB concentration fell in 
the cortex between 30 and 195 m in (from 1284 ± 25 cpm/mg of wet 
wt of prepared slice, mean ±so [N = 16] to 953 ± 26 cpm/mg [9N 
= 16]. whereas the concentration remained unchanged in medulla 
(from 830 ± 218 cpm/mg [N = 8] to 923::!: 274 cpm/mg [N = 8]). 
When considered with the plasma AIB levels, these figures indicate 
that although the distribution ratio or AIB is the same in corte..; and 
medulla at lV2 hr, it is significantly less in the medulla than the 
cortex at 30 min. These tissue changes were not an artef::!.ct of 
changing urine or plasma AIB concentration. The findings suggest 
that a slowly accumulating tissue pool of AIB in the medullary 
portion of the nephron is a potential source for enhanced luminal 
exodus (back flux} and, thus. of the observed increase in fractional 
excretion (Mclnnes RR, Scriber CR. unpublished data, [149]). 

port what others have proposed recently f31, 97. ll4. 
li5J; that accumulation of solute by renal tubule cells 
and its transtubular transport are each essentially 
different processes, the former being most e\iident in 
the straight protion, the latter in the convoluted por­
tion of proximal tubule {115]. The normal topology 
of absorbing epithelium provides the framework for 
these concepts which, being of fairly recent origin, are 
still likely to be a source of controversy as well as a 
stimulus for further investigation. On the: other hand .. 
if they are valid, it should not be surprising that 
tissues lacking the topological orientations of epithe- . 
lium (e.g .• erythrocytes, blood leukoc)-tes and cul-. 
tured skin fibroblasts) fail to show any abnormality 
of solute transport wherever the investigation has· 
been performed, as in cystinuri<f [155], Hartnup dis­
ease [33], iminoglycinuria [I 56], glucose-galactose. 
malabsorption {57} and X·linked hypophosphatemia 
[157], for example. 

Various elegant experimental methods have pro­
vided the important evidence for normal backftux. 
across the luminal membrane, transtubular ftuxes in 
both directions and differential handling. of solute 
uptake and migration in different regions of the kid­
ney (e.g., [19,. 25, 31, 83, 114, ll5J.) Even the 
traditional "black box" clearance method appears to 
honor this theme (Fig. 6). As a result of this new 
awareness, our interpretation of altered Tm values, 
fractional reabsorbtion rates relative to solute con· 
centration and other clinical indices of altered net 
tubular transport in the inborn errors of tubular 
function is likely to undergo refinement in the future: 
All of this will benefit diagnosis, counselling and 
treatment of patients with hereditary disorders of 
tubular transport. 

The expression of mutant alleles which affect the 
gene products controlling the various stages of trans· 
tubular transport is also complex {3. 6]. The gene loci 
which determine the structure and quantity of the 
relevant proteins are likely to exhibit one or more 
mutant alleles per inborn error of transport. Genetic 
heterogeneity underlies a great many monogenic dis­
eases [ 158] and the hereditary disorders of tubular 
transport are no exception. Consequently, it is not 
surprizing that, for example, three different mutant 
alleles, each apparently at the same "cystinuria" gene 
locus, occur among subjects with cystinuria [72]; and 
that four mutant alleles, all apparently at the locus 
specifying the shared transport system for imino 
acids and glycine, are now required to explain the 
different forms of familial renal iminoglycinuria [6. 
109]; and that different alleles at two independent 
gene loci controlling glucose transport are needed to 
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expJain glucose-galactose malabsorption and renal 
glucosuria [39,40}. The discovery of two different 
phenotypes in the pseudohypoparathyroidism trait, 
one with blunted renal cyclic nucleotide formation 
and one without, again argues for mutant alleles 
which probably occur at different gene loci and which 
control different components of the relevant trans­
port processes. It follows that recognition of genetic 
heterogeneity will also help to direct the physician 
toward more precise diagnosis. counselling and treat­
ment. 

Appropriate _dissection of tubular function in man 
through genetic .. probes .. has revealed an important 
general underlying theme. Loss of a specific transport 
function rarely leaves the homozygous proband de­
void of all function for the particular transport in 
question [160]. For example. homozygotes with renal 
iminoglycinuria retain a significant fraction of pro­
line reclamation under endogenous conditions [109]~ 
and homozygotes with severe type-A glucosuria re­
tain one-third oftheir maximum glucose reabsorptive 
capacity in kidney and have lost none in the intestine 
[39, 58). These manifestations of"residual" transport 
in mutants reflect functional redundancy in the mem­
brane carriers an9 in the genes which specify trans­
port options for solutes. The normal ontogeny of 
tubular function in the postnatal period also reveals 
diversity among carriers. some being present at birth. 
othe;s disappearing or appearing on schedule post­
natally during renal maturation {112, 161]. Genetics 
and ontogeny. in combination with kinetic and chem­
ical probes [3, 6}, have revealed a .. horizontal" diver­
sity of membrane sites which allows them to dis­
tinguish the chemical identity· of solutes; and a 
uvertical" diversity which allows them to recognize a 
solute differently when it is present at high or at low 
concentration. 

This diversity among solute transport mechanisms 
thus provides an adaptive function which protects the 
organism from the effect of transport mutations 
[160}; it also provides alternate systems which can be 
utilized in treatment. Replacement of solute has 
been accomplished in several of the hereditary 
tubulopathies. Phosphate replacement is a valuable 
component of treatment in X-l.inked hypophospha-

. temia and the Fanconi syndrome; bicarbonate re­
placement can be achieved in several forms of RT A. 
To know both the biological basis and the 
symptomatic manifestations of the hereditary tubulo­
pathies ought to provide present-day students of 
Mendel. Darwin and Garrod with the means to relax 
selection effectively against these intriguing muta­
tions in man. 
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SECTION IV 

Renal Handling of Phosphate in Vivo and in Vitro by the 

X-linked Uypophosphatemic Male Mouse (!!l.E_/Y}. Evidence 

for a Defect in the Brush Border Membrane. 

This study examined the renal transport of phosphate in normal mice 

and in mutants (Bl£/Y) with X-liCked hypophosphatemia (XLH). This murine 

mutant appears to be homologous to one of the classical human disorders of 

solute transport, vitamin-D resistant X-linked hypophosphatemic rickets. 

The argument for homology, or at least that the mutations involve the same 

gene product, is based on the close similarity of the phenotypes and on the 

stability of the X-chromosome during evolution (Ref. 15, this section). 

Investigation of this n:ouse mutant has allowed the first assignment, using 

direct evidence, of an inborn error of renal transport to a specific compon­

ent of the net reabsorptive process. 

A defect in net renal phosphate transport was demonstrated in the ~/Y 

mouse in in vivo experiments, and this solute loss at least partially accounts 

for the hypophosphatemia. No evidence indicated that hyperparathyroidism is 

present in ~/Y mice, so a detajled analysis was made of phosphate trans­

port by normal and mutant mouse kidney in vitro. Although phosphate trans­

port across the basolateral membrane of renal cortical cells is intact in 

vitro, a specific component of phosphate uptake at the luminal membrane 

was shown to be defective using brush-border vesicles. 

In addition to defining the defective transport system at a subcellu­

lar level, this work illustrates that mechanisms serving transport of a 

solute at the luminal vs. basal surfaces of the absorptive epithelium can 

have different properties because they are under the control of independent 
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genes. Furthermore, it reinforces the theme that the renal transport 

of any one solute may be served by more than one transport system, 

in a specific membrane and that the deletion of one of the systems by 

mutation serves to expose the presence of another. 

The specific part of this research executed by the candidate was 

the measurement of fractional phosphate excretion in the normal and 

mutant animals. Evidence for an intrinsic defect in vivo warranted 

further investigation in vitro by colleagues. 

The manuscript describing this work has been accepted for publi­

cation in Kidney International in 1978 (see letter of acceptance from 

the editor, next page). 

N. 2 
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S UJI1~·!2\ RY 

We have examined renal phosphate transport (in vitro) 

and reabsorption (in vivo)_ in hypophosphatemic Hyp/Y (male 

mutant) mice carrying a gene believed to be homologous with 

that responsible for X-linked hypophosphatemia in man. 

Normophosphatemic male littermates (+/Y} were used as controls. 

Fractional excretion of phosphate in Hyp/Y is increased 

(0.351 ± 0.073, mean ± SD (n=7} vs 0.210 ± 0.0885 (n=l5) in 

+/Y (p <0.01)), at serum phosphorus concentrations of 34.6 

± 7.6 mg/L and 56.8 ± 9.16 mg/L respectively (p < 0~001). 

Phosphate clearance exceeds creatinine clearance in Hyp/Y 

mice when their drinking water contains added phosphorus (2 

g/L}. Urinary cyclic 3r5'-adenosine monophosphate is 

increased in Hyp/Y mice when compared with +/Y littermates; 

but this finding which is different from the human phenotype 

is not accompanied by evidence of hyperparathyroidism in the 

Hyp/Y mouse. Serum PTH rises during phosphate loading in 

Hyp/Y as it does in the human patient. 

The phosphorus concentration in kidney cortex is similar 

in mutant and normal mice (Hvp/Y, 46.6 ± 1.1 matoms per a 

protein; +/Y, 46.6 ± 1.0 matoms per g protein}. Uptake of 

32P-labelled phosphate, at 0.1 and 1.0 matoms per L in the 

medium, by slices of cortex or medulla, and labelling of 

intracellular inorganic and organic pools of slices observes 

first-order kinetics and is·not sigpificantly different in 

the two strains of mice. Modulation of calcium in the diet 

influences these observations in both strains but does not 

disclose differences between them. 
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Purified brush border membrane vesicles prepared from 

mouse kidney cortex homogenates accumulate phosphate by a 

Na+~dependent, arsenate-inhibited transport system. Total 

(Na+-dependent plus Na+-independent) uptake of phosphate by 

+/Y vesicles is 488 ± 23 patorns/mg protein per 60s (mean ± 

SD) and 302 ± 10 patoms/mg protein per 60s by Hyp(Y vesicles 

{p < 0.001); Na+-independent uptake is similar in the two 

types of vesicles {79 and 78 patoms/mg protein per 60s 

respectively) . Uptake of D-glucose and relative purity of 

the brush border membrane fraction are not different in the 

two strains. 

The combined in vivo and in vitro data indicate that 

impaired net transepithelial transport of phosphate in the 

X-linked phenotype is the result of an intrinsic defect in 

net flux of phosphate at the brush border membrane. 
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INTRODUCTION. 

X-linked hypophosphatemia (XLH) in man has long been 

classified as a form of rickets "refractory to vitamin D" 

(1-3). The tradition has been to postulate a disorder 

involving vitamin D-dependent metabolism in this condition. 

On the other hand, there is evidence indicating that XLH is 

an inborn error of phosphate transport (3-6). X-linkage of 

this Mendelian trait (2) confirms that it is a typical 

inborn error of metabolism, of one type or another. 

IV. 8 

The discovery of a murine homologue ~) of the mutant 

human gene (7) provides an invaluable resource for investigation 

of the mechanism for hypophosphatemia in the X-linked trait. 

O'Doherty, DeLuca and Eicher {8) have published their evidence 

for a primary defect in phosphate transport in the intestine 

of the mutant male (Hyp/Y) mouse. In the follm·ring report, 

we describe net tubular reansorption {net transepithelial 

transport) of phosphate in the Hyp/Y mouse in vivo, uptake 

and efflux of phosphate by thin slices of renal cortex or 

medulla in vitro, and uptake of phosphate by purified brush 

border membrane vesicles. The findings indicate that a 

selective, intrinsic transport defect is present in the 

brush border membrane of the Hyp/Y mouse. 

METHODS AND MATERIALS 

Mice: The H¥P gene (7) was maintained in the inbred·c57Bl/6J 

mouse; Hyp/Y and +/Y litter mates were used in our studies. 

Breeding pairs were obtained from Jackson Laboratory, Bar 

Harbor, Maine. The animals were fed mouse chow (0.89% 

calcium, 0.63% phosphorus, ?alston Purina of Can. Ltd., Mtl) 
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or Old Guilford 96W (0.22% calcium, 0.74% phosphorus, 

Jackson Lab., Bar Harbor, Naine). 

In Vivo Investigations: 

Infusion Studies - Mice were fed overnight, before receiving 

Inactin, 40 ug/g intraperitoneal (BYK Gulben, Konstanz, West 

Germany). The mouse was placed supine in the pan of a beam 

balance and body temperature kept at 37°C under a 75-watt 

incandescent bulb controlled by a rectal thermistor probe. 

The trachea was opened below the thyroid cartilage and the 

lower tracheal ring sutured to the skin. The right external 

jugular vein and the urinary bladder were catheterized with 

polyethylene tubing. A solution (5.22 ml) was prepared for 

venous infusion containing: KCl (2.3 mM), NaCl (60 mM), 

glucose 1% {w/v) and inulin (0.78 ml 1 Armor-Stone Lab. 1 

Inc., Mount Prospect, Ill.) to which was added 20 uci inulin 

3 ([methoxy- H], 50-150 mCi/gm, New England Nuclear, Boston, 

Mass.). Radiochemical purity of the inulin was confirmed by 

chromatographic methods. Rapid infusion of the solution (50 

ul over 5 min.) was followed by slow infusion (14 ul per 

g·hr) delivered by a Sage pump to achieve a steady-state 

plasma inulin concentration of at least 20 mg/dl. When 

urine .flow had stabilized (in 4-6 hr), urine collections (60-

85 min. duration) were made through the indwelling bladder 

catheteri dead space is about 25 ul in the preparation. 

Whole blood (25 ul) was collected into heparinized capillary 

tubes from the tail vein near the mid-point of each urine 

collection period. After centrifugation to determine hema-

tocrit, the plasma fraction was recovered for analysis of 



inulin and phosphorus. Tritium content of plasma and urine 

was measured in a Packard scintillation spectrometer; 

inorganic phosphorus was measured by a micro-method kit 

available from Pierce Chem. eo., Rockford, Ill. 

Metabolite Excretion Studies. Urinary .excretion of cyclic 

3'5'-adenosine monophosphate, phosphate, amino acids, glucose 

and creatinine were measured in fasting Hyp/Y and +/Y litter 

mates placed in Gelman cages. Urine collections were obtained 

during the morning, after feeding ad libitum on selected 

diets for one week. The urine samples were analyzed for 

cyclic AMP by a competitive binding assay {available as a 

kit from Diganostic Products Corp., Los Angeles, CA 90064). 

The excretion data are expressed as a coefficient of creatinine 

excretion. Amino acids, glucose and creatinine excretion 

were measured in Hyp/Y and +/Y mice by standard qualitative 

and quantitative methods. 

Phosphate excretion was measured in +/Y and Hyp/Y mice 

fed a phosphate supplemented diet for 75 days beginning the 

4th-6th week after birth. Phosphate was provided in the 

drinking water (2 g/L). On the 146h-16th week of the study, 

mice were placed in Gelman cages for 15 hr and blood was 

collected by retro-orbital puncture at the end of the urine 

collection period. Phosphorus and creatinine were measured 

in plasma and urine and expressed as mg/ml. Phosphorus 

excretion was expressed by the equation, 

(Urinep
1
· x Plasma ) 7 (Plasmap. x Urine } which is equivalent er 1 er 

to FEPi. 
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Serum PTH was measured by a standard radioimmune displacement 

assay using CH-14 Mayo antiserum (kindly provided by Claude 

Arnaud} and 1-34 bovine PTH standard. 

In Vitro Investigations 

Preparation of Slices - Mice were stunned and decapitated, 

the kidneys removed, the capsules stripped and each kidney 

divided into ventral and dorsal halves. Thin cortex slices 

(about 0.2 mm thick) were .obtained with a Stadie-Rigg micro-

tome, and then placed on filter paper moistened with chilled 

saline over ice and trimmed to about 4 mg weighti medulla 

slices were prepared in similar fashion from kidneys hemi-

sectioned into fore and hind halves and trimmed of cortex. 

Slices were used in the experiments within 20 min. after 

removal of the kidney from the animal. 

Incubation of Slices - The incubation buffer contained: 

NaCl, 0.12 M; KCl, 5 mM; Mgso4 , 1.2 mM; CaC1 2 ,.2 mM; Tris­

HCl, 20 mM; glucose, 5 mM; final pH, 7.4, and final osmo-

larity, 300 mOsm. 
32 Labelled phosphate (as NaH 2 Po4 New 

England Nuclear, Boston, Mass.} was added to sodium phos-

phate buffer pH 7.3 {0.1-1.0 matorn/L, final cone.) to yield 

about 10 7 cpm/ml. 14c-labelled inulin was used to estimate 

extracellular water, excluding water in luminal lacuna; 

total tissue water was determined by dessication to constant 

dry weight (9). 

For the measurement of phosphate uptake, slices were 

added to a flask containing 2 ml incubation medium at 37°C 

in a Dubnoff shaking incubator gassed with 100% oxygen at 7 

L per min. After the appropriate period, the tissue was 

removed, blotted, weighed and homogenized immediately in 1 ml 
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cold trichloracetic acid (10% w/v). Homogenate was then 

centrifuged at 4°C for 10 min. at 8,000 g. An aliquot of 

J.. V • .&.."-

the supernatant was counted in Aquasol-2 · (New England Nuclear, 

Boston, Mass.) in a Packard Liquid Scintillation counter to 

determine the total (Trichloracetic acid-soluble} phosphate 

pool (PT); another aliquot of the supernatant was extracted 

according to the method of Vestergaard-Bogind (10) to determine 

inorganic phosphate {Pi). Reliability of the method was 

evaluated with y- 32P-labelled ATP standard; contamination of 

theinorganic pool by Pi released from ATP is less than 1% in 

our experience •. 

Measurement of Efflux Ten cortex slices were incubated in 

10 ml incubation medium (the uptake medium), containing 

labelled phosphate. Two pairs of slices were removed when 

an isotopic steady-state had been achieved (about 60 min.) 

and then processed to measure 32P uptake into PT and Pi 

pools. The remaining slices were blotted, weighed and 

transferred into 10 ml incubation medium at 37°C (the efflux 

medium), containing unlabelled phosphate at the concentration 

used in the uptake medium. The flask was shaken at 300 

oscillation per min. in a Dubnoff incubator during efflux; 

0.3 ml aliquots of efflux medium were removed at 1 minute 

intervals, after the first 6 minutes of incubation, for 30 

min., and place~ in scintillation vials; Aquasol-2 was added 

for counting. At the end of incubation, the slices were 

processed to determine the number of counts remaining in the 

. 1 . d 32 . . h t1ssue. Resu ts are expresse as P appear1ng 1n t e 

f 1 d . . 1 . . d 1 32 . . e f ux me 1um 1n re at1on to t1me; an a so as P rema1n1ng 
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in the slices. The latter is expressed as percent of the 

total cpm in the.medium and tissue, and plotted as a function. 

of time in the traditional Danner on semilog graph paper to 

calculate rate of efflux from the slopes. 

Preparation of Brush Border Meobrane Vesicles - Brush border 

membrane vesicles were prepared from fresh renal cortex by 

the method of Booth and Kenny (11). About 2.0 mg of brush 

border protein were obtained from 9 mice. Hyp/Y and +/Y 

littermates were studied in parallel on the same day. 

Purity of brush border membranes was evaluated by monitoring 

trehalase and alkaline phosphatase'activities; succinic 

cytochrome c reductase was used as a marker for mitochondrial 

contamination. Transport of labelled phosphate (0.1 matom/L) 

was measured with a preparation of brush border membrane 

vesicles according to the methods of Hoffmann et al {12). 

. d 32 h h . . d . 0 02 1 ( The ~sotope use was P-p osp or1c ac1 1n • N HC , New 

England Nuclear catalogue #NEX-054, Boston, Mass.). Each 

experiment was monitored to offset the known variation in 

uptake of solute between batches of membranes by measuring 

14 transport of e-o-glucose {13) at the same time in the same 

tube. Radiolabelled D-glucose was obtained from New England 

Nuclear, Boston, Mass. {Cat.#NEC-042X}. A detailed description 

of the mouse kidney brush border membrane preparation and a 

comparison of phosphate uptake by normal mouse membrane 

vesicles and normal rat membrane vesicles is available 

.elsewhere (14). 
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RESULTS 

Fractional Excretion of Phosohate {FEP.) In Vivo 
- 1 

We measured FEPi in +/Y and Hyp/Y animals under the 

infusion protocol. FEPi is significantly increased in Hyp/Y 

mice {Hyp/Y = 0.351 ± 0.073; +/Y 0.210 ± 0.083, mean ± SD, 

p <0.01, Student's t test) (Table 1) even though plasma 

phosphorus level is lower in Hyp/Y mice (Hyp/Y, 34.6 ± 7.6 

mg/L; +/Y, 56.8 ± 9.16 mg/1, mean ± SD, p <0.001). When 

tubular reabsorption of phosphorus is expressed as a percent 

of filtered load, net reabsorption is 80% in +/Y mice and 

65.3% in Hyp/Y, at their usual serum phosphorus level. 

Fractional excretion of phosphate by animals housed in 

metabolism cages was elevated in Hyp/Y mice compared to +/Y 

animals whether they were fed Old Guilford 961'7 or mouse chow 

(see Ref. 7). Hyp/Y mice (n=4} receiving a phosphate supplement 

in the drinking water increased their FEP. from 0.486 ± 
·- 1 

0.045 mean ± SEM to 1.35 ± 0.07 {p <0.001) while +/Y mice 

(n=l2) on the same regimen increased 'their FEP. from 0.244 ± 
- 1 

0. 029 to 0. 709 ± 0. 034 (p < 0. 001). The interstrain differences 

were also statistically significant (p <0.001). 

Urinary excretion of cyclic 3'5'-adenosine monophosphate 

is increased in HyE/Y mice (Table 2) whether they are fed 

low-calcium or normal-calcium diets. Cyclic M4P excretion 

is higher when Hyp/Y and +/Y littermates are fed a low-

calcium diet. Urinary excretion of amino acids and glucose 

is not abnormal or elevatec in Hyp/Y animals. 

Parathyroid gland histology has not indicated hyper-

parathyroidism in these animals (7) and +/Y and Hyp/Y 
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animals have comparable serum iPTII levels (7, 21) . Phosphate 

supplementation of the .diet caused serum iPTH to increase in 

Hyp/Y animals (n=3) from 84 pg/ml {pre-treatment} to 775 

pg/ml in the lOth week of treatment. 

Uptake of Phosphate by Slices, In Vitro 

32 We examined uptake of P by kidney cortex slices 

obtained from +/Y and Hyp/Y mice maintained on two different 

diets. At steady-state (60 min. incubation} pho.sphate is 

taken up into cellular pools against an isotopic gradient 

( 32 d" ·.b . t" 1 0) ( bl 3) h . . P 1str1 Ut10n ra 10 ~ • . Ta e . T e 1SOtOplC 

distribution ratio varies inversely with extracellular 

phosphate concentration. Labelling of intracellular in-

organic phosphorus (Pi) is similar in +/Y and Hyp/Y mice at 

0.1 and 1. 0 matom per L extracellular phosphorus; the same 

is true for the labelling of intracellular acid-soluble 

phosphorus (PT) indicating that incorporation of Pi into 

organic phosphate is normal. We also found no difference in 

the labelling of phosphorus pools in +/Y and Hyp/Y of slices 

prepared fro~ renal medulla. Anaerobic conditions abolished 

concentrative uptake of labelled phosphate into inorganic 

and total phosphate pools. 

We also measured the inorganic phosphorus in the intra-

cellular pool, directly, by a chemical method. There is no 

significant difference between kidney slices obtained from 

+/Y and Hyp/Y mice at zero time or under various conditions 

of incubation (Table 4) eve~ though blood phosphorus levels 

are different in +/Y and Hy?/Y mice. The inorganic phosphorus 

content of cortex slices declines exponentially with time 
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during incubation in +/Y and !:!.Y£/Y mice (Figure 1) . 

No significant interstrain difference in tissue phos-
32. 

phorus was observed between Hyp/Y and +/Y mice. The P-

labelled inorganic phosphate and total phosphate pools in 

l.V • .LV 

kidney are lowerr on the average, when mice are fed the Old 

Guilford (low calcium) diet compared to the mouse chow diet 

(Table 3). On the other hand the chemical inorganic phosphorus 

content (Table 4) is slightly higher in mice fed Old Guilford .. 

Intrastrain isotopic distribution ratios (Table 3) and 

chemically determined inorganic phosphorus (Table 4) measured 

at 15 min. in slices from mice fed on the various diets did 

show some variation. We have no explanation for these diet-

dependent, intra-strain differences. ~hey do not perturb 

the principal finding of essentially similar tissue.phosphorus 

levels in Hyp/Y and +/Y mice under a variety of conditions. 

Efflux of Phosphate Anion from Kidney Cortex Slices 

We studied the characteristics of phosphate efflux from 

kidney cortex slices of +/Y and Hyp/Y mice {Figure 2). 

Efflux of 32P, under conditions of transequilibrium with 

respect to phosphate concentration, proceeds at similar 

rate's from Hyp/Y and +/Y slices; the efflux process observes 

first-order kinetics. 32P in the efflux medium is exclusi-

vely inorganic phosphate; chemical data (Table 4 and Figure 

1) and isotopic data {Fig. 2) are, therefore, concordant. 

Detailed examination of efflux by regression analysis, 

calculation of the Y intercept and estimation of the correlation 

coefficient for the slopes shown in figure 28 again indicate 
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no difference in the characteristics of 32P-efflux from 

Hyp/Y and +/Y cortex slices (Table 5}. 

Phosphate Transport bv Brush Border Membrane Vesicles. 

Our investigation of phosphate uptake by +/Y and Hyo/Y 
--=-

mouse kidney brush border membrane vesicles utilized control 

experiments with vesicles prepared from rat kidney. These 

experiments are reported in more detail elsewhere (14). Our 

findings in the rat, are comparable to those reported by 

Kinne's group (12). The behaviour of +/Y mouse kidney 

vesicles \vas then compared ,.,.i th rat kidney vesicles. · The 

general characteristics of phosphate uptake by brush border 

membrane vesicles is comparable in the two species (14). We 

further observed that the phosphate volume of the vesicles 

under conditions approaching equilibrium and in the presence 

of sucrose is inversely proportional to sucrose osmolarity; 

the intercept on the Y axis (phosphate uptake) is close to 

zero. These findings indicate that significant binding of 

phosphateto brush border membranes does not occur (14). 

Measurement of phosphate in total (trichloracetic acid­

soluble) and inorganic pools after uptake of 32P-labelled 

32 orthophosphate at 60s, revealed that over 99 percent of P 

remains as orthophosphate from the mouse brush border membrane 

vesicles (14). 

Our mouse membrane preparation is characterized by 10-

fold enrichment of trehelase activity and 8-fold enrichment 

of alkaline phosphatase; succinic cytochrome-C activity is 

one tenth compared to the initial cortex homogenate. These 

findings indicate selective isolation of brush border 
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membranes. Purification was comparable with +/Y and Hyp/Y 

kidneys. 

Phosphate transport by +/Y vesicles at 60s, 20°C, pH 

7.4 and 0.1 matom/L is stimulated by sodium and inhibited by 

arsenate (Figure 3); the overshoot phenomenon (12,14) is 

observed and it is maximal at 2 min. Phosphate transport by 

Hyp/Y vesicles measured under identical conditions, prepared 

on the same day and examined in parallel is characterized by 
+ . 

a partial decrease· (p < 0. 001) in the Na -dependent, arsenate-

inhibited activity (Figure 3). A time course study (14) 
+ .. 

revealed that partial loss of the Na -dependent component of 

phosphate transport was observed at 30s (50 percent·loss) 1 

min •. {45 percent loss) 2 min. (49 percent loss) and at 30 

min. (32 percent loss). Measurement of simultaneous D-

glucose transport revealed no difference between +/Y and 

Hyp/Y vesicles (Figure 3) . 

DISCUSSION 

The X-chromosome has retained stability during evolution 

(15), and for this reason we believe the X-linked mutation 

causing hypophosphatemic rickets in mouse and in man involves 

the homologous gene (7). Even if the mutation is not homo~ 

logous the same gene product would be involved. Therefore 

the Hyp mouse should provide insight into the general 

mechanism of hypophosphatemia in XLH. 

The prior evidence for the hypothesis that XLH in man 

is a selective inborn error of transepithelial transport of 

phosphate anion is as follows. Mechanisms for solute re-

absorption by the renal tubule are normal in XLH, with the 
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exception of that maintaining phosphate transport. Net 

reabsorption of phosphate is only partially impaired but the 

defect is apparent even at the low filtered load of anion 

characteristic of the mutant phenotype. Indeed fractional 

excretion of phosphate is inappropriately large, 
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even exceeding unity under conditions of phosphate loading 

(6) . Residual transport of phosphate cannot be increased 

at elevated levels of substrate in the affected hemizygote 

(6}. Female XLH patients are heterozygotes by definition, 

.I.Y • J:..V 

and their TRPi·values, over a wide range of serum phosphorus 

concentration, are intermediate between those for homozygous 

normal subjects· and mutant hemizygotes (6}. The defect in 

phosphate reabsorption in mutant hemizygotes or heterozygotes 

is not associated with a consistent elevation of serum PTH 

except in the presence of phosphate loading (16). The renal 

tubule might be abnormally responsive to PTH in XLH {17), 

however the urinary excretion of cyclic 3',5'-adenosine 

monophosphate is not elevated in relation to the serum 

calcium level in the human patients (6,18), and this relation­

ship suggests that the tubule-PTH relationship is normal (19) • 

The Hyp/Y (male) mouse has elevated FEPi' (decreased 

net reabsorption) exaggerated FEPi which can exceed unity in 

response to phosphate loading, and serum PTH levels that are 

not elevated except under conditions of phosphate loading. 

These findings are homologous to those in human XLH. More­

over, phosphate supplementation repairs the bone lesion 

and growth failure in mouse (7) as it does in man (18). The 

only significant difference between the phenotype in Hyp 

mouse and XLH patients is an elevated urinary cAMP in the 

former. Serum calcium is slightly depressed in Hyp mice 

(7); accordingly, there might be concomitant modification 

of renal calcium activity and regulation of renal adenyl 

cyclase (20). 
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The foregoing favors a similar defect that is intrinsic 

to the process of transepithelial transport of phosphate in 

XLH and Hyp phenotypes. That this hypothesis is applicable 

to the Hyp mouse is supported further by evidence for an 

intrinsic defect in the intestinal transport of phosphate 

(8}; and in micropuncture studies (21,22), which reveal 

phosphate wasting along the proximal tubule, independent 

of PTH regulation. 

Asymmetry of flux at the luminal membrane accounts for 

net tubular reabsorption of phosphate from ultrafiltrate 

(23). Net influx can be achieved by a process which keeps 

the effective concentration (or activity) of anion in cytosol 

low at the luminal pole. Two mechanisms for .. run-out" of 

phosphate from this topological pool can be postulated: 

either a metabolic event, in which net phosphate disposal 

occurs by incorporation into organic pools; or a membrane 

event in which there is net outward flux of anion at the 

basolateral membrane. We found no abnormality in either 

tissue phosphorus, which resembles published data for rodent 

kidney (24), or the labelling of organic and inorganic 

phosphate pools in the Hyp mouse. · These findings suggest 

that metabolic "run-out" of phosphate is not aberrant in • 

the mutant phenotype. Althou.gh dietary modulation of calcium 

does influence renal phosphate, we observed no differences 

between ~Y and +/Y mice in renal handling of labelled 

phosphatej or maintenance of cellular phosphate pools. It 

is of particular interest that tissue phosphorus is similar 
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in Hyp/Y and +/Y mice, even when extracellular phosphorus 

level is low in Hyp/Y. This finding implies that an intact 

component of phosphate transport maintains renal phosphorus 

levels in the mutant phenotype. We suggest that influx 

at the basolateral membrane is this component. 

.l V • L.C. 

We found no abnormality in net uptake of phosphate from 

the medium or in efflux of phosphate from cortex or medulla 

slices in the ~ phenotype. In the slice preparation the 

basolateral membrane of renal epithelium is exposed to the 

medium and the brush border participates in uptake of solute 

only minimally if at all (25,26). Accordingly we deduce that 

phosphate fluxes across the basilar pole of renal epithelium 

are not abnormal in the ~ phenotype. 

Purified brush border membranes exhibit a partial loss 

of the phosphate transport process in the Hyp phenotype. 

+ This defect involves a portion of the Na -dependent, arsenate-

inhibited process; the Na+-independent, non-saturable mode of 

transport is intact. This finding in the ~ mouse is concordant 

with the partial loss of a saturable component of phosphate 

transport in XLH (6). Recently Dennis et al (27) have shown 

that phosphate reabsorption in the proximal tubule involves 

more than one mechanism; a high capacity system in the proximal 

convoluted tubule is not directly influenced by PTH whereas 

a lower capacity activity in the pars recta responds to the 

hormone. Further characterization of phosphate transport, 

including the effect of PTH and cAMP on the process in Hyp 

and normal brush border membrane preparations will be of 
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interest in the continuing delineation of the mutant phenotype. 

At the present stage of our investigation, the findings 

account for impaired net renal reabsorption of phosphate 

in the mutant phenotype. They will also explain "negative 

reabsorption,. (FEPi>l.O), if one assumes that loss of a 

steeply concentrating brush-border transpor.t system permits 

efflux (backflux) of phosphate from intact intracellular 

pools on a residual less-steeply concentrating system. When 

extracellular phosphate is raised in the mutant phenotype by 

whatever means, cellular phosphate will rise by virtue of 

uptake at the basolateral membrane. Backflux from the 

augmented cellular pool will then increase into the moving 

column of urine. Equilibrium at the brush border membrane 

is not achieved under this condition, and therefore FEPi 

must increase and negative reabsorption may be observed. 
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5 

6 
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TABLE l 

Fractional excretion of inorganic phosphate (FEPi} 

in !!tJ:!./Y mice and +/Y litter mates 

Period 

1. 
2. 
3. 

1. 
2. 

1. 
2. 
3. 

1. 

1. 
2. 
3. 

1. 

l. 
2. 

Mean 
so 

1. 
2. 
3. 

1. 

1. 
2. 
3. 

Mean 
so 

Plasma Pi 
JJ9/ml 

49 
44 
54 

77 
65 

65 
64 
61 

58 

42 
54 
61 

49 

57 
5? 

56 .8 b 
9. Hi 

34 
32 
35 

51 

31 
31 
28 

34.6 11 

7.6 

Clearance 
of Inulin 

JJl/min 

282 
260 
197 

155 
132 

260 
234 
187 

146 

34 7 
124 
85 

306 

420 
328 

230.9 
95.3 

147 
114 

89 

114 

357 
250 
243 

187.7 
98.? 

Urine Pi 
JJ9/min 

4.29 
3.07 
1 . 38 

2.26 
1. 20 

3.57 
2;70 
2.96 

3.06 

2.34 
0.54 
0.88 

4.35 

7.30 
l. 53 

1. 85 
1 • 68 
1.18 

1. 57 

3.85 
2.69 
1. 81 

0.32 
0.27 
0.13 

0. 19 
0.14 

0. 21 
o. 1 a· 
0.26 

0.36 

0. 16 
0.08 
0. 17 

0".29 

0.30 
0.09 

O.Zloll 
0.085 

0.37 
0.48 
0.38 

0.26 

0.:35 
0.35 
0.27 

0. 351 * 
0.073 

Animals were anaesthetized, cannulated and infused with inulin 
(see Methods). Collection periods (60-85 min} were initiated 
4-6 hr after animal was cannulated. Fractional excretion (FEp;) = 
urine phosphate (JJg/min) . filtered phosphate (JJg/min). 

~Results are significantly different (p <0.01, Student's t test). 
RP<::ultc; are sionificantly different (p <0.001, Student's. t test). 
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TABLE 2 

URINARY EXCRETION OF CYCLIC 3' ,5'-ADENOSINE MONOPHOSPHATE 

{cAMP) CYCLIC AMP CONCENTRATIONS 

ea p 
(% w/w) 

cAMPa) 
{~moles/mg creatinine) 
~/V +/Y 

J. V • .:>V 

Mixed Chow 1 . 0 5 0. 7 5 
. A 
4.1.41±7 .96* 32.31±5.89~ 

Old Gu"ilford 0.22 0.74 77.44±7.34~* 46.69±13.32~* 

a) Urinary cAMP concentrations are the mean and standard 

!:. 
** 

0 

* 

deviation of individual urine samples from 6 mice in 

each group. except for +/Y on old Guilford where 7 

mice wet·e used. 

Paired values are significantly different at the 0.001 

level by Student's t test. 

Paired values are significantly different at the 0.05 

level by Student's t test. 
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Isotopic Distribution Ratio of 32 P-Phosphorus 

in Kidney Cortex Slices Following Uptake from Incubation 

Medium:· Effect of Time~ Concentration of Phosphate 

Anion and Dietary Pretreatment of Animal 

IV. 31 

_____________________ 32f_Oistribution Rat~i~o~---------

Pool 
measuredb} 

Time 
{min) 

on Mouse Chowc) on Old Gui1ford 

Pi 

Pi 

1 5 

60 

1 5 

60 

1 5 

60 

1 5 

60 

+/Y ~/Y +/Y ~/Y 
(at Phosphorus Cone, 0.1 matoms/L) 

1. 72±0.39 

5.04±0.74 

~.84±0.87 

1 • 4 9 ± 0 .·1 4 * 

4.83±1.91 

3.32±0.30* 

. 12.02±1.58 12.27±3.99 

1.21±0.19 0.94±0.19* 

3.86±0.51 3.65±0.56 

2.76±0.57 2.21±0.36* 

11.16±1.75 11.49±1.26 

(at Phosphorus Cone, 1.0 matoms/L) 

1.29±0.26 1.18±0.17* 

3.08±0.38 2.80±0.45 

2.37±0.63 2.07±0.32 

5.74±0.86 5.31±1.30 

0.87±0.24 

2.49±0.35 

1.77±0.26 

5.81±0.61 

0.71±0.17* 

2.12±0.19 

1.52±0.35 

5.26±0.44 

a) = cpm/ml intracellular water. mean & so of 51·x Distribution ratio ~· 
cmp/ml extracellular water determinations 

b) 32 P measured in the inorganic phosphate pool {Pi} and 
total phosphate pool (PT) 

c) Mouse Chow diet composition: Calcium 0.89% (W/W), phosphorus 
0.63%; Old Guilford 96W composition: calcium 0.22%, phosphorus 0.74% 

* Paired results are significantly different (p < 0.001> 
Student's t test 
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Incubation 
period 

TA!1LE IJ 

Concentration of Inorganic Phosphorus in 

Kidney Cortex Slicesa} 

(matoms phosphorus per g protein) 

on Mouse Chowc on Old Guilfordc 
+/Y ~/Y +/Y ~/Y 

t
. b zero 1me 46.6 ±1.0 

(n=8) 
46. 6 ±1 ~ l 

(n=6} 

15 mi n 

60 min 

c* 30.27±5.25 

24.35±5 .. 04 

15 min 33.86±4.97 

60 min 27.95±4.54 

{at 0.1 matoms/L) 

** 30.99± 9.61 

24.54± 7.62 

(at 1.0 matoms/L) 

37.52±10.13 

29.54± 3.04 

40.04±8.81 

27.86±7.70 

40.36±9.37 

30.42±4.78 

* 41.04±2:15 

26.91±6.38 

38.89±7.44 

31.92±3.76 

a) Extraction performed by method of Vestergaard and Bogind (11). 
Slices are same as those reported in Table 2. Data are mean 
and SD for six determinations. 

** 

b) Tissue phosphorus measured immediately after sacrifice of animals (7}. 

c) Mouse Chow diet composition: Calcium 0.89% (W/W), phosphorus 
0.63%; Old Guildord 96W composition: calcium 0.22%, 
phosphorus 0.74%. 

* Difference in tissue phosphorus of +/Y mice on the two 
diets significant at 0.05 level (Student's paired t test}. 

* * D i f fer en c e i n t i ss u e ph os ph or u s of ~I Y m i c e on the tv1 o 
diets significant at 0.05 level {Student's t test). 
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TABLE 5 

REGRESSION PARAMETERS FOR RETENTION OF 32 P BY KIDNEY CORTEX 
SLICES FROM +/Y and !!.l.E_/Y MICE DURING ESTH~ATION OF EFFLUXa} 

+/Y Sl ices H,YQ/Y Slices 
Expt. 1 Exp t. 2 Expt.l Expt.2 

Slope -0.0290 -0.0302 -0.0297 -0.0295 

V- intercept 4.2391 4.0706 4.0971 4.1775 

Corr. Coeff. -0.9794 -0.9714 -0.9878 -0.9991 

a) Slope and intercepts calculated from log n 
transformation of y axis of Figure 2b 
between 10 and 25 min. 



Figure 1 

c 

LEGEND 

Time course of tissue inorganic phosphorus 

during incubation of slices from !:!1.£./Y mice 

(filled symbols) and +/Y litter mates 

{open symbols) in the presence of extra­

cellular phosphorus concentrations as 

indicated on the graph. 



Figure 2 

0 

LEGEND 

Time course for appearance of 32 P 

in medium (upper graph) and disappearance 

from slice (lower graph). Renal cortex 

. slices from !:!Y£_/Y mice (open circles) and 

+/Y litter mates (fill~d cirles) were 

pre-loaded with 32 P labelled phosphorus 

to equivalent specific activity and 

concentration. Measurement of efflux 

J.V. ..D 

was initiated at 6 minutes after emptying of 

extracellular fluid space was complete 

~nd when efflux reflects movement from 

intracellular space. 
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LEGEND 

Figure 3 Transfer of phosphate and D-olucose into 

purified brush border membrane vesicles 

prepared from +/Y {wild type, open bars} 

and ~/Y (mutant, hatched bars) renal· 

cortex homogenate. Uptake measured at 
0 60s, 20 C, pH 7.4. Oata are the mean and 

SO of quintuplicate measurements on membranes 

prepared from nine mice of each genotype. 
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SECTION V 

Role of Epithelial Architecture and Intracellular 

Metabolism in Proline Uptake and Transttibular Reclamation 

in PRO/Re Mouse Kidney 

V. 1 

The use of non-metabolizable amino acid analogues in mammalian cells, 

and the study of blocked catabolic mutants in microorganisms has indicated 

that cellular accumulation of a solute and its intracellular metabolism 

are essentially independent activities. The discovery of mice (PRO/Re) 

with hyperprolinemia, hyperprolinuria and less than 1% of normal renal cortex 

proline oxidase activity (Ref. 3 & 4, this section) afforded the opportunity 

to rexamine this hypothesis with reference to the transepithelial trans-

location of a natural solute (proline) in a mammalian tissue (kidney). 

Using clearance techniques in vivo, and kinetic analyses of proline uptake 

into, and efflux from renal cortex slices in vitro, it was possible to 

demonstrate integrity of the transport systems for proline at the luminal 

and basolateral membranes of the tubular epithelial cell in PRO/Re mice. 

Nevertheless, renal excretion of proline was greater than normal at any given 

substrate (filtered) load. The solution to this paradox depended on consider-

ation of the metabolic component of net transepithelial transport. A solute 

taken up from the tubular lumen can be disposed of metabolically, or through 

efflux from the cell. In the absence of normal rates of metabolic disposal, 

intracellular concentrations tend to rise unless efflux across the luminal 

or peritubular surfaces occurs. Increased solute flux into the tubular lumen 

produces increased excretion, and we propose this mechanism as the cause of 

the increased proline clearance in PRO/Re mice. 

This study provides an additional illustration of the role that back-

flux of solutes play in net reabsorption. It also indicates how the metabolism 



v. 2 

of a solute may influence its net transcellular transport without violating 

the concept that the uptake and metabolism of a solute are basically 

independent processes. 

In addition to contributing to the conceptual basis of this research, 

the candidate did all of the research on amino and transport in vivo in 

· PRO/Re and control mice. 

This work is published in the Proc. Nat. Acad. Sci. USA 72, 1431-1435, 

1975. 
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. ABSTRACT The hom021ygous PRO/Re mouse ha.:!> le;;s 
than 1% of the very high proline oxidase acth·ity that 
et1aracterizes normal kidney cortex:. In PRO/Re mou!.'e the 
endogenous proline concentration. is eight tin1e:.~< norn'lal 
in plasma and four times nCl>rrnal in kidney cortex cell:!<. but 

·50 ·times normal in urine. The integrity of the membrane 
tr.ansport systems for proline uptake at the antilutninal 
surface of ab,;orhing epithelium is retained in PRO/Re 
kUlney, as determined by the slice ntetbod. Clearance 
stu(li~ in vir•o under i!'lead,.·-state conditions indicate that 
tl~e integrity of the lumin;l uptake system shared by g.ly­
cine and proline. and serving proline· absorption, is also 
intact. 'l'he exaggerated renal clearance Cl>f proline. in 
PllO/R.e mice (50 times normal) is explained ..-hen its 
rai:;ed intracellular concentration, eaused by impaired 
proline o~idation. i"" considered. Backflu.'t into urine flow­
ing down the nephron will occur under th~e condition,;, 
thus impairing net reclantation of proline in PRO/Re 
kidney. The findings reveal that n1embraue transport and 
intracellular roetaboHsn1 of a substrate are, indeed, inde­
·.;eudent functions, but that metabolism of a substance 
can influence its transcellular transport. 

Transport acros;, the plasma membrane and intracellular 
metabolism of an amino acid-should be considered as inde­
pendent functions (1). Awareness of this essential dichotomy 
has been heightened by the use of blocked~atabolic mutant 
microorganisms aud metabolically inert substrates to study 
membrane transport of various amino acids (1, 2). The op­
portunity to examine L-proline transport in kidney of the 
homozygous PRO; Re mouse (3, 4), a mutant with less than 
1% of the normal renal proline oxidase activity, \\"as of par­
ticular interest to us. Proline is avidly taken up from urine (5) 
nnd from plasma. (6) by mammalian kidney, where it i:> then 
vigorously oxidized, with resultant glucogenesis under condi­
tions or fasting (6). It follows that the PRO/Re mou.se offers a 
unique opportunity to examine the inter-relation~hips be­
tween intracellular metabolism of proline and the cellular 
architecture of renal absorbing epithelium; and how they 
influence proline uptake from extracellular fluid in t·iro and in 
titro and the net reclamative flux of proline from urine to blood 
invit·o. 

We used renal clearance methods {7) to evaluate tubular 
reclamation of proline across the luminal membrane, and the 
kidney cortex slice technique to measure tran,:;port acro.-.s the · 
antiluminal surfaces of epithelial cells (8). Xormal mouse 
kidney· transports L-proline in titro by saturable euergy­
dependent membrane mechanisms, and can reclaim vin:ually 
all of the filtered proline from urine. This organ aho oridizts 
proline at exceptionally high rates. When proline oxi&.nion is 
blocked, the intracellular proline pool is expanded in PRO 1 Re 

mouse kidney. Whereas, proline transport as a membrane 
function remains intact, net reclamation from urine is im­
paired in PRO; Re mice, presumably::behlUSEtof proline. back-
Dux at the luminal side of the epithelium. · 

:METHODS A."\'D MATERIALS 

Homozygou,:; PRO/Re mice were pro,ided by Dr. Eliz.~\beth 
Rnssell of the Jackson Laboratory, B:n· Harbor, Maine; 
control mice (A/J and C57BLJ6J) were obtained from Dr. F. 
Clarke Fraser at )lcGill University. Blood for proline deter­
mination was obtained by orbital sinus pmicture, aqd urine 
for measurement of proline and creatinine was co!lectcd from 
six to nine animals placed in hanging metabolic cages. Homog­
enates of dis,:;ectcd renal cortex and of rennl cortex slice$. were 
prepared from kidneys immediately after their removal and 
analyzed as described previously {9--13). 

t.-Proline was infused irito lightly anesthetized mice through 
an exposed cannulated external jugular vein.. The bbdder wa::; 
also catheterized. Blood was withdrawn from an e:\.-posed tail 
vein. The animal was kept at constant body temperature and 
fluid loss was replaced to keep body weight, hematocrit, and 
serum osmolarity constant. The glomerular filtration rate was 
measured by [14C]inuliu clearance. Proline le.-els in plasma 
were elevated step-wise by priming doses of Irproline (0.25-5 
g/dl) and maintained by a sustaining infusion. Equilibration 
for 3Q-60 min was a1l9wed prior to measmement of renal 
excretion and reabsorption of proline at each plasma level 
attained. Proline uptake by renal cortex slil'!'es was measured 
after determination of the appropriate tissue watt?r spaces; the 
distribution of proline in metabolic pools was measured with 
L-[HC]proline and by direct chemical analysis, using methods 
described previously (9--12). 

L-[ 14C}Proline (uniformly labeled; specific acth·i1y ~ 17 5 
Cijmmol) and carboxyl-labeled [14C]inulin (specific activity, 
2-5 mCi/g) were obtained from New England Nuclear. 
Rad\ochemical purity was verified in the usual manner (9). 
Unlabeled amino acids were obtained from Schwarz/;.'\Iann 
{New York). Reagent grade chemicals, obtained locally, were 
used in buffers and solutions. 

RESULTS 

In vivo proline concentration: p1asma, urine and 
kidney cortex 

PRO; Re mice maintain the concentration of proline in plasma 
and urine well above the range observed in age-mntched con­
trols fed on comparable diets (Table l). ]>Jasma proline is 
about 8-fold devatcd in PRO; Re mice while their urine pro-

1431 
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FIG. 1. ~ •\kedo-Christenseo plot of the reciprocal of in 11'® 
steady-&tD.te proline concentration in plasma versus the prolin.e 
dist.rij:Nt.ion ratio between. intracellt.llar water and plasma. in kid­
ney of control <•> and PRO/Re (0) mice. Symbols with a diag­
onal bar are the mean vruues for the two popubtions. Proline i! 
taken up by kidney against a chemicnl grndient in vivo, by a s:~.tu­
rable mechanism. 

line is 50 times normal. Proline excretion in control mice is 
minimal, being about one tenth that of glycine. Intracellular 
proline is elevated about 4-fold in whole-cortex homogenate> 
of PRO;Re kidney. The corresponding proline distribution 
ratio in vit·o (proline in kidney intracellular water:proline in 
pln.sma water) is depressed when compared with that of 
control mouse kidney (Table 1); the explanation of this finding 
is conventional. \\'ben the in ti'Cf) distribution ratio is plotted 
agaill$t the reciprocal of the corresponding plaiima proline 
concentration (the so-callEMl Akedo-Christensen plot), a 
steady-f!tate transport rela.tionship between plasma and ti~l!e 
is described which undergoes saturation at elevated concen­
trations of the substrate (Fig. 1). 
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Fm. 2. Akedo--Chri;;tensen plots for 30-rnin uptake of L-proline 
under steady-state conditions by control and PRO/Re kidr:ey 
cortex slices. The soluble-isotopic distribution ratio, snd the 
uptake ratio which accounts for proline oxidized to CO: (9, 11) 
nre related to the reciprocal of the proline concentmtion in the 
medium. Saturable uptake i.s ob:~err.ed in PRO/Re slices ceficient 
in proline oxid:.l.'-e activity. Control kidney oxidizes pr:oline ~o 
rapidly tlmt saturable tmn.sport is not observed unless tbe to::.1l 
amount of proline taken up by slice and lost by oxidation to COz 
is taken into account. 

V. 4 
TABLE 1. Proline concentrations in plasma, urirt.e, and /:id ne;; 

of PRO/ Re and control mice* 

Control PRO/Re 
mean± SD :\Ie:m ± SD P valuet 

Plasma. {}.mol/liter) 81 ± 26 6i0 ::b 21(} <0.01 
Kidney cortex 

{}.moljliter of 
ICW) 545 ± 146 22'20 :::!:: 500 <0.01 

Urine {}.mol/g of 
creatinine) 91 ± 21 4960 ::!:: ]80(1 <0.01 

Renal: pla.ima. cfu... 
tribution ratiof 6.20 ± 1.51 3.46 :i:: 0.91 <0.01 

• All values (n = 6-10) were obtained in mice f»led for no 
more tlun 3 hr. Longer fasting reduces proline oonc-eDtmtions. 

f The distribution ratio is calculated from the formula {pro-­
line concentmtion in kidney intmcellul:u:- water, ICW) + (pro­
line concentration in plasma wat.er) ta.lcing 0.5.5 X wet weight for 
intracellular water, 0.23 X wet weight for extracellular fluid, 
and 0.92 X volume for plasma water. Proline WM determined by 
elution chromatography on ion exclunge resin ~lwnns with a 
modified Beckman amino-acid :malyzer (13). 

t Determined by Student'sl test. 

We also investigated whether urine trapped in the lumen of 
tubule:;, containing a great exce:>s of proline, might e.ontribute 
to the high in tiro tissue:plasma proline distribution ratio in 
PRO!Re kidney. The proline content of whole-cortex homog-. 
enates was compared with that of thin cortex l!lices ";th a 
collapsed tubular lumen (8). The latter were prepared quickly, 
placed briefly on chilled filter paper soaked in buffer, then 
dried by blotting and homogenized. The proliue content in 
slices was one tenth t() one third less than in whole-cortex 
homogenates. We believe the artefact of trapped intraluminal 
urine explains why 11intraceUulur" proline i:$ higher in tiro at 
various levels of plasma proline (Fig. I and Table 1), than in 
cortex slices incubated in ~;ilro under analogous steady-state 
conditions at corresponding concentrn.tion:S of extrace1lulnr 
proline {namely Fig. 2 and Table 2). 

In vitro uptake and metaboli~m of proline by 
kidney cortex slices 

The steady-state relationship between influx and efflux, and 
oxidation of r.-[t~C }proline, was examined in ritm with kidney 
cortex slices. The isotopic distribution ratio achie\·ed a steady­
state after 30 min incubation. The chemical" distribution ratio 
and the soluble-isotopic distribution ratio, ·corrected for 
conversion of 140-Jabeled proline to other soluble derh·atives, 
were alw determined. The latter two are less than unity in 
control mice l>ith intact proline oxidase aetirltj; (Table 2): 
the corresponding ratios are greater than unit)' in PRO/Re 
kidney .. Chromatographic development of the soluble 11C'-
1abeled material, e:~.iraeted from boiled slices after 30 min 
incubation, revealed that normal moust> kidney readily con­
verts L-proline to non-proline metabolites. Only 23% of th(· 
label accumulated from extracellular proline at 1.2. m:\I i.< 
retained as intracellular proline by control mouse kidney: 
the majority of 14C label appears in eo~ (Fig. 2). On the othn 
hand, 77% of the label is retained as proline by PRO;R. 
kidne:_\· under similar conditions and oxidation to eo~ i~ 
~eatly attf.'nuated, a~ expected, in the kidney dt-ficient in pro­
line oxidase (Fig. 2). 
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T.u1LE 2. Various measurements of the distrib1uion rr;S> jor 
L-proline i11 kidney cortex slices incubated in titro 

Type of distribution 
ratio"' 

Chemka.l" 
Ch!!nlic:~.l-isotopicf 

Soluble-isotopic! 
Soluble-isotopic§ + C02 

Control 

0.81 ± 0.31 
0.80 ± O.lS 
3.58 ± o.s 
9.7 + 2.6 

PRO/Rz 

1.57 ± 0.2-l 
1.42 :::: 0.13 
1 .. 91 ± 0_18 
4.6 :::: 0.6 

All rntios nre t.he mean and standard deviation of obserT!ltio~ 
in triplicate calcubted from dpm ~ulated in 1.0 ml o; intr.:-­
celhdar water of slices incubated in the pre:;ence of uniformly 
labeled t.-P"C)proline a\ 1.2 1IU1 for 30 min and 37°; the rl..."­
nominator in the ratio is dpm at zero time in 1.0 ml of e.xtr-.:u:elk-
br water. · 

• Chemical anllolysi3 of proline in cortex slice homogen.:1te by 
elution chroma.togra.phy on anion exchange. resin colum!.lS on 3 

modified amino-aeid analyzer (13). 
. t l)erived by correcting for lo...«s of uc label from prolintc" take!! 

up by slice and converted into other soluble metabolites .:\5 de­
termined by partit!on chromatogrupbic methodi! (9, ll). 

t Derived from uncorrected uc radioactivity in intracelluhr 
W:!ter. 

§ Sum of dpm in uco! and t}pm in soluble pool (V, 11). 

The PRO/Re mutant Wlequh·ocally trumports L-prolir:~ 
. t~.gain.;;t a chemical grndient (Fig. 2). Proline- uptake b:· PRO 
Re kidney slices is inhibited by cyanide and anaerbio::i5 and 
by :\a+ depletion in the medium, as in norrn::tl mamrc"1:1lia!! 
l,.;dney (9-12). 

Concentration-dependent uptake and reclamatioi1 
of proline. 

Rat and human kidney cortex.slices take up L-proline Wlder 
.steady-state conditions, by more than one saturable me.ch­
anism (9-12, 14, 15). :\louse kidqey accumulate::; proline in a 
similar manner (Fig. 3). The apparent K,. values for proli£e 
uptake by normal mouse kidney cortex slices (about 10 m)! 

on the <~high" system and about 0.1 m~I on the "low'' sy~ 
tem) are in the range of those reported for rat (9-12), mill. 
human (14) kidney under similar conditions. The affinity cl 
L-proline for its transport system(s) 1• particularly at the con­
centrations of proline e:\.-perienced in tit·o, is not signifieantly 
modified by proline oxidase deficiency (Fig. 3). 

We also examined proline efHu.x from PRO/Re and control 
cortex slices, at comparable intracellular concentrations, b~­
methods described previously (12). Proline efHux mtes a..~ 
similar in the mutant and control mice; 90% of the inithl 
proline has been lost acro::-s the antilumiual membrane5 mthin 
15min. 

~et tuhulaJ." reabsorption in 1:it·o 

Reu:1l clear::mce of proline (urinary excretion in pmol;nun "'" 
plasma proline in pmol/ml), and net tubular reabsorprion ')f 
proline [(inulin clearance in pl;min X pb:::nm pr0li.ne !n 
.umol/ml) - (urinary proline in pmol/min) ), were mea~ured !n 
control and PRO; Re mice. The renal d('amnce of proline m 
three different PRO/Re mice was nhout 50 time:> higher tba 
in age- and weight-matched control:; at all comparab1e- le\·el3 
of pl:l;;ma pmlinl' ob,;ervcd (Fig. 4}. );et tubular reah20rpC;n 
(reclamation) of proline is accordingly, much dimini.:;:hE-<.! in t:-:~ 
PROiRercnnl tubule. 
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Fw. 3. Eadil"-Hof:<tee plots of 30-nun proline upt!lke (u) by 
kidney cortex slices prepared from control nud PRO .. Rti r.::::ce-. 
)lore than one mode of upt:1ke is present in both stnuns. The 
apparent K,. values for the "low" and "high" upt:lke ,;:.·;;terr.s. in 
control :md PRO/Re kidney :;lices, are e.>.;entially :rin:il:tr. 

. It is of intere_,.t that we were unable to ident.ify :.my sig-...:i-1.­
cant saturation of proline reabsorption in riz·o in the nor::ual 
mouse, even at plasma .concentmtions more tlum 200 ti.::;e.:; 
normal (R. R. :\Ic!Imesand C. R.Scriver, unpubliihed tl::!:::.a). 
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FIG. 4. Uenal tle:tr!lnce of proline from blood (Cp,..} in con-:::rol 
(wild) strain. nnd in the mutant (PRO/Re} strnin :;t va.:.)m 
steady-:>t:ttes monit~Jred by inulin clearanc-e. Proli:::e- clear:::w.ce 
is approximalrly ;}()..fold greate1· in the PRO/Rt: mou.....,:, comp;:::r.;,d 
to the contwi;:.. Caknlation of tuhul:w renbrorption d:;ta conE::mo 
that net rerbmation of p1·oline is depres~ed in PRO.' I?-:. The i::~et 
shows glycine de:mmce nt endogenous conreutratior~ in reb:2·)n 
to the plasma proline con cent ration; glycine dearan•:il' i.~ not C. if-

. ferent Crom nonnal in J>RO/Rc, indicating inte~:,'":i;:y of ~he 

luminal tran:::port sy::;tem. shared by glyc-ine and t>rol:.:::e-. 
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FIG; 5. Theoretical double--reciproesl plots for flux (inward 

and outward) of proline when concentrated from an extern.;;,l pool 
{Sol to an internal. pool [Sio.] against a chemical gradie-nt, at 
steady-atate. If an intracellul3.1" event (e.g., decreased proline oJG.. 
dation) causes the internal proline pool to expand [S;t>1 inde­
pendently of the amount,.derived from influ.~ effiu.'< acro:;;.s the 
membrane will increNJe. When the latter occun> at the h.:.mirul 
membrane of an epithelial· cell, into a moving column of' liquid 
(e.g., urine), the enhanced efflux (backflux) will yield dim;..,i~hed 
net reab.:10rption of the solute at that surf3.Ce. 

Proline shares a transport system with glycine, ru:::•1 the 
former will inhibit reclamation of the latter during t'.:bub.r 
reabsorption in man (5) and rat (15, 16) at the concentr:;.tioru; 
ot both substrates encountered in the present study. Proline 
anu glycine share transport in the mouse also (R. R. )£,.:-Inn~ 
and C. R. Scriver, unpublished data}. 

Therefore, we examined interaction between proline ar.d 
glycine during reabsorption to determine whether this :=::•stem 
is intact in the PRO/Re mutant~ Glycine reclamation is im­
paired to the same degree in the PRO/ Re and control me· use at 
nrious concentrations of L-proline (inset, Fig. 4), in-::;::>lyllig 
tha.t integrity of the shared luminal membrane system ~rving 
reclamation is retained in PRO 1 Re kidney. 

DISCUSSIO)l 

The kidney of mouse is quite different from that of man or r-at 
in its capacity to oxidize proline. After 30-min incub:1tion at 
0.1-0.2 m:.\I :r.-:proline, the fraction of transported proline 
oxidized to COz by kidney cortex slices is about 50% in the r:lt 
(9) and in man (14); it exceeds 80% in normal mou~. The 
in tit·~ concentration of proline in kidney cortex, as dete::-rnined 
by the slice method, is also different in the three spn:ies. In 
man (14), and in rat (11), it exceeds 0.6 mM, whereas in 
mouse kidney, it is less. The average proline concentntion in 
plasmaisabove0.2 m:\Iin rat and in man (9, 11, 19), ..,-::ere~. 
it i3 less in the mouse. These findings imply that the rate o£ 
intracellular proline mcidn.tion modulates its concentr-.::.Lion in 
body fluids. 

Xet tubular reabsorption of proline reaches sa'i.'.:'lrati,·n · 
in man when the plasma proline concentration exceed::: 1 m)!. 
The reabsorptive function is dependent on the intepity of 
membrane transport systems 'which s€'rve low (physic-1ogic-el) 
and high intraluminal concentrations of proline (a). 5stur-J.­
bility of a high-capacity mechanism f~r proline reab::-xpti'Jn 
h.:1s also been identified, with some difficulty, by micZ'·:•per:u­
sion methods in rat kidnE-y (18). On the other hand, ""' co...:ld 
not define a snturable mode for proline reabsorptioec in the 

·mouse at proline concentrations that eYincc saturatio!:. in n:~n 
and rat. It occurred to us that the great capacity of mou.;;e 
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kidney to oxidize proline might keep intracellub.r proline at 
low lcnls and that the capacity for proline uptake into the 
cell does not normally exceed the capacity for dispO-'>al of 
proline in the absorptive cell. In this case, nn intracellular 
enzyme aeting on the sub.strate comes to influence, although 
not to serve directly, the tra.nscellular movement of'the.amino 
acid; that is, metabolism of proline is a determ.in3.nt of its 
· intraceUub.r concentration and thus of it;s. transepithelial 
reclamation. The PRO/Re mutant proved to be a useful probe 
of this hypothesis. 

Proline concentration is modestly eleva,ted in the body 
fluids of PRO/Re mice whereas, uriruu:y proline is excep­
tionally high; we su&,rrest that e}.-p3D3ion of the intracellular 
proline pool in tubular cells is largely responsible for the 
latter finding. Prolinuria. will pre:rurn:lbly occur in PRO/Re 
mice, in part because the luminal tr:msport system undergoes 
normal saturation at the higher concentrations of proline in 
tubular urine (5, 7, 1~18); a greater frll.Ction of filtered proline 
will, therefore, escape tuoular reclamation.. However, our 
studies in control mice re\·enl that this normal saturation of 
the transport . mechanism does not significantly impede net 
reabrorption when proline oxidation is intact. The normal 
nonsaturable mode of entry (20) apparently permits quite 
efficient reclamation provided proline can be oxidized after 
uptake and rapid diffusion is po..--sible. 'Normal integrity of the 
sa tumble, energy-depende-nt proline transport systems which 
are t>xposed in glomeruli (21) and at the antiluminal surface of . 

. epithelial cells (9) was aho demoru;trated in PRO/Re. cortex 
slices. 
· The hyperprolinuria relative to e"1:racellular proline con­
centrations which is characteristic of PRO/ Re mouse can be 
interpreted by the applicn1ion of :.\Iicbaelis kinetics to the 
tran:repithelittl renb;;orpti~e function (Fig. 5). We must as­
sume t11at the relationships .for proline efHu.x in PRO/Re 
kidney, as identified nt the antiluminal membranes in titro, 
pertain also to the luminal membmne i1~ tir-o, and that proline 
~ptake kinetics at physiological concentrations acrossluminal 
and antiluminal membranes are independent but similar. 
Earlier studies in rat kidney (11, 12) suggest that such as­
sumptions are rensonable. \Ye utilized the e\idence that an 
asymmetry of trans-cellular flux must exist (22}, presumably 
achi~ved by the disparity in absorptive membrane area. of 
luminal and antituminal :surfaces, to achieve net reabsorption 
of solute from urine; and that cellular accumulation from 
blood or urine :md tram~epithelial transport from urine to 
blood, for some amino acids at least,are dissociated in kidney 
(23, 24}. We can then propose that excessive prolinuria in 
PRO! Re is a simple function of the raised intracellular con­
centration of proline· in the presence of proline oxidase de­
ficiency, and also in the pre5ence or contibuiug uptake from 
blood and urine. At high concentr-ations of proline inside the 
cell, efflux of proline is enhanced on the slme mechanism that 
moves it into the cell against a gradient (Fig. 5). When this 
e-.·ent occurs at the luminal surface of the epithelial cell, 
proline will flow into a moving column of fluid nnd will appear 
in the bladder urine, being percei,·ed ns diminished tubular 
reclamation of proline. The normal structural relationships of 
tubular epithelium permit this phenomenon to be ob~ern:<l 
in t'it'O in a manner not possible in n"!ro. 

The failure to obserw impnired net reab:>orption of phenyl­
ab.niuc in pl1enylketonuria (25, 26) nnd of sarcosine in snr­
co;;;inemia (27), both mutant blocked-ca-tabolic stutes, can bl· 
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~xplained. The role of kidney in the oxidation of the;;e ~-:lino 
· ::.cids i3 negligible or minor, respectil.·ely, so that the intr~-:-;:llu­
br concentration of these two amino acids is not modulat~..-J b\­
their renal metabolism. . • 

This-study would not lm.ve been possible l'oithout the in:ere-t. 
c.f Eli..ulbeth Ru.ssell and Robett Blake. The interest d Dr .. 
Francis Glorieux and Edgard Delvin in the early stages d this 
work i$ aL.;;.o appreciated. We are grnteful to Rus.sell Ch,::,uey, 
Halvc•r N. Christensen, l\fichel Bergeron and John Dirks for 
review and criticism of thi3 paper. The able assist:~.nce of Audw· 
Shannon w.u inva.lWl.ble in this study. Thii! research w~ suP. 
ported by a grant from the )Iedical Research Council of C:mad$ 
and the Cystic Fihi"'Sil:l Foundation of Can:lda (Fello»;;b.ip to 
R.R.).[.) . 
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SECTION VI 

Net Reabsorption of ~-Aminoisobutyric Acid by Rat Kidney 

in Vivo. I. Clearance Behaviour and Interaction with 

Natural Amino Acids. 

VI. 1 

The facility with which the non-metabolizable analogues of natural 

solutes separate metabolic from transport phenomena has encouraged their 

use in studies of biological transport. Christensen and his colleagues 

(Ref. 4, this section) firmly established the extent to which certain 

analogues, especially a-aminoisobutyric acid (AIB), mimic the behaviour 

of specific groups of natural solutes in single cells or tissue in vitro. 

Few efforts have been made, however, to obtain similar evidence concerning 

the behaviour of these artificial solutes during transepithelial transport 

in vivo. In this section we describe how clearance studies in the rat 

define to what extent the renal transport of AIB in vivo resembles that of 

the natural L-amino acids. The most significant interactions are 

between AIB and the short-chain aliphatic amino acids. Nevertheless, 

many of the interactions between AIB and natural amino acids in vivo in 

rat kidney cannot be accommodated solely by the designation of AIB as a 

member of the short-chain neutral aliphatic group. A major theme -

namely that transepithelial transport and cellular accumulation of a 

solute are related but independent processes - is also revealed in this 

section and further developed in the next. 

In addition to characterizing the behaviour of AIB transport in rat 

kidney in vivo, this section gives a precise description of the method­

ology used in all of the studies of AIB transport presented in this thesis 

(sections VI, VII, and VIII). 
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VI. 2 

These investigations have been submitted for publication in The 

American Journal of Physiology. · The following manuscript is organized 

according to the required format of that journal. 
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SUMMARY 

Suitability of the non-metabo1izab1e amino acid 

a-aminoisobutyrate {AIB) as a model for the study of net 

tubular reabsorption of amino acids was examined using 

clearance techniques in the anesthetized rat. ·Sixteen 

hours after intraperitoneal injection of AIB-1-r 14c], 

plasma AIB and FEAIB are constant and renal loss of AIB 

controls plasma [AIB]. Interindividual variation in FEAIB 

is wide (0.07- 0.21) but intraindividual variation is low 

VI. 5 

( < 0.03 in 63 clearance periods); this fact permits sensi-. 

tive examination of factors modulating AIB excretion in a 

given ariimal. Net reabsorption of AIB resembles the process 

for natural amino acids in that: (i) FEAIB is not influenced 

by spontane~us fluctuations in GFR or urine flow rate; 

(ii) AIB excretion rate and renal cortex accumulation of 

AIB are not directly related; (iii) · AIB does not interact 

with phosphate during reabsorption; (iv) AIB impairs 
~ 

reabsorption of short-chain, aliphatic amino acids which, like 

AIB, have high endogenous excretion rates in rat and man. 

Proline and glutamate exhibit a biphasic plasma and urinary 

oscillation in response to AIB infusion; (v) AIB re­

absorption is altered by changes in the filtered load of 

various natural amino acids so that at filtered loads of 

L-lysine, glycine, L-proline and L-alanine 20 - 30 fold in 

excess of AIB, FEAIB is increased whereas at low proline 

infusion rates, FEAIB is decreased. We confirm the prefe­

rential accumulation of AIB in renal medulla vs. cortex. 

Renal tissue levels are decreased by infusions of other amino 

acids; only proline abolishes the medulla-cortex difference. 
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These findings indicate that: (i) AIB is reabsorbed by 

amino-acid transport processes; (ii} it may serve as ·a 

highly sensitive model of renal amino acid transepithelial 

transport; (iii) net AIB reabsorption determines its 

endogenous poo1 size at steady-state; (iv) specific 

interactions between AIB and natural amino acid {e.g. 

with·proline} cannot be accounted for simply by the general 

role of AIB as a short-chain aliphatic amino acid. 
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INTRODUCTION VI. 7 

a-Aminoisobutyric acid (AIB) is a synthetic non-meta-

bolizable, short-chain neutral amino acid which is reactive 

with·membrane transporters serving uptake of other amino 

acids in various tissues (4) and it has long been used as a 

model substrate in the study of amino acid trans~ort by 

kidney (24,30,35). However, if AIB uptake by kidney slices 

in vitro (24,30) represents transport at the antiluminal 

surface of epithelial cells primarily (29,37), such data 

are not then reliably informative about events at the brush 

border membrane. The suitability of AIB as a probe of· 

net transepithelial reabsorption, which reflects initiil 

uptake at the brush border membrane {30), requires that its 

renal handling in vivo be examined carefully. 

Reabsorption of AIB across the luminal membrane of 

the proximal· tubular cell i~ rat kidney in vivo is energy 

and Na+-dependent (33). Moreo~er, some form of direct or 

indirect interaction between AIB and dibasic amino acids 

cystine, homocystine, and glycine during renal reabsorption 

in man is indicated by increased renal clearance of these 

natural amino acids when AIB is present in plasma (8). 

Nonetheless even at significant concentrations in plasma, 

AIB has no effect on the excretion of natural amino acids 

in the dog (35), yet AIB induces increased urinary loss of 

many natural amino acids in the rat (6). Howevert. the 

mechanisms for these effects are unclear since plasma amino 

acid levels were not always reported. Glycine has been 

shown to impair net reabsorption of AIB in the rat {23). 
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The following report togeth~r with the accompanying 

paper (R.R. Mclnnes and C.R. Scriver, 1978b} extends the 

characterization of net renal reabsorption of AIB in the 

V ..1.• 0 

rat. The in~eractions between AIB (or a-methyl-l-alanine} 

and natural amino acids indicate that it does not behave as 

a simple probe of the alanine-preferring or "A" system of 

amino acid transporters (20). Moreover, observations on the 

renal tissue concentration of AIB indicate that complex 

interactions occur during modulations of its net reabsorption~ 

Our observations were obtained with a method which permits 

sensitive and precise measurement of net ·reabsorption of AIB 

in vivo. 

METHODS· 

Female Long-Evans hooded rats obtained from Canadian 

Breeding Farms, Montreal and weighing between 190-220 gm, 

were given AIB {0. 115 mmoles/kg or 1.22 mmoles/kg) and 5 ~Ci 

of AIB-l-[ 14c] (2-10 mCi/mmole, from New England Nuclear 

Corp., Boston, Mass.) by intraperitoneal injection 16 hr 

before the experiment. The animals were provided with water 

and Purina Rat Chow overnight. This technique yields concentrations 

of AIB in arterial plasma of approximately 0.03 mM and 0.24 

mM respectively, at the two dosages, at the time of study 

15-20 hr later. The animal was anesthetized with Inactin 

(Na-5-ethyl-5(1-methylpropyl)2-thiobarbituric acid (Henley . . 

and Co., New York, N.Y.), 100 mg/kg ip), immobilized supine 

on narrow cardboard strips, and suspended on a single-pan 

balance. The trachea was bisected 3-5 rings below the 

thyroid cartilage, and the most cranial ring of the lower 

segment was exteriorized by suturing it to the skin. 
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The.·right external jugular vein was used for the infusion 

and the right femoral artery was used for sampling blood; 

each was catheterized with polyethylene tubing (Clay~Adams), 

and kept patent with heparinized saline {100 units/ml). The 

bladder was cannulated with 3-4 cm of polyethylene tubing, 

tied into the bladder to minimize dead space to less than 30 

pl. The body temperature was kept ai 37° with a rectal 

thermistor probe connected to a 75-watt incandescent light 

bulb 35 cm above the animal. Tracheal lavage was performed 

every 30 min with 30 pl of sterile 0.9% HaCl, followed by 

suction. This preparation maintained physiological homeostasis 

in the rat for 6 hours. 

Animals were infused, at 16 ml/kg·hr. with a solution 

containing KCl, NaCl and inulin; NaCl (6.5 ml of 0.9%) 

containing 650 mg of purified inulin (Arnar-Stone Labs. 

Inc., Mount Prospect, Ill.) was added to 43.5 ml of NaCl (40 

m M ) and KC 1 ( 2 . 6 5 rn M ) con t a i n i n g 2 0 pC i of i nu 1 i n [met h o xy-
3H] (50-150 millicuries/gm; New England Nuclear). Tritium­

labeled inulin mimics the behaviour of unlabeled inulin in 

the kidney· (16}. The solution was infused with a Harvard 

Pump Model 906 (Harvard Appliances Co., Millis. Mass.) at a 

rapid rate (3 ml/15 min) ·to initiate diuresis and to prime 

with inulin. Urine collections were initiated later (at 90-

150 min) when body weight returned to within 1 gm of the 

initial post-dissection weight. 

Renal Clearance Protocol. Seven consecutive· urine collections 

each lasting 30-35 minutes,.were obtained and acidified 
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immediately to pH 2 with HCl. At the mid-point of each 

period a bloo~ sample (80-120 pl) was collected into heparinized 

capillary tubes from the femoral artery catheter. Cells 

were separated from plasma by centrifugation and the hematocrit 

was measured. Inulin, AIB and hematocrit were measured in 

all blood samples; calcium, phosphate, and the natural amino 

acids were determined only in periods 1 ,3,5 and 7. Calcium, 

phosphate, inulin, AIB and amino acids were measured in all 

urine samples. The rat .was weighed at the end of each 

clearance period; body weight generally remained within 1.5% 

of the preinfusion weight. 

Infusions of Natural Amino Acids. Amino acids (reagent 

grade) were obtained from Sigma Chemicals Co., St. Louis, 

Mo. Glycine, l-alanine, and L-proline were infused during 

successive 30 min. periods at incremental rates of 2.5, 5.0, 

10 and 15 mmole/kg·hr. lysine was also infused at 1.25 

mmole/kg·hr. Each amino acid was dissolved in a solution 

containing NaCl {60 mM) and KCl (2.3 mM) and infused with a 

Sage Model 355 Infusion Pump (Orion Research Inc., Cambridge, 

Mass), inserted into the main infusion line; the combined 

infusion rate was 16 ml/kg·hr. 

Infusion of AIB. Nine. rats were infused with AIB-l-r 14c] 

(2-4 pCi/hr) mixed with unlabeled AIB {0.034-2.67 mil1imoles/hr). 

The specific activity of the infusion was kept constant for 

each rat but varied between animals so that a wide range of 

plasma AIB concentration could be examined. Clearance 

studies were begun after the AIB had been infused for 5 
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minutes. The infusion rate was kept constant~ so that the 

increase in plasma AIB concentration resulted solely from 

_ongoing accumulation of this non-metabolizable amino acid in 

excess of its disposal into tissues and urine. The infusion 

lasted 3 hrs. in each animal. 

Me a sure men t . of A I B i n Re n a 1 T i ss u e . At the end o f the · 

seventh collection period, the rat was killed by cervical 

dislocation; the kidneys were removed within one min, 

placed in ice-cold saline and decapsulated. Thin (0.2 mm) 

cortical slices were obtained with a Stadie-Rigg microtome • 

. The capsular slice was discarded and the two outermost 

cortical slices were used for analysis of cortieal AIB. 

Medullary slices were also obtain~d avoiding cortex and 

papilla. The slices were weighed and placed in NaOH (lN~ 2 ml} 

overnight (25). After heating {70°C x 90 minutes)~ the 

extract (lOO pl) was added to 3 ml water containing 50 pl of 

concentrated acetic acid in a scintillation vial to which 

Aquasol {New England Nuclear Corp.) was added for counting. 

Liquid Scintillation Count~. Plasma {20 pl) or urine (50 pl) 

were added to \'later (3 ml) in a glass. scintillation vial~ 

containing 10 ml Aquasol (18). The vials were shaken, 

chilled at 4°C overnight prior to counting in a Uniflux II 

scintillation counter (Nuclear-Chicago). 14c and 3H were 

counted at 40% and 17% efficiency respectively, and the 

external standard:channel ratio method was used to resolve 

the 14c and 3H components in these double-label studies. 
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a mixture of butanol:ethanol:H2o (26:9:15}; strip-scanning 

was used to locate the labeled inulin. Material with more 

than 3% radiochemical impurities was rejected. 

Purity ·of AIB-l-£ 14cJ was verified by partition chro­

matography on thin-layer cellulose chromatograms developed 

in a mixture of butano1:acetic:H2o (12:3:5); radiochemical 

purity exceeded 99%. 

Chemical Methods. Na and K were measured by flame photometry. 

Osmolarity was determined by freezing-point depression. 

Amino acids were meisured by elution chromatography on ion 

exchange resin columns with a modified Beckman-Spinco 120 

amino acid analyser provided wit~ an expanded scale (28). 

Plasma samples were deproteini~ed immediately with 5 volumes 

of sulfosalicylic acid (3% w/v) and held at -20°C before 

amino acid analysis. Total calcium and inorganic phosphorus 

was measured in acidified urine by the methods of Gitelman 

(11) and Kraml (13) respectively adapted for the Technicon 

Autoanalyser (Technicon Corp., Tarrytown~ N.Y.). Calcium 

and phosphorus were measured in plasma (volumes 10 ~1 and 5 pl 

respectively) with Rapid StatR kits (Pierce Chemical Co. s 

Rockford, Ill.) using DadeR Monitrol-1 solution (American 

Hospital Supply, Miami) as the standard. The reliability of 

this method of calcium measurement has been established (2). 
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Statistical Methods and Calculations. Tests of significance 

were performed by analysis of variance (31). Glomerular 

filtration rate (GFR) is the equivalent of the inulin clearance 

(C 10 ). Fractional excretion of AIB (FEAIB) =Excreted AIB 

(pmolesjmin) + filtered AIB (pmolesjmin) where filtered AIB 

= GFR x plasma [AIB]. 

RES LTS 

1. Renal Handling of AIB in the Rat 

Stability of the Physiological Preparation: Intra-peritoneal 

injection of AIB 16 hrs previously achieves stable plasma 

levels and fractional excretion of AIB in the rat (Figure 

1). The plasma inulin level obtained with the. infusion 

protocol (55.1 ± 0.15 mg/dl, mean± SEM, 7 periods, 9 

animals} was sufficient to estimate GFR reliably (9). The 

plasma level and fractional excretion of phosphate anion 

(Pi), selected to evaluate renal handling of a non-amino 

acid solute, was also stable under these conditions. 

Sodium and potassium in serum of infused rats were 

141.1 ± 1.8 mEq/L and 4.63 ± 0.18 mEq/L respectively in the 

7th period (mean ± SEM for 9 animals), and not significantly 

different from those of the non-infused rat at zero time 

(143.4 ± 0.7 mEq/L and 4.06 ± 0.1 mEq/L respectively). The 

hematocrit was 47.67 ± 0.41 percent and 46.44 ± 0.53 at the 

beginning and end of the renal clearance and infusion protocol 

{seven periods). Body weight was 199.14 ± 3.17 g and 199.42 

± 3.35 g respectively. Serum osmolarity was 284.9 ± 0.15 

mOsm in the seventh period. These data indicate stability 

of water and electrolyte metabolism during the infusion 

procedure. 
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FEAIB Urine Flow Rate and Urine flow rate and GFR 

were not related to FEAIB in a total of 112 clearance 

periods in 16 rats. The observed increase in urine flow 

VI. l't 

rate in period 7 (46.2 ± 3.7 pl/min, mean ± SEM in period 7 

vs 37.63 ± 3.83 ~1/min, mean± SEM, for the first six periods; 

p < .0.01) was not associated with a change in FEAIB (Figure 1}. 

The cause for this increase was not investigated. 

Relationship between FEAIB and Plasma [AIB]. Six rats were 

injected with AIB at low dosage (0.115 mmoles/kg, ip) 16 hrs 

prior to study while nine rats were given a 10-fold higher 

dose of AIB (1.22 mmoles/kg, ip). Steady-state plasma [AIBJ 

after injection was 0.037 mM ± 0.006 (mean ± SEM) with the 

low dose and 0.242 mM± 0.07, or 6.5-fold higher, with the 

high dose. Since re.nal excretion is the principal route for 

disposal of AIB in the rat (19). increased FEAIB could 

explain the relative defitiency of plasma [AIB] in the high­

dose group. FEAIB was two-fold greater (0.126 ± 0.033, mean 

± SEM) in the high-dose group, than in the low-dose group 

(0.061 ± 0.020; p < 0.001). 

A negative correlation was found between plasma [AIBJ 

and FEAIB among animals in the high-dose group (corr. coeff. 

0.734, p < 0.05) (Figure 2.!\). This phenomenon is not unique 

to the clearance period depicted (the 6th); significantly 

negative correlations (p < 0.05) were present in five of 

the seven clearance periods, and in the remaining two periods 

(#3 and #4) the correlation was still negative but less 

significant (p < 0.10). The phenomenon appears to reflect 
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interindividual differences in renal handling of AIB in the 

rat (Figure 2), animals maintaining a higher plasma [AIB] 

have less renal loss under identical conditions of dosage 

and infusion. 

Interindividual and Intraindividual va~iation in FEAIB: 

When FEAIB was plotted against time for each rat infused 

with AIB at the high-dose level (Figure 28), little intra­

individual variation is found. Variation between clearance 

periods did not exceed 0.033 {about 10% around the mean) in 

any single rat; it was less than 0.02 in 54 consecutive 

periods and less than 0.01 in another 37 periods. Experiments 

were rejected if the intraindividual variation in FEAIB 

exceeded 0.03. in three consecutive control periods. Inter-

individual variation in FEAIB is 3-fold greater than intra­

individual variation (Figure 2B); accordingly, each animal· 

served as its own control in subsequent studies. 

2. Effects of Natural Amino Acid Infusion. 

On Plasma [AIB]: L-proline and L-alanine increased steady­

state plasma [AIBJ significantly (p < 0.005) (Figure 3, top 

row), as the infusion rate was increased from 2.5 mmoles/ 

(kg·hr} to 15 mmoles/(kg·hr). Glycine infusion had a 

similar but smaller effect {p < 0.01) while L-lysine decreased 

plasma [AIBJ (p < 0.005). The plasma concentration of the 

natural amino acids under these conditions were 9-11 mM (30-

100 times normal) at the highe~t infusion rate; their filtered 

loads exceeded that of AIB by 20-30 fold. 
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On FE 818 , GFR, and FEpt: Infusion of L-proline and L­

alanine, at or below 5 mmoles/kg·hr, decreased FE 818 (p < 

o~aos ·and p < 0.001 respectively}, while L-lysine and'glycine 

both increased it (p < 0.001) (Figure 3~ middle row}. At 

higher infusion rates the four amino acids increased FEAIB" 

GFR and FEPi were altered only by alanine infusion. 

GFR was increased: control GFR, 1.93 ± 0.04 ml/min (mean ± 

SEM); experimental GFR, 2.32 ± 0.12 mlfm·in; p < 0.005. FEp; 

was decreased: control FEp·• 0.200 ± 0.008; experimental 
l 

FEp;: 0.165 ± .002; p < 0.025 at alanine infusion rates< 

10 mmoles/kg·hr. The thange in GFR and the· parallel effects 

on FEAIB and FEp; probably reflect alanine-induced alterations 

in renal hemodynamics. 

On Renal Tissue [AIB]: The accumulation of AIB in renal 

cortex and med~lla in vivo is expressed as a "tissue ratio" 

(TR
818

}, derived from the equation 

dpm/mg wet tissue weight x 1000 . 
dpm/ml plasma 

This ratio~ of necessity, includes AIB trapped in the proximal 

tubule lumen during preparation of the tissue. Accordingly~ 

TR818 is not equivalent to the distribution ratio for AIB 

achieved in slices incubated in vitro, where the amino acid 

appears to accumulate only in the cells (37}. 

Cortical TR818 (n=9) is similar bilaterally (Figure 3, 

bottom row), (right kidney, 12.17 ± 0.62, mean± SEM; left 

kidney 12.34 ± 0.65; NS). Medullary TRAIB (15.3 ± 0.7~ mean 

± SEM) is significantly higher than cortical TRAIB (p < 0.025},. 

in keeping with earlier observations reported by Wedeen and 

Thier (36). 
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Glycine, alanine, proline and lysine each decrease 

TRAIB in both cortex and medulla when infused at 15 mmoles/kg·hr 

(p < 0.001 for each amino acid) {Figure 3). The effect of 

proline is unique in that it alone abolishes the difference· 

between cortical and medullary TRAIB (Figure 3). Regardless. 

of whether FEAIB is diminished or increased by proline at a. 

low. or high rate of infusion, the tissue ratio is decreased .• 

Thus, AI~ excretion and cortical accum~lation· are dissociated. 

3. Effect of AIB Infusion on Plasma Levels of Natural 

Amino Acids. 

The plasma concentration of sixteen natural amino acids 

was mea~ured before and durin~ intravenous infusion of AIB 

(see Methods). The concentrations of plasma amino acids 

during control periods were similar to published values for 

the rat (10,15}. A negative correlation exists between 

plasma [AIB] at< 1 mM, and plasma concentration of most 

natural amino acids; the exceptions are phenylalanine, 

tyrosine and ornithine. The negative correlation is signi­

ficant (p < 0.05) for eight amino acids!l (leucine, isoleucine, 

valine, proline, glycine, alanine, lysine and glutamic 

acid). Representative data for neutral, cationic and anionic 

amino acids are shown in Figure 4. This figure also reveals 

a particular type of interaction for AIB with proline and 

glutamate. Their plasma concentration is increased above 

control when plasma [AIB] is< 1 mM. This finding was not 

apparent with any other amino acid. 

Fractional Excretion: The relationship between fractional 

excretion of several natural amino acids and plasma IAIB] 



VI. 18 

is plotted in Fig. 5. When AIB is absent from plasma the 

excretion of amino acids is similar to that reported for 

rats by lingard et al (15). The fractional excretion of 

most natural acids increases when plasma [AIBJ is raised(a). 

'The AIB-induced increase in fractional excretion of 

natural amino acids in general is directly proportional to 

plasma [AIB] (Figure 5). FEAA is.increased for threonine, 

serine, asparagine plus glutamine and glycine when the ratio 

of filtered AIB~ filtered natural amino acid, is below 4.0; 

for glutamate and histidine when it is about 10.0; for 

phenylalanine, tyrosine, lysine and ornithine when it is 

above 40. Representative data are shown in figure 5. These 

observations· indicate that any interaction between AIB and 

natural amino acids which affects net reabsorption is not 

related only to the chemical structure of the natural amino 

acid. 

The glutamic acid excretion response is biphasic 

(Figure 5). When filtered AIB is below that of glutamate 

(FAIB/Fglu' 0.69 ± 0.20, mean± SD, n = 5), FEglu decreases 

6-fold (to 0.68 ± 0.17) compared to control (4.22 ± 0.72 at 

zero plasma [AIB] p < 0.05): but \vhen filtered AIB exceeds 

filtered glutamate, FEglu then rises to match or exceed 

control values. 

{a) Because AIB interferes with the chromatographic analysis 

of alanine, renal excretion of the latter could not be 

determined accurately. 
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4. Effect of AIB Infusion on Phos~hate and Glucose Reabsorption; 

AIB infusion had no effect on FEPi (Figure 6) and 

plasma [Pi] remained constant. At no time during infusion 

of AIB did we detect glucosuria in the rat. 

DISCUSSION 

We have developed a stable preparation for the study of 

fact~rs affecting renal transport of AIB in vivo in the rat. 

Plasma AIB concentration, FEAIB' GFR~ urine flow rate, serum 

electrolyte concentration and osmolarity and blood hematocrit 

maintain an acceptable steady-state without blood volume 

contraction or expansion. The use of a non-metabolizable 

amino acid in vivo circumvents the problem of circadian 

fluctuation in plasma concentration and filtered load of 

natural amino acids (10) and avoids the influerice of intra­

renal metabolism on transepithelial transport (29). We 

chose AIB for our investigation, in contrast to cycloleucine 

whose reabsoption is greater than 99.9% in the rat (5; 

Mclnnes and Scriver, unpublished observations). because its 

reabsorption is about 85% at "physiological" concentrations 

in plasma (0.1-0.4 mM). Therefore variations in its reab­

sorption, both increased and decreased, are more easily 

observed. Furthermore, it' is responsive to some of the 

factors which regulate tubular transport of amino acids 

( 2 3) . 

We injected AIB 16 hr in advance to allow time for its 

equilibration between plasma and other endogenous pools .. 

Under these conditions FEAIB is 7-20 fold greater than 
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previously reported at similar plasma levels but without the 

interval for equilibration (23). The apparent explanation 

for this finding is related to the equilibration of AIB with 

tubular epithelium as described in the accompanying paper 

(R.R. Mcinnes and C.R. Scriver, 1978}. 

We observed threefold interindividual variation in 

FEAIB but little intraindividual variation in the rat. 

Individuality of epithelial transport activity (17,26) and 

renal excretory activity (38) has been demonstrated previouily 

and is part of the larger theme of biochemical individuality. 

AIB is eliminated from the body mainly by the kidney at 

increased rates at higher plasma levels. In rats achieving 

high plasma [AIB] in response to a fixed dose of the amino 

acid, FEAIB is low compared to that in rats with relatively 

low plasma [AIB] at the same dose. Thus, individuality of 

renal handling of AIB determines its plasma profile under a 

given environmental condition (i.e. dose of AIB). 

The suitabi1ity of AIB for the study of transepithelial 

transport by mammalian kidney depends on the extent to which 

its behaviour parallels that of the natural amino acids. In 

addition to the previously-documented sodium-dependence of 

its proximal tabular reabsorption (33} we have made the 

following observations. 

AIB reabsorption is not affected by spontaneous fluc­

tuations in GFR or urine flow rate, in which respect it 

resembles the natural amino acids in man (14). 

Net reabsorption of AIB is not directly proportional to 

its renal tissue concentration. A similar relationship 
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between tissue content and net reabsorption has been noted 

for lysine (1) and also for taurine (3). Tissue AIB is 

higher in the medulla than ;n cortex at steady-state. 

Although the in vivo tissue ratio that we adopted (25) to . 

evaluate AIB accumulation by kidney measures solute in both 

the lumen and the intracellular space (32), our finding is 

compatible with intracellular accumulation of AIB as demonstrated 

by quick freeze radioautography studies by others (36,37). 

Moreover the modulation of tissue AIB in the presence of 

other amino acids presumably reflects specific interaction 

between AIB and the natural amino acids during movement 

across plasma membranes, as demonstrated in vitro (30). 

AIB is capable of inhibiting net reabsorption of cationic, 

anionic and neutral amino acids. When one compares the 

ratio of filtered AIR-filtered natural amino acid, the 

short-chain aliphatic neutral amino acids are the most 

readily inhibited by AIB. These are the amino acids with 

least efficient reabsorption at endogenous levels in the rat 

(15) and man (26). Amino acids which are reabsorbed more 

avidly under endogenous conditions are least readily inhibited 

by AIB. The particular lack of effect of AIB on leucine 

excretion is compatible with exclusion of AIB from the 

leucine preferring site as described by Oxender and Christensen 

in Ehrlich cells (20). The interaction between AIB and 

cationic {dibasic) amino acids is not novel (8) and resembles 

that observed in vivo with natural amino acids (34). This 

phenomenon may reflect non-specific or non-competitive 

interactions during reabsorption. 
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Some natural amino acids stimulate AIB reabsorption in 

rat kidney. The increase in plasma AIB following alanine or 

proline infusion at low rates is associated with a stimulation 

of AIB reabsorption. Stimulation of AIB reabsorption in 

vivo at the low rate·of proline infusion mimics enhancement 

of AIB uptake by cortex slices in vitro when exposed to low 

external concentrations of L-proline (30). It is also note­

worthy that proline depletes renal tissue AIB less than 
\ 

other amino acids during in vivo infusion in the rat . This 

stimulation of net reabsorption of one amino acid by another 

has been noticed previously in vivo in the effect of sarcosine 

infusion on glycine reabsorpti.on in human. subjects with 

hypersarcosinemia {12). It may reflect transmembrane exchange 

of intracellular amino acid for luminal amino acid on a 

shared carrier. 

The diminished fractional excretion of glutamic acid at 

low plasma concentrations of AIB is yet another example of 

the presence of one amino acid enhancing the net reabsorption 

of another. Since the plasma concentration of glutamic acid 

is elevated at low levels of AIB, this effect on fractional 

excretion is not an artifact of an AIB-induced fall in the 

filtered load of glutamate. 

The stimulation of AIB reabsorption at low rates of 

alanine infusion, on the other hand, may be secondary to an 

alteration of renal hemodynamics, as the concomitant rise in 

. GFR suggests. A true stimulant effect of alanine on AIB 

transport in vivo would be contrary to its inhibitory action 
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on AIB uptake by cortex slices in vitro {30). 

AIB resembles the dibasic amino acids and is in contrast 

to several neutral amino acids in its failure ta enhance 

phosphate excretion when infused into mammals (7). The 

constancy.of phosphate excretion in our study of interactions 

between AIB ahd other amino acids, except in the presence of 

l-alanine suggests that the effect of one amino acid on 

another is the result of interactions at specifi·c amino acid 

transport sites during their tubular reabsorption. On the 

other hand, AIB-induced decreases in the plasma levels of 

the natural amino acids cannot always be accounted for by an 

increase in their fractional excretion. For example, 

Christensen and Cullen (6) observed that AIB, at plasma 

levels comparable to those achieved in our study; reduced 

. the hepatic content of many amino acids including branched­

chain amino acids. In our study, however, the branched­

chain amino acids, together with methionine, experienced no 

change in fractional excretion. Since the plasma levels of 

the branched-chain amino acids are lowered by insulin (21), 

and since AIB has been reported to stimulate insulin release 

from cultured foetal pancreas (22), the AIB-induced fall in 

the plasma level of some amino acids may be associated with 

an insulin effect on amino acid pools in tissues. 
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Observations on the plasma concentration 

of AIB, fractional excretion of a-amino­

isobutyric acid (AIB) and inorganic phosphorus 

{Pi), the renal clearance of inulin-[methoxy-

3H], and urine flow rate during seven conse-

cutive 30-min clearance periods {9 rats, 

mean± SEM). The animals were injected with 

AIB 16 hr prior to study and prepared as 

described in Methods. 

Relationships between FEAIB and plasma [AIB] 

.in the sixth clearance period (150-180 min) 

in rats injected intraperitoneally with AIB 

sixteen hours previous to zero time. Two 

dosage levels are shown: low dose, 0.115 

mmoles/Kg (open squares); and high dose, 

1.22 mmoles/Kg (open circles). The corre-

lation coefficient for regres~ion of FEAIB 

on plasma AIB in the high dose group is 

- 0.734 (p < 0.05). 
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Figure 3: 

Figure 4: 
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Interindividual and intraindividual 

variation in FEAIB" A three-fold inter-· 

individual variation if FEAIB is observed in 

the group~ whereas the intraindividual variation 

in each rat does not exceed ten percent 

around the mean for a given rat. 

Effect of intravenous infusion of L-lysine 

(•)~ glycine (o)~ L-proline (~),and L-

alanine ( ), on plasma [AIB] (top row)~ 

FEAIB (middle row) and renal tissue AIB; the 

latter is expressed as a tissue ratio (see 

text) in cortex c·c· right kidney; 

'li\., left kidney, etc.} and in medulla (!11, 

etc.) . 

Relationship between the plasma concentration 

of natural amino acid (ordinate} and plasma 

concentration of AIB (abscissa). Filled 

circles indicate concentration of the natural 

amino acid before AIB infusion; open circles 

indicate response during AIB infusion. The 

data are pooled from 9 animals, each studied 

at a different rate of AIB infusion so as to 

achieve a range of AIB concentration in 

plasma. Representative data for neutral, 

cationic and anionic amino acids are presented. 
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LEGENDS 

Fractional excretion of natural amino acids 

in relation to plasma concentration of AIB. 

Representative data are presented for inter­

actions when the filtered AIB: filtered 

natural amino acid is below 4 (left panel), 

approaching 10 (middle panel), and above 40 

(right panel). Note biphasic response for 

glutamate (open circles ·indicate glutamate 

concentration prior to AIB infusion; closed 

circles, during AIB infusion). 

Fractional excretion of inorganic phosphate 

phosphate in relation to FEAIB in nine rats 

infused with AIB by method used for Fig. 4 

and Fig. 5. The regression of FEp; on FEAIB 

{0.075) is not significant. 
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VII. 1. 

SECTION VII 

Net Tubular Reabsorption of a-Aminoisobutyric Acid. 

Evidence for a Cell to Lumen Flux 

The identification of cell-to-lumen flux (backflux) of non-electrolyte 

solutes as a component of net tubular reabsorption in kidney was initially 

made using highly sophisticated technology: micropuncture techniques in 

vivo and isolated tubules in vitro. Under the usual physiological con-

ditions backflux appears to have only a small influence on net reabsorption 

of amino acids, although in situations of abnormal solute excretion, 

this component may be of greater significance. 

By means of the clearance techniques described in Section VI, we 

have been able to demonstrate the presence of a cell-to-lumen flux of 

a-aminoisobutyrate (AIB) in rat kidney. The contribution of this flux 

to net tubular reabsorption has been measured and its influence on the 

determination of the tubular reabsorption maximum (Tm) of AIB has been 

demonstrated. Although the specific cells giving rise to this flux were 

not identified, examination of AIB content in renal tissue suggests 

medullary segments as a potential source. Irrespective of the nephron 

segment involved, the findings suggest that renal cell accumulation of a 

solute influences net tubular reabsorption by modulating the cell-to­

lumen flux. The ability to quanti.tate this flux suggests that this method 

might be used to differentiate between events which impair net AIB re-

absorption by reducing luminal uptake from those which increase tissue-

to-lumen flux of the amino acid. 

These investigations also revealed that the use of artificial 

~ substrates for the study of biological transport in vivo, requires 

complete equilibration of them with body water pools before their renal 



handling can be compared with the handling of natural analogues. 

The report of these investigations has been submitted to The 

American Journal of Physiology. The following manuscript is organized 

according to the required format of that Journal. 
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Short Title: Bidirectional movement of AIB during net 

reabsorption. 
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SUMMARY 

The renal clearance technique was used to examine net 

VII. 5 

reabsorption and fractional excretion of the non-metabolizable 

amino acid, a-aminoisobutyric acid (AIB), following rapid 

intravenous injection in the anesthetized rat. Only 6.5% -

11% of the injected dose (9.75 micromoles·kg- 1 ) remains in 

plasma after 2 min. (n=l2 rats). Log-linear plasma decay 

is observed after 75 min. (t! = 440 min; slope - 0.00397 

mmole·min- 1 ). Plasma inulin, GFR, urine flow rate, and FEp; 

are stable in the post-injection period. FEAIB increases (~ 

= + 0.075 ± 0.007,mean ± SEM, n = 6) while plasma [AIB] 

falls during the first 2 hr post-injection. This paradoxical 

finding is observed at various AIB injection loads (2.05 -

121 micromoles·kg- 1) and with reinjection of AIB into the 

same rat. Delayed equilibration of AIB with urinary tract 

dead-space does not account for the observation. Cell-to­

lumen flux of AIB is the apparent source of the increasing 

FEAIB' Slow uptake of AIB into renal tissue and particularly 

into medulla is observed during the period that FEAIB is 

rising and plasma [AIB] is falling. About ha1f of net AIB 

excretion into bladder urine can be accounted for by a cell-

to-lumen flux of AIB. Saturation of net tubular reabsorption 

of AIB is observed when plasma [AIB] exceeds rv 12 mM. When 

filtered AIB rises from 1 to 2 micromole·min- 1 ·100 cm- 2 in the 

titration experiments, net tubular reabsorption falls sharply. 

Differential behaviour of unidirectional fluxes (lumen to 

peritubular fluid and vice versa) at given concentrations of 

AIB may account for the finding. Clearance techniques 
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permit quantitation of the contribution of cell-to-lumen 

flux to net amino acid reabsorption and reveal the kinetics 

of renal tissue equilibration with extracellular AIB. 
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The synthetic non-metabolizable amino acids a-amino­

isobutyrate (AIB) and cycloleucine have been used to study 

net renal tubular reabsorption and endogenous distribution 

of amino acids in the mammal (7-10,15,19,20). We have 

observed that fractional excretion of AIB (FEAIB) in the rat 

is 7-20 fold greater (see accompanying manuscript, (11)) 

than has been reported previously (15). Although this 

finding may reflect a species difference (Long-Evans vs 

Sprague Dawley respectively) or the hormonal status (intact 

vs ovariectomized females respectively), it is more likely 

that an important methodological difference exists in the 

two studies. We gave AIB by intraperitoneal injection the 

night before measurement of FEAIB' whereas Riggs and Barber 

(15) performed their measurements within 50 minutes after a 

subcutaneous injection of the amino acid. Because there are 

no endogenous pools of AIB in the mammal, there is an interval 

as it equilibrates with body water. This interval influences 

FEAIB' as we will show. 

Our data indicate that cell-to-lumen flux of AIB may 

occur in vivo under near steady-state conditions and that 

this phenomenon influences net tubular reabsorption. Possible 

sites of the cellular efflux of AIB are considered and the 

relationship between net reabsorptive activity and AIB pool 

size in renal tissues is described. 
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METHODS AND MATERIALS 

Female Long-Evans hooded rats (190-220 gm) (Canadian 

Breeding Farms, Montreal) were anesthetized with Inactin lOO 

mg/kg and placed on a pan balance at constant body temperature 

as described in the accompanying paper {11). The right 

external jugular vein (for infusions) and the right femoral 

artery (for blood sampling) were catheterized with polyethylene 

tubing. The urinary bladder was exposed and a funnel-shaped 

tip of PE-240 tubing introduced into the bladder fundus and 

tied with a purse-string suture to reduce bladder volume and 

dead space to a minimum. The animals were infused at 16 

ml/kg·hr with a solution containing NaCl, 60 mM; KCl, 2.3 mM; 

inulin, 1.3 gm/dl {containing methoxy- 3H, 50-150 millicuries/gm, 

400 ~Ci/L). Each animal was studied during seven consecutive 

clearance periods, each 30-35 minutes in duration. At the 

mid-point of the clearance period, whole blood {80-130 ~1) 

was collected from the femoral artery catheter into heparinized 

capillary tubes. After separation of plasma by centrifugation, 

inulin, AIB, phosphate and hematocrit were measured. Urine 

volume and the content of inulin, phosphate and AIB were 

determined in each collection. The animal was weighed at 

the end of each clearance period. 

At specified times the animal was killed by decapitation 

and the kidneys removed in 60 secs. After decapsulation, 

thin slices {0.2 mm) of cortex or medulla (excluding papilla) 

were taken with a Stadie-Riggs microtome, weighed and 
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digested overnight in 2 ml of lN NaOH, then heated (70°C x 

90 min); lOO pl of this extract was added to water (3 ml) 

containing acetic acid (50 JJl) to which Aquasol was added 

for scintillation counting. 

The accumulation of AIB by renal tissue was measured 

using the formula: 

Tissue ratio (TRAIB) = dpm/mg wet tissue weight x 1000 
dpm/ml plasma 

Protocol for rapid intravenous injection of AIB 

Unlabelled AIB (9.75 micromoles/kg) and AIB-l-[ 14 c] 

were mixed in 100 pl of 60 mM NaCl and infused into the 

jugular vein (30s}. Renal clearance studies were begun 

exactly 5 min after the injection to allow emptying of 1-2 

volumes of urinary tract and catheter dead space. The 

urinary tract dead-space volume was measured directly and 

found to be 130 JJl on the average. The volume in the catheter 

was also taken into account. 

Determination of maximum rate of tubular reabsorption (TmAIB) 

Nine rats were infused with a mixture of AIB-1-[ 14 c] 

(2-4 microCi/hr) and unlabelled AIB (0.034-2.67 millimoles/hr), 

the specific activity of which was kept constant for each 

rat. The AIB infusion rate was varied between animals to 

achieve a wide range of AIB concentration in plasma. Plasma 

AIB concentration increased because accumulation of this 

non-metabolizable amino acid exceeded the rate of its disposal 

into tissues and urine. The infusion lasted 7 periods (210 

min) in each animal: renal clearance measurements were 

begun after AIB had been infused for 5 min. 
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Chemical and Isotopic Measurements: Liquid-scintillation 

counting, verification of the radiochemical purity of 

AIB-1-r 14 c] and inulin-methoxy [3H], and the chemical 

methods used to measure serum and urine electrolytes are 

described in the accompanying paper (11). 

Materials: Inactin was obtained from Henley and Co., 

New York, N.Y.; isotopes from New England Nuclear, Boston, 

MA; ~-aminoisobutyric acid from Sigma Chemical Co., 

St-Louis, MO. 

Statistical Methods: Tests of significance were performed 

by analysis of variance, according to established methods 

( 1 7) . 

RESULTS 

Plasma [AIB] After Rapid Infusion 

After rapid injection of labelled AIB (9.75 micromoles/ 

kg), only 6.5%- 11% of the dose is recovered in plasma at 

2 min, assuming a plasma volume of 31.3 ml/kg (5). The 

plasma concentration at this time is 25.2 ± 1.7 ~M (mean ± 

SEM, 12 rats) Two-thirds of the injected AIB is in the 

extracellular fluid, assuming an extracellular fluid volume 

of 249 ml/kg rat (5). The plasma decay curve for log 

AIB plotted against time after 15 min is shown in Figure 1. 

Decay is first-order after 75 min, the estimated t; being 

440 min (Fig. 1). Plasma decay of AIB reflects equilibration 

with tissue fluids and renal loss, since AIB is not meta-

bolized (12). 
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Tubular Reabsorption of AIB After Rapid Infusion 

Plasma inulin, renal clearance of inulin, urine flow 

rate and phosphate excretion remained stable following rapid 

infusion of AIB in our experiments (Table 1}. Fractional 

excretion (FEAIB) is related to plasma concentration of the 

amino acid (Figure 2A). The relationship is paradoxical. 

FEAIB increases as plasma [AIB] declines following rapid 

infusion of the amino acid. This unusual finding is the 

principal focus of interest in our experiments. The corresponding 

decline in tubular reabsorption of AIB after rapid injection 

of the amino acid is plotted in Figure 28. Extrapolation of 

the regression to zero time allows one to calculate the 

theoretical tubular reabsorption of AIB at the instant of 

injection (Footnote a). 

Variation in the dose of injected AIB over a wide range 

(2.05 - 121 micromoles/kg} results in plasma [AIB] varying 

between 0.002 ~M and 0.12 ~M in clearance period #1. Irrespective 

of plasma [AIB] in the first period, FEAIB always increased 

in the following two or three clearance periods. Two consecutive 

injections of AIB (9.75 micromoles/kg each), 120 min apart 

in the same rat, elicited the typical increase in FEAIB 

following the second injection (Figure 3). 

AIB in Renal Tissue after Rapid Injection 

The AIB content of renal cortex after injection in vivo 

is higher at 30 min than at 3.5 hr, while in medulla it is 

the same at 30 min and 3.5 hr (Table 2). The tissue ratio 

of AIB is the same in medulla and cortex at 3.5 hr (Table 2). 
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Renal Reabsorption and Excretion as a Function of Duration 

of Infusion and AIB Concentration in Filtrate 

Plasma AIB is said to be completely filterable (15). 

We have confirmed this fact by observing complete recovery 

of labelled AIB added to rat plasma followed by gel filtration 

on a Sephadex G-25 column. 

Plasma [AIB] was varied 400-fold (0.088 - 33.2 mM) by 

infusing different concentrations of the amino acid (0. 17 -

13.4 millimoles/kg·hr; n=9 rats). FEAIB was then measured 

and plotted against plasma [AIB] for each rat. 

An important feature was observed. In the first three 

of the seven sequential clearance periods, FEAIB is related 

not only to plasma [AIB] but also to the clearance period in 

which it is measured. For example, at plasma IAIB] 0.41 mM 

in period No. 1 of rat No. 2, FEAIB is 0.02, while at 

plasma [AIB] 0.40 mM in period No. 4 of rat No. 4, FEAIB is 

0.134 (Figure 4). This 7-fold difference in FEAIB' at 

comparable plasma [AIB] exceeds that expected of interanimal 

variation (11) and is a function of the clearance period in 

which the measurement is made. The finding is rather analogous 

to those depicted in Figures 2 and 3. 

The time-dependent characteristic of FEAIB in relation 

to the plasma [AIB] achieved in the infusion experiments is 

shown in detail in Figure 4. Statistical analysis reveals 

that FEAIB in the first clearance period for each of the 

eight rats is significantly lower than in periods 3-7 (p 

< 0.005). FEAIB in the second period, at any given 
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plasma [AIBJ, is intermediate to that observed in the first 

period and the third or subsequent clearance periods {Figure 

4). This finding indicates that the duration of AIB infusion 

is a significant determinant of FEAIB when AIB has been 

infused less than 60-90 min. 

At 0.25 mM AIB in plasma, FEAIB in later clearance 

periods following constant infusion is similar to FEAIB at 

that plasma concentration after intraperitoneal injection 

and 16-hr equilibration (11). This finding suggests that 

equilibration of AIB with body water and renal tissue is 

approached in about 90 min - as indicated in Figure 2A. 

Net tubular reabsorption of AIB under near steady-state 

conditions apparently saturates at an elevated plasma 

concentration of the amino acid (Figu~e 5}. However the 

relationship between filtered load and net reabsorption is 

complex. At filtered loads between 1 and 2 ].lmoles-min- 1 ·100 

cm- 2 there is a striking decline in net tubular reabsorption. 

The anticipated progressive saturation of the process is 

seen clearly again only at filtered loads exceeding 3 

].lmoles.min- 1 ·lOO cm- 2 or the equivalent of about 6 mM AIB in 

plasma. The latter increase and saturation of net reabsorption 

in relation to the filtered load of AIB has been previously 

reported by Riggs and Barber (15). 

Renal Tissue AIB During Tm and Relative to FEAIB 

The concentration of AIB was measured in renal cortex 

at the end of the seventh clearance period and the tissue 

ratio plotted against the reciprocal of the plasma AIB 
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concentration and against FEAIB (Fig. 6). Saturation of AIB 

uptake by kidney cortex in vivo is observed and there is a 

reciprocal relationship between the tissue ratio of AIB and 

its fractional excretion. 

DISCUSSION 

We have observed (11) that rats injected with AIB 16 hr 

prior to study have fractional excretion rates seven to 

twenty-fold greater than the rates measured by Riggs and 

Barber (15), who injected their animals less than one hour 

prior to measurement of AIB reabsorption. Although this 

discrepancy in FEAIB at different time intervals may reflect 

the use of ovariectomized Sprague-Dawley rats by the earlier 

investigators, in contrast to the intact Long-Evans hooded 

female rats used in our experiments, a more likely explanation 

is suggested by the studies reported here. We observe that 

FEAIB in the same rat is approximately ten-fold less in the 

first 60-90 minutes of AIB infusion than in subsequent 

clearance periods. Since Riggs and Barber measured FEAIB 

in the first hour following its injection into their rats, 

it is likely that their measurements were obtained before 

FEAIB had fully equilibrated with body fluids and renal 

tissue. 

The initial disappearance of AIB from plasma, after its 

rapid intravenous infusion, reflects dilution in extracellular 

fluid, analogous to that described for extracellular tracers. 

Oldendorf and Kitano (13) showed that about 80% of any 

extracellular fluid probe (e.g. mannitol) disappears from 
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the plasma volume in the first minute after injection, 

irrespective of renal function. Stabilization of FEAIB 

proceeds for another 60-90 min and is therefore not a 

phenomenon that reflects redistribution of the solute. 

Binding to and release of AIB from saturable tissue binding 

sites might explain the rise in FEAIB while plasma [AlB] is 

falling. However, the phenomenon is seen over a wide range 

of plasma [AIBJ and it can be uniformly elicited following 

two sequential injections of AIB. These observations make 

binding of AIB to tissue sites an unlikely explanation for 

the paradoxical rise in FEAIB' 

Initial filling of urinary tract dead-space is another 

artefact to be considered. AIB must equilibrate with the 

dead-space before its rate of urinary excretion can be 

determined reliably. The glomerulus-to-catheter volume 

required to account for the delayed rise in FEAIB noted in 

the early clearance periods can actually be calculated; it 

is approximately 1350 microlitres (Footnote b). This volume 

greatly exceeds the true glomerulus-to-catheter volume in 

our experiments. Thus. filling of dead-space is not an 

appropriate source of the rising FEAIB in early clearance 

periods. 

Diffusional efflux of AIB from peritubular fluid to 

lumen via intercellular channels is yet another possibility. 

This mechanism is also unlikely~ since FEAIB should then be 

in direct linear relationship to plasma [AIB] and it is not. 

The relationship is inversely proportional and non-linear. 
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We suggest that renal tissue itself - presumably tubular 

epithelium - is an important source of urinary AIB and 

that it contributes significantly to the estimate of net 

FEAIB and to the change in FEAIB with time. If the uptake 

and equilibration of plasma AIB with renal tissue is slow, 

as it is across basolateral membranes in cortical slices in 

vitro (16,22), then FEAIB should change in direct proportion 

to AIB accumulation by renal cells in vivo. In this context 

the rising tissue ratio of AIB (TRAIB) in vivo from early 

to later clearance periods is of interest. Tissue uptake 

ratios of amino acids in general (1) and of AIB in particular 

(16) are inversely proportional to extracellular concentration 

of solute. We observed that the medullary TRAIB in vivo is 

less than and then equal to, cortical TRAIB at 0.5 hr, 3.5 

hr respectively (Table 2); it is greater than cortical 

TRAIB at 20 hr (11). These findings suggest that a slowly 

rising medul1ary pool of AIB relative to the plasma concentration 

could be the source of a cell-to-lumen flux of AIB. This flux 

could account for the rising FEAIB while plasma AIB is 

falling after rapid injections of AIB. 

Although medullary segments of the nephron may be the 

principal source of AIB accumulation in the lumen (21), 

any other cell in contact with urine could contribute to 

efflux. But regardless of the specific cells giving rise to 

the proposed efflux, quantitation of this contribution to 

net AIB excretion is possible by extrapolation to zero time 

of the initial decay in net AIB reabsorption (see Footnote 

a). The demonstration of solute backflux during net reabsorption 
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in the mammalian urinary tract is not novel (2,3,4,18). Our 

findings are, however, the first evidence obtained by simple 

clearance techniques for a cell-to-lumen efflux of an amino 

acid. Our particular interest is that the finding, in our 

experiments, permits quantitation of the backflux and its 

contribution to net excretion of AIB (Footnote a). It has 

not escaped our notice that this method of estimating cell­

to-lumen flux might be used to differentiate between events 

which impair net AIB reabsorption by reducing luminal uptake, 

from those that increase tissue-to-lumen flux of the amino 

acid. 

The attainment of constant FEAIB as the filtered AIB 

approaches 'V 1 micromole.min- 1 ·100 cm- 2 (plasma AIB 'V 6 mM) 

is consistent with saturation of renal uptake into tissue 

pools. In vitro studies of AIB uptake in renal cortical 

slices (16) and our measurement of the tissue ratio of AIB 

in cortex in vivo indicate that saturation does occur. The 

in vivo finding reveals that transport of AIB into renal 

cells is mediated by a membrane process, as it is known to 

be in vitro (16). 

The anomalous fall in net reabsorption of AIB (or rise 

in FEAIB) at filtered loads above 1.0 micromole·min- 1 ·100 

cm- 2 and below 3 micromole·min- 1 ·lOO cm_ 2 .is a matter of 

interest. It does not represent intrinsic general changes 

in tubular function, since the simultaneous fractional 

excretion of phosphate does not change (11). We suggest 

that the independent mediated transports of AIB across cell 
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membranes from lumen to peritubul•r fluid and vice versa 

saturate at different concentrations. A rise in FEAIB 

relative to filtered load would ref1ect augmentation of the 

backflux component, relative to the uptake component from 

the lumen, at filtered loads of AIB between~ 1.0 and~ 3.0 

micromole·min- 1 .100 cm- 2. The fall in FEAIB relative to 

filtered load when filtered AIB is further increased would 

indicate saturation of the mediated backflux process, with 

continuing diffusional backflux proportional to the extra­

cellular concentration of AIB. This condition permits 

saturation of the uptake flux to be observed at higher 

solute concentrations in filtrate. 

Apparent saturation of the reabsorptive capacity for 

AIB at filtered loads in excess of 3.0 micromoles·min- 1 ·lOO 

cm- 2 (about 10-12 mM AIB in plasma) may have an explanation, 

additional to filling of the carrier at high substrate con­

centrations. Riggs and Barber (15), showed that infusions of 

mannitol or high concentrations of glycine provoked saturation. 

Since our animals experienced an increased urine flow rate 

and a loss of about 2.5% body weight (unpublished observations) 

when infused with AIB at these high rates, {vs. no weight 

loss at lower AIB infusion rates (11)), it is possible that 

volume contraction secondary to an osmotic diuresis is 

responsible for the initial recovery of the reabsorptive 

capacity for AIB prior to saturation. Active AIB reabsorption 

has been shown to be Na+-dependent {19}, and Na+-reabsorption 

in the proximal tubule is influenced by physical factors 
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such as changes in oncotic pressure. A rise in oncotic 

pressure would be expected to increase Na+-reabsorption (6), 

and therefore AIB reabsorption, during volume contraction. 

In summary, our experiments imply that there is a 

bidirectional flux of AIB during its tubular reabsorption. 

The unidirectional fluxes may saturate independently and 

they may contribute to the ultimate saturation of net re­

absorptive flux. Our experiments did not reveal an unequivocal 

Tm for AIB but an apparent Tm was at least approached. 

Perturbation of plasma volume may have complicated the 

demonstration of a classical Tm. 
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The intercept, 0.943 {from Figure 28} represents 

net reabsorption of AIB prior to any contribution of 

cell-to-lumen flux to net amino acid excretion. Since 

the fractional reabsorption of AIB at apparent steady­

state is 0.853, the cell-to-lumen flux is estimated to 

be 

0.943 - 0.853 
1.0 - 0.853 = 0.6 

This value represents the theoretical contribution of 

back flux to net excretion of AIB at steady-state under 

the conditions of our experiments when plasma [AIB] is 

4.3 - 7.3 llM. 
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The glomerulus to catheter (dead-space) volume required 

to produce slow equilibiation of FEAIB during the first 

three periods can be estimated by assuming that the actual 

FEAIB in clearance periods 1 and 2 is the same as the FEAIB 

measured during the steady-state clearance periods 4-7. 

Using data from a representative animal: 

TRAIB (mean, periods 4-7) at equilibrium is 83.9% 

filtered AIB (period 1) is 104,000 dpm/min. Therefore, 

theoretical UVAIB (period 1) = 104,000- (83.9% of 104,000 = 

16,760 dpm/min. The observed UVAIB in period 1 is 6966 

dpm/min. Therefore, AIB accumulated in dead-space= 16,760 -

6966 = 9795 dpm/min and AIB accumulated in dead-space over 

30 min {period l) = 293,850 cpm. Since the actual entry of 

AIB into the dead-space= 16,760 dpm/min, the time required 

for dead-space to accumulate 293,850 dpm is 293,850 dpm + 

16,760 dpm/min = 17.53 min. With an observed urine flow­

rate of 41 ~1/min, the dead-space volume= 17.53 minx 41 = 
718.7 ~1. Similar calculations for period 2 yield a dead­

space volume of 509.6 ~1. The combined dead-space volume 

for 60 min is then 1228.33 ~1. 

To this volume must be added that entering the dead-

space in the 5 minutes after AIB injection before the clearance 

study began. That volume is calculated by assuming that in 

the first period, 17.53/30 minutes were needed to fill the 

dead-space. In the 5 min period, 2.92 minutes would be 

required to fill dead-space; at a flow rate of 41 ~1/min, 
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this volume would be 119.72 ~1. Therefore total theoretical 

dead-space required to account for the gradual rise in FEAIB 

in periods 1 and 2 = 1228.33 + 119.72 = 1348.1 ~1. 

Direct measurement of urinary tract plus catheter dead­

space with saline yields an average volume of 130 ~1 per 

rat. Owens (14) reports glomerus-to-catheter dead-space to 

be 300 ~1, but attempts to limit bladder and catheter dead-

space were not described. Therefore we are confident in 

saying that the dead-space volume in our experiments is 4-10 

times too small to account for the phenomenon of rising 

FEAIB in early clearance periods after rapid intravenous 

infusion of AIB. 
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TABLE 1 

RENAL FUNCTION FOLLOWING RAPID INJECTION OF AIB IN THE RAT 

{Mean ± SEM) 

Post-Injection Plasma Inulin Inulin Clearance Urine Flow Rate 
Period No (mg/dl) (ml/min) (}ll/min) 

1 62.8±4. 1 1.85±0.01 42.7±5.7 

2 61.2±4.3 2.03±0.05 49.9±3.3 

3 63. 1±4.4 1.97±0.07 45.8±1.5 

4 62.0±4.7 2.05±0.09 45.3±2.9 

5 62.7±5.2 1.95±0.06 45.0±3.3 

6 62. 1±5.0 1.97±0.06 44.5±2.2 

7 64.0±5.2 1.92±0.05 47.0±1.5 

e 

F Ep; 

0.210±.03 

0.158±.02 

0.162±.02 

0.141±.02 

0.140±.02 

0.161±.02 

0.161±.03 
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TABLE 2 

AIB CONTENT AND TISSUE RATIO IN KIDNEY 

AFTER RAPID INJECTION OF AIB (mean ± S~ 

At 30 min At 3.5 hr 

1. Content,dpm/mg wet wt. 

Cortex 1284.5±24.8 953.4±26.6** 

(n=l6) (n=l6) 

Medulla 830.0±218* 923.8±274.6 

(n=8) (n=8) 

2. Tissue Ratioa) 

Cortex 27.65±5.01 43.74±9.84** 

(n=l6) (n=16) 

Medulla 17.65±3.33* 43.74±15.47 

(n=8) (n=8) 

* 
** 

vs cortex at 30 min, p < 0.001 

vs cortex at 30 min, p < 0.001 

(a) see Methods for description of tissue ratio 



Figure 1: 

Figure 2A: 

Figure 28: 

LEGENDS 

Decay of plasma [AIB] (mean ± SEM, n=6) 

following rapid injection of 9.75 micro­

moles/Kg. The first clearance period began 5 

min after the injection. Arterial blood 

samples were taken in the mid-point of each 

30 min clearance period. The decay is log­

linear after 75 min; the slope of the decay 

from 75 to 195 min is shown (-0.00397 pmole·min- 1). 

The relationship between 6FEAIB and plasma 

[AIBJ after a rapid injection of 9.75 micro­

moles/Kg of AIB (n=6 rats, mean ± SEM). 

Because of interindividual variation in FEAIB 

(see ref. 11), data for FEAIB are plotted as 

the difference between the actual clearance 

period and the first clearance period, the 

latter set at zero and differences expressed 

Net reabsorption of AIB {% of filtered load 

reabsorbed, log scale) in relation to time. 

Data obatined from animals described in 

Figure 2A. Log linear extrapolation of the 

regression to zero time is used to estimate 

theoretical net reabsorption of AIB at the 

instant of injection (see text and footnote 

A ) • 
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Figure 3: 

Figure 4: 

LEGENDS 

FEAIB after two sequential rapid 

injections of AIB (9.75 micromoles/Kg, 2 rats 

{mean± SO)). Because FEAIB in the first 

clearance period was comparable in the two 

animalsJdata were not converted to 6FEAIB {vs. 

Fig. 2A). The rise in FEAIB in the presence 

of falling plasma [AIB] occurs after each 

injection of AIB. 

FEAIB as a function of both plasma [AIB] 

and clearance period, for individual rats 

(n=8) infused to raise plasma [AIB] to various 

levels. All points for first-clearance 

periods (0) are joined. Data from the second 

(I) and fourth (6) clearance periods are 

treated in similar fashion. The shaded area 

represents the area on graph covered by data 

for the third to seventh clearance periods 

inclusive. The first period begins at 5 min; 

the seventh ends at 215 min approx. Note 

that first-period FEAIB below 3 mM AIB in 

plasma is always significantly lower than 

FEAIB in periods 3-7. Second-period FEAIB 

is intermediate (0.02 < p < 0.05) between 

first- and third-period FEAIB at plasma [AIB] 

below 3 mM. 
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Figure 5: 

Figure 6A 

Figure 6B: 

LEGENDS 

Net tubular reabsorption of AIB as a 

function of AIB in filtrate. AIB is con­

sidered to be completely ultrafiltrable. 

Data for first and second clearance periods 

are excluded {see Figure 4 for rationale). 

Animals were infused with AIB at different 

rates to achieve different plasma concentra­

tions, thus randomizing the plasma AIB con­

centration achieved in relation to clearance 

period (third to seventh). 

In vivo tissue ratio of AIB (TRAIB) in 

relation the reciprocal of plasma [AIBJ 

(adapted from Akedo and Christensen, 1962). 

Plasma [AIB] was sampled ~ 90 sec. prior to 

bilateral nephrectomy for determination of 

the tissue [AIB]. Each point is the mean of 

4 cortex slices per rat (n=8). 

TRAIB from Figure 6A plotted in relation to 

observed FEAIB; the latter was determined in 

the clearance period immediately preceeding 

nephrectomy. 



complete 
reabsorption 

" I 

E • • 
"' • • 

0 • 
0 •• 

1.0 
i 

&:. 

E . ... 
ID • 
0 
E • 
:1 • •• •• 
CO • 
<( 0.1 , ., 
..Q .. • 0 I .. • • ..a • 
D 1 • I 

0:: • 
• 

0.01 

0 1 2 3 4 5 6 

Filtered Al8, J.lmoles. min-1 ·100 cm-2 



10 

• 0 
> 

::! ... ... 
> c 

• r:: ,., 
lXI D 

<( 
5 5 0· 

-o· 0 

0 ,. 
0 CJt 

IX 
:::t 

41» 
~ < ... ... < 

.... 0 

0 0 
0 0.4 0.8 1.2 1.6 2.0 2.4 0 0.2 0.4 0.6 0.8 1.0 

V[AIB] in plasma= 1/mM 

I 
~-------"I 



c 

0 

SECTION VIII 

Effect of Calciotropic Hormones and Cyclic Nucleotides 
on Net Reabsorption of a-Aminobutyric Acid and 

Phosphate by Rat Kidney in Vitro 

VIII. 1 

Several metabolic and genetic insults to the renal cortex 

result in the increased excretion of a spectrum of solutes known, 

from other studies, to be transported by separate carriers. 

Consequently, these disorders, called renal Fanconi syndromes, 

would appear to be due to the dysfunction of a component(s) 

common to or independent of the individual transport systems 

of each actively transported substrate. Alterations in 

membrane permeability or in renal cell bioenergetics are the 

two most likely causes of this type of disturbance. 

In this section we describe experiments which have 

facilitated our understanding of the generalized hyperamino-

aciduria found in several disorders of calcium metabolism, 

including autosomal recessive vitamin-0 dependent rickets 

(see Section III for a review of this disease). Using the 

in vivo rat model described in Section VI, we measured a-aminoiso-

butyrate (AIB) excretion during perturbations of calcium 

metabolism by the infusion of calciotropic hormones, cyclic 

nucleotides, or CaC1 2 . Only calcitonin decreased net A~B 

reabsorption significantly in theTPTX rat. Whereas PTH and 

cyclic nucleotides had the anticipated effect only on phosphate 

excretion. Alterations in membrane permeability follow changes 

in cytoplasmic [Ca++l in many tissues. Since calcitonin is 
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believed to lower cytoplasmic [Ca++] of target cells, the 

impairment of amino acid reabsorption in vitamin D dependency 

and deficiency states may be a reflection of this particular 

event. 

VIII. 2 

In addition to proposing a basic mechanism for the renal 

Fanconi syndrome of several disorders, these studies also 

indicated that, contrary to much of the literature, phosphaturia 

is not one of the physiological actions of calcitonin. 

This work has been submitted for publication in Pediatric 

Research, and the following manuscript has been written according 

to the style of that journal. 
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Short title: Effects of calciotropic agents on amino acid 
reabsorption 
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SUMMARY 

Parathyroid extract (PTE), calcitonin (CT), N6 - 2' - 0-

dibutyryl cyclic 3', 5' monophosphate (db cAMP), adenosine 3', 

5' -monophosphate (cAMP) and CaC1 2 were infused separately 

into calcium - and vitamin-D-replete rats either intact or 

acutely thyroparathyroidectomized (TPTX) to examine their 

effects on fractional excretion (FE) of phosphate anion (Pi) 

and non-metabolizable a-aminoisobutyrate (AIB}. FePi' FEAIB 

and GFR were equally stable in the intact and TPTX rats (Figure 1) 

while FEp; and FEAIB are decreased by TPTX (~ 0.001) (Fig. 1). 

PTE and db-cAMP increased FEAIB in intact rats, (Figure 2); 

the effect was not observed in TPTX animals (Figure 3). 

Although PTE decreased, and db-cAMP increased GFR in intact 

rats {Figure 2), these effects on renal hemodynamics do not 

account for the rise in FEA 18 ,since analagous hemodynamic 

changes occurred in the TPTX rats (Figure 3). Despite the 

rise in GFR in db-cAMP treated rats, filtered AIB fell because 

plasma [AIB] fell sharply (Figure 4). cAMP and CaC1 2 both 

reduced FEAIB in TPTX rats (Figure 3), but GFR also fell 

and cAMP also caused a small decline in plasma [AIBJ. 

A eT-mediated permissive role in PTE- and db-cAMP- induced 

aminoaciduria in the intact animal is suggested because: 

(i) PTE increased total plasma [Ca++] to normocalcemic levels 

in TPTX rats, but did not alter total plasma [Ca++] in intact 

rats (Table 1}; (ii) db-cAMP is a known CT seGretagogue; 

(iii) CT (25 mU/kg·hr) increased FEAIB in TPTX rats without 
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altering GFR or urine flow rate, despite an associated fall 

in plasma [AIB]. At this dose CT also reduced total plasma 

[Ca++] and plasma phosphate, but did not increase FE phosphate. 

These data indicate that CT can impair net reabsorption of 

amino acids apparently by a direct effect on kidney and suggest 

that PTH and dibutyryl-cAMP-induced increases in fractional 

excretion of amino acids in the intact animal depend on 

increased CT secretion or the change it produces in renal 

cells. We suggest also that phosphaturia is not a necessary 

physiological effect of CT. 
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INTRODUCTION 

An acquired defect in renal tubular reabsorptive activity 

occurs in man in the presence of vitamin-D or calcium 

deficiency and in primary hyperparathyroidism (37). The 

tubular dysfunction can include excessive phosphaturia and 

aminoaciduria (17,28,33), hyperbicarbonaturia (36, 38) and 

increased excretion of other solutes normally reabsorbed 

by the proximal tubule (12). The pathophysiological basis of 

the tubulopathy is unknown. Alterations in renal 

nemodynamics (36,37)J or in the permeability characteristics of 

the proximal tubule (30,31) secondary to excess parathyroid 

hormone (PTH) (1 ,26) or its intracellular messenger adenosine-3': 

5'-monophosphate (cAMP) (50,51) may be responsible. Excess PTH, 

however, does not consistently induce a reabsorptive defect. 

For example, there is no hyperaminoaciduria in two-thirds of 

subjects with primary hyperparathyroidism {14). Furthermore, 

Muldowney et al (38) noted no increase in amino acid excretion 

after PTE administration to normal subjects. Of four subjects 

with endogenous hyperparathyroidism or infused with PTH and 

studied by Short et al (47), only two had an abnormally low Tm 

proline which returned to normal after removal of the PTH source. 

Therefore, it appears that the sensitivity of the amino 

acid reabsorptive process to PTH is such that only unphysiological 

quantities of the hormone elicit any effect and that individual 
Q. 

response, even to these quantities, covers
1

wide range. 

This variation in response suggests that increased PTH per se is in­

sufficient to cause hyperaminoaciduria, and that additional 
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factors must be involved. 

In order to elucidate the basis of this pathophysiological 

process further, we examined by methods described previously 

(35) the effects of infused calciotropic hormones and cyclic 

nucleotides on tubular reabsorption of the non-metabolizable 

amino acid, a-aminoisobutyrate (AIB), in calcium- and 

vitamin-0-replete rats, either intact or acutely thyropara­

thyroidectomized (TPTX). The results of this investigation 

follow. 

METHODS 

Female long-Evans hooded rats (190-220 gm) were anesthetized 

with Inactin (Henley & eo., N.Y., N.Y.) lOO mg/Kg)and 
{ 

following dissection of the neck, the thyroid and parathyroid 

glands were either left intact, or the rats were thyropara-

thyroidectomized (TPTX) using an electric cautery. All control 

rats were thus sham-operated. 

In either case all clearance studies were begun between 

4 - 6 hours following TPTX or simple neck dissection. The right 

external jugular vein (for infusions) and the right femoral 

artery (for blood sampling) were catheterized with polyethylene 

tubing, and the bladder was cannulated. The animals were 

infused with a solution containing 60 mM NaCl, 2.3 mM KCl, 

1.3 gm/dl inulin and 400 uCi/1 inulin-methoxy (methoxy- 3H, 

50-150 millicuries/gm) at 16 ml/kg•hr to achieve a steady state 

as described previously (35). Each animal was studied during 

seven to eight consecutive clearance periods of 30-35 minutes 
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each. Near the mid-point of the clearance, a blood sample 

(80-130 ul) was collected from the femoral artery catheter 

into heparinized capillary tubes. Plasma inulin, AIB and 

hematocrit were measured in all periods; plasma phosphate 

VllJ.. ~ 

was measured in periods 1 ,3,5 and 7. Urine inulin, phosphate, 

AIB, and urine volume were measured and the animal was 

weighed in each 30 minute period. 

Infusion of Calcium, Calciotropic Hormones, and Cyclic Nucleotides 

These infusions were made using a Sage Model 355 Infusion 

Pump (Orion Res. Inc., Cambridge, Mass.). The syringe 

containing the treatment compound was "piggy-backed 11 into the 

polyethylene tubing delivering the mixture of electrolytes and 

inulin. The experimental treatment were: (1) calcium chloride, 

0.66 millimoles/Kg·hr; (ii) parathyroid extract (PTE) (lilly 

Para-Thor-MoneR 100 USP/ml ), 40 units/Kg.hr; (iii) calcitonin 

(homogenous pure porcine calcitonin, 90 MRC units/mg - a 

generous gift of Dr. Claude Arnaud), 25 or 500 milliunits/ 

Kg•hr; (v) N6 - 2' - 0- dibutyryl cyclic 3',5' -monophosphate 

(cAMP} (Sigma),l5 mg/Kg·hr. The nucleotides were dissolved 

in an aliquot of the infusion mixture less than 30 min. 

before their use. The PTE was infused undiluted to maintain 

its stability. Calcitonin was dissolved in a solution of 

0.9% saline, and O.OlM acetic acid (1:1) and human albumin 

(4mg/ml). Less than 200 ul of this solution was infused per 

study, and vehicle alone was infused in control periods. 
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Renal Clearance Protocol 

The clearance techniques used were identical to those 

described previously (35). Three baseline clearance period 

studies were made on each rat, followed by four treatment 

clearance periods. This allowed each animal to serve as 

his own control, an approach necessitated by the significant 

interindividual variation in the fractional excretion of AIB 

in rats, in contrast to the small intraindividual variability 

of this parameter (35). 

Chemical and Radioactivity and Statistical Measurements 

The method used for liquid-scintillation counting, 

verification of the radiochemical purity of AIB-l-( 14c) 

and inulin-methoxy (methoxy- 3H) and the chemical methods used 

to measure serum and urine electrolytes have been described 

previously (35). 

Vlll. IU 

Analyses of variance were made according to standard 

methods {48). The rat model that we have used to study the 

renal tubular reabsorption of AIB and Pi exhibits good intra­

individual stability of FEAIB' FEPi' GFR and plasma AIB 

concentration within individual rats under baseline conditions 

(35). However there is considerable interindividual variation 

in renal handling of AIB in our experience. In the present 

investigation, data for groups of rats are presented as the 

mean ± SEM of the interindividual differences between the 

interindividual mean of the control (first three) clearance 

periods, and each clearance period (control) after the 
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experimental procedure. This method of analysis accomodates 

the interindividual variation and permits data to be analyzed 

VIII. 11 

from groups of rat. Using this approach, significant effects 

of treatment were revealed. 

RESULTS* 

Control rats (intact and TPTX) have stable FEAIB' FEPi' 

GFR and plasma concentration of AIB throughout the period of 

study (Fig. 1 ). Fractional excretions of AIB and phosphate 

are decreased by thyroparathyroidectomy (p < 0.001
1 

both 

situations); the effect of TPTX is considerably greater on 

phosphate excretion than on AIB excretion. There is no 

significant difference in GFR between intact and TPTX animals. 

PTE and dbcAMP Infusions 

Infusions of PTE into intact rats, after 30 minutes 

increases FEAIB {f~FEAIB' + 0.061 ± 0.016, p < 0.001) (Fig. 2). 

The response of the renal tubule to PTE appears to be at 

least partly mediated by the intracellular generation of 

cyclic AMP (11). Therefore, the effect of its dibutyryl 

analogue was examined. FEAIB is increased by dbcAMP in the 

intact rats (C. FEAIB' + 0.043 ± 0.006 after 30 minutes; p <0.001) 

(Fig. 2). As expected, both PTE and dbcAMP also increased 

phosphate excretion significantly in the intact animal 

(p < 0.001) {Fig. 2). 

PTE and dbcAMP have opposite actions on GFR (Figure 2). 

Despite their similar effects on FEAIB and FEPi' PTE produces 
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a pronounced fall in GFR in intact rats (6GFR, - 0.33 ± 0.06 

after 30 minutes, p < 0.001) while dbcAMP increases GFR, 

(6GFR, + 0.138 ± 0.06; p < 0.05 first period only). 

PTE and dbcAMP did not alter FEAIB in TPTX rats, even 

though GFR is affected (Figure 3). GFR is again decreased 

by PTE (6GFR~ - 0.13 ± 0.05 after 30 minutes, p < 0.001) and 

increased by dbcAMP (6GFR, + 0.03 ±within 30 min. p < 0.005}. 

PTE increased FEPi significantly in TPTX rats (p < 0.001} (Fig. 3). 

The time course of phosphaturia following PTE was significantly 

slower in the TPTX animals when compared with intact controls 

(6FEPi in the first treatment period of the two groups was 

+ 0.18 ± 0.04 and+ 0.51 ± 0.08 respectively (p < 0.001 )). 

Dibutyryl cAMP induced phosphaturia in TPTX rats was greater 

(p < 0.001) but observed a time course similar to that seen 

in intact animals given identical doses of the nucleotide. 

Cyclic AMP and Ca++ Infusions 

cAMP infusion reduced FEAIB {-0.032 ± 0.005 after 30 

minutes, p < 0.001), in association with a decrease in GFR 

{-0.16 ± 0.05, p < 0.005). As expected, FEPi was strikingly 

increased by cAMP infusion (p < 0.001) (Fig. 3). 

CaC1 2 produced effects similar to those that followed 

infusion of cAMP (Figure 3). FEAIB fell (AFEAIB• - 0.035 ± 0.007 

after 30 min. p < 0.01). GFR also fell (6GFR,- 0.125 ± 0,04 

after 30 min. p < 0.01 ). A small increase in phosphate excretion 

resulted after 60 min. in TPTX rats (6FEPi' + 0.017 ± 0.01, 

p < 0.001) (Fig. 3), that could be ascribed presumably to the 
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concurrent hypercalcemia (13). 

~ Calcitonin Infusion 

0 

Calcitonin produced a significant rise in AIB excretion 

(6FEAIB' + 0.064 ± 0.005, p < 0.001) after 30 min. of 
1
infusion); 

it had no effect on FEp;· The fluctuations in GFR produced 

by calcitonin infusion had little effect on FEPi and FEAIB 

and was limited to two rats given 500 mU/kg·hr. In 5 rats 

given 25 mU/kg·hr. the control GFR was 2.04 ± 0.06 mL/min. 

(mean ± SE, n = 15) vs. 2.06 ± 0.08 ~1/min. (mean ± SE, 

n = 20) (ns) during CT infusion. 

Effect of Cyclic Nucleotides and Hormones on: 

(A) Plasma Ca++ and Pi 

Plasma calcium and phosphate levels were stable in both 

intact and TPTX rats (Tables 1 and 2). The effects of the 

various treatments are also shown in Table 1 and 2. Thyro­

parathyroidectomy reduced plasma total calcium (p < 0.001) 

and increased plasma phosphate (p < 0.001) as expected. 

Infusion of PTE and dbcAMP into intact rats had no effect 

on total plasma calcium. PTE raised plasma calcium in TPTX 

animals but dbcAMP did not. Calcitonin caused plasma calcium 

to fall (p < 0.001) in TPTX rats, while cAMP and CaC1 2 

raised their calcium levels. 
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The anticipated hypophosphatemic effects of PTE, dbcAMP, 

and cAMP were observed, in the intact and TPTX rat (all p < 0.001) 

(Table 2). Calcitonin reduced plasma phosphate (p < 0.001) 

(Table 2), but CaC1 2 did not. 

(B) Urine Flow Rate 

Cyclic nucleotides and calciotropic infusion altered 

urine flow rates {Table 3) in parallel with the above~mentioned 

changed in GFR. Dibutyryl cAMP increased urine flow rate 

in the intact and TPTX rat {p < 0.01 and p < 0.005, respectively} 

while PTE, decreased it. The effect lasted only 90 min. in 

the former and 60 min. in the latter group (p < 0.05 and 

p < 0.01 respectively). Infusions of CT, cAMP and cac1 2 had 

little or no effect on flow rates. 

(C) Plasma [AIB] and Filtered Load of AIB 

Plasma [AIB] is stable in untreated control and TPTX 

rats (Figure 4). Significant changes were produced only by 

dbcAMP, cAMP and CT. Whereas CT and dbcAMP decreased plasma 

[AIB] in the intact and TPTX animal (p < 0.001) the filtered 

load did not change equivalently because of the corresponding 

rise in GFR in both cases. Thus the significant rise in FEAIB 

referred to above (Figure 3) is of particular interest. 
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An increase in AIB excretion following administration 

of parathyroid hormone to intact vitamin-D replete animals 

was observed in our studies (Figure 1). Gekle (19) also 

reported this finding with respect to natural amino acids in 

the intact rat studied by the micropuncture technique. Because 

the hyperaminoaciduria of vitamin-D-deficiency and calcium 

deficiency in Man (17,28,33) and the rat (23) seems to be 

related to hyperparathyrodisim, it was initially puzzling 

why an excess of PTH is not uniformly associated with 

impaired net reabsorption of amino acids in man (14,38,47). 

An explanation for this discrepancy may now be available. 

We failed to obtain an increase in AIB excretion in the 

TPTX rat. Furthermore, prolongation of PTE infusion up to 

12 hours does not increase AIB excretion in TPTX rats; Nor does 

EGTA infusion, sufficient to cause increased endogenous PTH 

in the intact rat (Mcinnes and Scriver, unpublished observations). 

These findings indicate that excess PTH alone is an insufficient 

condition for impairment of net reabsorption of amino acids. 

There is some evidence that alteration in renal hemodynamics 

may play a role in the tubu1opathy of primary and secondary 

hyperparathyroidism (37). Perturbation of renal hemodynamics 

by PTE infusion is indicated by the fall in GFR and urine flow 

rate in our intact and TPTX rats. However it is unlikely 

that these changes are responsible for increased FEAIB in the 

intact, PTE-infused rat, since FEAIB in TPTX rats was unaffected 
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by PTE, despite changes in GFR and flow rate analogous to those 

found in intact animals. In the case of dbcAMP infusion, 

an increase in GFR and urine flow rate occurred in the intact 

and TPTX animal, and AIB excretion still increased in the 

intact group. Thus, while PTE and dibutyryl cAMP both increase 

FEAIB in intact rats, they have divergent effects on 

GFR. A hemodynamic explanation for the former effect is thus 

insufficient. 

Further evidence against a simple relationship between 

GFR and FEAIB in response to calciotropic agents is found 

in our studies with cAMP and CaC1 2• Decreased renal blood flow 

and GFR in response to cAMP has been described previously 

(20,27). Although theCa++ induced fall in GFR may be 

PTH-dependent (25) we observed the effect in TPTX rats. Since 

GFR decreased in situations in which the FEAIB fell 

(calcium or cAMP infusion in TPTX rats)> remained unchanged (PTE 

infusion in TPTX rats) or rose (PTE infusion in the intact rat), 

and GFR increased in situations in which FEAIB rose (dibutyryl 

cAMP infusion - intact rats) or remained unchanged (dbcAMP 

infusion-TPTX rats). We conclude again that hemodynamic changes 

are insufficient explanation for the changes in FEAIB" 

It is probable that the alterations in GFR induced by PTE 

are not the effect of parathyroid hormone itself but rather 

of contaminants (2). Dibutyryl cAMP has been reported to be 

without effect on the renal vasculature of the dog (20) but other 

studies suggest that it has vasodilatory actions (5,27) which 

could be consistent with the effects we observed. 
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Plasma (AIB] falls in the intact and TPTX rat treated 

with dbcAMP. This change cannot be related to increased 

urinary losses of AIB alone although the rapid decrease in 

plasma fAIB] in intact rats may reflect its increased renal 

excretion. Enhanced AIB uptake by liver and other organs 

(10,39,52) is probably an important cause for the fall in 

plasma [AIB] following treatment with dbcAMP. This analogue 

also depletes kidney of AIB under in vivo conditions (18), 

V!!J.. 11 

a decrease which could reflect increased flux of AIB from cells 

to lumen (36). 

The permissive effect of the thyroid gland on the 

aminoaciduria induced by PTE or dbcAMP may reflect increased 

endogenous secretion of PTH, thyroxin, or calcitonin. Although 

PTH release from the parathyroid glands is thought to be 

adenyl cyclase-dependent, and to be stimulated by dbcAMP, 

increased PTH secretion is not likely to be of importance here, 

since we have shown that even pharmacological doses of PTE 

do not alter AIB excretion in TPTX rats. Although thyroxin 

secretion is also an adenyl-cyclase-dependent mechanism which 

can be stimulated by dibutyryl cAMP (16), the rapidity of the 

effect on AIB secretion is inconsistent with the slow onset of 

action of the physiological effects of thyroxin (22). In 

addition, hyperthyroidism in man is not known to cause hyper­

aminoaciduria (46). Finally, PTE would not be expected to 

increase either PTH or thyroxin secretion. 

Increased secretion of calcitonin, on the other hand, 

is a known consequence of exposure of the thyroid to dbcAMP, 
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both in vitro (4) and in vivo (8). While PTH does not stimulate 

calcitonin secretion directly, its hypercalcemic action acts 

as a potent stimulant of CT release experimentally (42). 

The failure of PTE to produce an increase in plasma total calcium 

in the intact rat in our studies contrasts significantly 

with the rise in total plasma calcium obtained in TPTX rats 

given identical doses of PTE. This preservation of normo­

calcemia in PTE-infused intact animals is indirect evidence 

that physiologically significant quantities of calcitonin 

were released by the thyroid gland during these studies. 

The prompt increase in FEAIB provoked by CT infusion 

in the TPTX rat suggests that it mediates of the rise in 

FEArs· The small but significant difference between intact 

and TPTX rats in baseline FEAIB is also consistent with an 

effect of physiological concentrations of calcitonin on AIB 

excretion. In the absence of any effect of CT infusion (25mU/Kg• 

hr) on GFR or urine flow rate, there is no evidence that the 

increase in AIB excretion induced by CT is secondary to altered 

renal hemodynamics. CT has not been noted to alter plasma 

flow in other studies (41). 

The lack of any phosphaturic effect of CT in our TPTX rats 

concurs with some studies (49) but conflicts with others (40). 

The reasons for these varying results are unclear (2), but some 

of the differences may be dose-related, an impression supported 

by Robinson et al (44). For example, while all effects in our 

studies were obtained with 25mU/Kg·hr of porcine CT, the dose 
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of the more potent salmon CT used by Popovtzer et al (40) 

was ~3200-fold larger. Consequently, CT appears to have 

important biological effects (hypocalcemia, hypophosphatemia, 

increased amino acid excretion) at doses which are not phosphaturic, 

suggesting that this latter action may not be one of its 

p hy si o 1 o g i c a 1 properties • 

Although it is not known whether all renal actions of 

CT are mediated by cAMP, Cl-responsive adenyl-cyclase activity 

has been identified in only the medullary and cortical portions 

of the thick ascending limb, and the distal convoluted tubule (9). 

Whether these regions of the nephron represent sites of 

decreased AIB uptake from the lumen, or increased cell to lumen 

flux of AIB (35) remains to be determined. 

Studies by Borle (6) with cultured kidney cells suggest 

that a major effect of calcitonin is to lower the cytoplasmic 

calcium ion concentration. A similar depression of cytoplasmic 

calcium has been identified in cells of vitamin-D deficient 

chicks (7). A role for cytoplasmic calcium in controlling 

membrane permeability has been recognized in other tissues 

(7,34,43). Membrane permeability to ions and other solutes is 

increased by elevation of cytoplasmic calcium (3,21,29,45). 

Consequently, a depression of cytoplasmic calcium, as it may 

occur in vitamin-D deficiency or calcitonin infusion, should 

decrease the permeability of the plasma membrane, thereby 

impairing net reabsorption. Depletion of cell calcium stores, 

with a fall in cytoplasmic calcium ion and membrane permeability, 

may therefore be the common denominator underlying the tubular 

dysfunction of calcium-deficiency, vitamin-D deficiency, and 
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isolated deficiency of 1,25 dihydroxycholecalciferol (15). 

Decreased cytoplasmic calcium ion may also occur in some 

target organs in primary hyperparathyroidism because of 

increased calcitonin release (24) and relative vitamin-D 

deficiency (32,53). 
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TABLE 1 

Effect of Hormones and Nucleotides on Plasma [Ca++] (mg/dl) (mean + SEM) 

CONT CONT db cAMP dbcAMP PTH PTH CT 
Period If INTACT TPTX INTACT TPTX INTACT TPTX TPTX 

1. 9.6 ± .2 7.7 ± .2 10.0 ± .2 6.9 ± .4 9.9 ± .3 7.1 ± .3 7.3 ± .3 

2. 

3. 9.9 ± .3 7.4 ± .3 10.0 ± .3 7.7 ± .4 9.2 ± .4 6. 9 ± .4 7.2 ± .4 

4. 

5. 9.8 :!: .3 7.4 ± .3 9.8 ± .3 7.7 ± .3 9.2 ± .5 7.5 ± .4 6.2 ± .3 

6. 

7. 10.0 ± .4 7.3 ± .3 9.78 ± .4 7.4 ± .4 8.9 ± .3 9.4 ± .6 5.8 ± .3 

n = 10 10 6 8 8 10 7 

~riods 

& 3 n.s. n.s. n.s. 
\1'8, 

n.s. n.s. p<.OOS p<.OOl 

& 7 

--·-······-- - - -

All tests of significance were analyses of variance. 

-··--

tO 

cAMP Ca++ 
TPTX TPTX 

7.9 ± .2 8. 2 :!: .4 

7.7 ± .3 8.2 ± .4 

8.4 :!: .3 9.9 ± .4 

9.2 ± .5 11. 9 ± • 2 

7 

p<,01 

--····----·-······ --

7 

p<.OOl 

~·-······~-·-···-·--

< 
....... 
....... 
....... 

N ..... 



t. 

CONT 
Period I! INTACT 

1. 5.7 ± .2 

2. 5.8 ± .2 

3. 5.8 ± .2 

4. 5.9 ± .2 

5. 5.8 ± .2 

6. 5.9 ± .2 

7. 5.8 ± .2 

itatistical 
dgnificance* n.s. 

*periods J,2,3 

or 1 & 3 

vs. 

vs. 

0 

TABLE 2 

Effect of Hormones and Nucleotides on Plasma [Pi] (mg/dl~ (mean ± SEM) 

CONT dbcANP db cAMP PTH PTH CT cAMP 
TPTX INTACT TPTX INTACT TPTX TPTX TPTX 

8.5 ± .3 6.2 ± 0.4 9.1 ± .7 5.7 ± .3 8.5 :t .2 7.9 ± .3 9.1 ± .4 

8. 9 ± • 2 9.1 ± • 7 5.8 ± .3 8.1 ± .3 8.8 ± .4 

8.6 ± .2 6.0 ± 0.3 8.7 ± .7 5.8 ± .3 8.5 ± .3 7.9 ± .3 8.5 ± .3 

8.5 ± .1 7.9 ± .3 4.9 ± .3 7.1 ± .2 7.9 ± .4 

8.5 ± .2 5.1 ± 0.3 6.3 ± .4 4.3 ± .3 6.9 ± .3 6.7 ± .2 7.1 ± .5 

8.5 ± .1 5.9 ± .4 4.2 ± .2 6.4 ± .2 6.7 ± .5 

8.2 :t .2 4.3 ± 0.2 5.9 :t .4 3.9 :t .2 6.0 ± .3 6.3 ± .2 6.1 :t .3 

n.s. p<.OOl p<.OOl p<.OOl p<.OOl p<.OOl p<.OOl 

- -~--······--···· 

5,6,7 ) 

5 & 7 ~ depending on whether Pi was measured in periods 2 and 6, as seen in table. 

All tests of significance were analyses of variance. 

'ft 

Ca-++ 
TPTX 

8.3 ± .21 

8.2 ± .4 

8.6 ± .3 

8.~±.2. 

n.s. 

,_ .. .. 
,. 
c 
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TABLE 3 

Effect of Hormones and Nuc1eotides on Urine Flow Rate (ul/min) (mean ± SEM) 

CONT CONT 
eriod IJ INTACT TPTX 

1. 38.5±4.4 42.1±4.4 

2. t.o. 7±4. 5 38.2±4.8 

3. 35.6±3.8 45.0±3.4 

4. 37.7±4.0 51. 5±3. 9 

5. 36.7±2.5 ,, 2 • ,, ±5. '• 

6. 36.6±3.8 1,7 .1±5. 8 

7. 46.2±3.7 44.4±7.1 

!tistica1 
gnificance n.s. I n.s. 
------------------~--------···· -------- -----··· ------

*periods 1,2,3 ~· 5,6,7 

** periods 1,2,3 ~· 4,5,6 

*** periods 1,2,3 vs. 4 & 5 

dbcAHP db cAMP 
INTACT 1'PTX 

41.8±4. 2 39.4±4.2 

48.0±5.7 32.4±5.5 

32.8±6.2 40.9±4.5 

41. 9±6. 7 57.3± 10 

57.1!5.0 53.9±5.5 

50.6±7.6 /19.7±5.6 

55.0±5.9 53.1±7.9 

p<.Ol* p<.005* 

All tests of significance were analyses of variance. 

PTU PTH CT cM!P Ca++ 
INTACT 1'PTX TPTX TPTX TPTX 

37.3±7.7 34.9±1.9 37.2±2.5 41. 8±2. 5 51. 8±7 .1 

40.3±7.3 33.9±3.6 40.7±4.4 39.4±3.0 45.2±3.2 

41.1±3.4 I 34.5±4.3 40. 2±1. 9 53.4±4.1 45.1±3.6 

29.5±3.4 23. 4±4. 6 41. 9±1.8 32.9±4.3 39.7±2.6 

32.3±3.7 26.9±4.1 37.5±4.5 39.8±4.5 52.0±3.7 

27.5±2.8 37.2±5.7 38.7±4.8 43.2±2.3 49 .8±4. 6 

34.6 ±3. 7 39 .6±3.8 36.9±5.7 45 . 6 ±6. 4_152 . 7 ±4 • 4 

p<.OS** p<.Ol*** n. s. n.s. n.s. 
--------- --------~--- - L_ _______________ ~ ~. ----- --- - -

< ,__ 
.._ 
,_. 

"" .;JJ 
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Figure 2: 
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LEGENDS 

The change in fraction excretion of the inert 

amino acid a-aminoisobutyric acid and phosphate 

anion (~FEAIB' ~FEp;}, and change in inulin 

clearance (~GFR) as a function of time in the 

intact and TPTX control rat. Data are presented 

as the average and SEM for the group of the 

difference between the mean of all clearance 

periods and each individual period for the 

individual rats. Interindividual differences 

between animals are thus accomodated. The numbers 

above each set of data are mean ± SEM absolute 

values for the group in periods 1-3. 

~FEAIB' ~FEPi and ~GFR as a function of time in 

intact rat group, infused with parathyroid extract 

or dibutyryl cyclic AMP. Data are presented as 

the difference (mean ± SEM) for the group between 

the mean of the first three (control) periods 

(shown by broken horizontal line) and each 

individual period {for both control or treatment 

clearance periods). Treatments {parathyroid 

extract (PTE) or dibutyryl cyclic AMP {dbcAMP) 

began at 90 min. and continued throughout periods 

4-7 (90-210 min); the vertical broken line indicates 

onset of tre~tment. 
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Figure 3: 

Figure 4: 
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fiFEAIB' nFEp; and fiGFR as a function of time 

in the TPTX rat group. Parathyroid extract (PTE), 

dibutyryl cyclic AMP (dbcAMP), cyclic AMP (cAMP), 

cac1 2 and calcitonin (CT) were administered. 

Format is similar to Fig. 2. 

Change in plasma AIB concentration (fiplasma [AIB] 

as a function of time in intact and TPTX rats 

under control conditions and after infusion of 

dibutyryl cyclic AMP (dbcAMP), cyclic AMP (cAMP) 

and calcitonin (CT). The format of the graph is 

similar to Fig. 2. 
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I X. 

COMMENTARY 

1. Detailed discussions are to be found in the published 

and pending manuscripts which constitute this thesis (section 

Ill - VIII). The following brief commentary provides an 

overall perspective of the work. An asterisk {*) in this 

section indicates that the data being discussed were obtained, 

not by the candidate, but by his coauthors in sections IV 

and V. 

2. The review of the mammalian inborn errors of renal 

transport (Section III) attempts to determine the precise 

cellular locus of the transport defect in each condition. 

It is apparent that assignments made can only be tentative 

since, with the exception of X-linked hypophosphatemia 

(section IV), direct evidence is unavailable. Such evidence 

will only be acquired from animal models, and, as technology 

improves, perhaps from the study of epithelial cells cultured 

from the urinary tract of affected subjects. Another possi­

bility, though more removed, is that cells from non-epithelial 

tissues (e.g. fibroblasts) may be made to express such 

differentiated functions. Up to now. several investigations 

have not upheld this latter hope. 

3. Four major themes are evident throughout the review 

(Sections II and III). 

3.1 Transepithetiat transport of a solute and aeZZuZar 

accumulation of that solute by any particular part of the 

nephron are essentially different processes. In 

addition to the examples quoted, this thesis presents new 
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physiological and genetic evidence in support of this general­

ization. Thus, in ttYR/Y mice, phosphate transport at the 

basolateral membrane of renal cortical cells is normal, on 

the basis of kinetic studies using cortex slices (*). Net 

luminal uptake, on the other hand, is shown to be deficient, 

indicating that phosphate transport at these two renal cell 

surfaces is under separate genetic control. 

The interactions between AIB and proline described in 

Section VI also support this theme. While net reabsorption 

of AIB is stimulated by proline infusion at low rates, renal 

cortical concentration of AIB is decreased by this procedure. 

This finding can best be explained by proline-induced enhancement 

of AIB efflux from cell to peritubular space in association 

with an increase in net reabsorption. The latter could 

result from a decreased cell to lumen flux of AIB secondary 

to lower cell AIB levels. In any case, luminal and basolateral 

inter actions between these two amino acids appear to be 

different. 

3.2 Cell-to-lumen flux of a solute can be a significant 

component of net tubular reabsorption in normaZ kidney. 

Accordingly it could achieve special importance in situations 

of abnormally increased solute excretion (decreased net 

reabsorption). Three mechanisms by which an increased cell­

to-lumen flux may arise seem possible: 

3.2.1 As revealed in the study of hyperprolinuria in 

PRO/Re mice (section V) the intracellular pool of the solute 

can increase (*), secondary to decreased oxidative metabolism 
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of solute or decreased delivery from cell to peritubular 

space. The cell-to-lumen flux can increase in proportion to 

the rise in intracellular solute concentration (*). Cell­

to-lumen flux proposed for renal handling of AIB (section 

VII) may also reflect an analogous event. The greater 

accumulation of AIB in medulla at equilibrium, compared to 

cortex (19), is consistent with medulla being the more 

important source of the cell-to-lumen flux of AIB. 

3.2.2 Abnormal cell-to-lumen flux may occur via an 

abnormal carrier at the brush-border membrane that allows 

excessive backflux. The abnormal efflux of phosphate in 

~/Y mice may represent such a situation. That efflux 

occurs is indisputable, since net tubular secretion of 

phosphate is noted during phosphate loading (*). That a 

brush-border component of phosphate transport is defective 

has also been directly demonstrated (*). It is unknown, 

however, whether the net phosphate efflux results from 

IX. 3 

unmasking of a residual, normally active phosphate efflux 

system, or from abnormal phosphate efflux on a mutant carrier, 

as might result from a decrease in the normally high (relative 

to exterior) internal Km. The latter is a prerequisite for 

asymmetry of solute flux at the luminal membrane in normal 

conditions (section III-3). In situations with increased 

cell-to-lumen flux of this type, the intracellular concentration 

of the solute, in contrast to type I, is low or normal, 

although examples only of the latter type are currently 

known. Thus, in lil£/Y mice, the cellular phosphate pools in 
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cortex are normal (*), despite the net decrease in uptake 

from lumen. 

3. 2. 3 A general abnormality in cell membrane permeability 

pre~ents retention of an adequate cellular pool during net 

reabsorption. The maleic acid model of the renal Fanconi 

syndrome is an example (1). In this situation the intracellular 

concentration of affected solutes may be normal or decreased, 

with no defect in luminal uptake or in the membrane carriers 

per se, although cell-to-lumen flux (and thus renal excretion) 

is increased for a broad spectrum of solutes. The most 

probable basic abnormalities are either a decrease in cellular 

energy production (as from maleic acid (8)), or a generalized 

alteration in cell membrane permeability. The latter mechanism 

may account for the generalized hyperaminoaciduria of vitamin-

D deficiency, as suggested by Lorentz (9,10) and by the work 

described in section VIII of this thesis. I propose that cyto­

plasmic calcium ion depletion changes membrane permeability 

and results in a generalized increase in solute excretion, 

Thus, in stage-! vitamin-0 deficiency ricket (5), no abnormality 

of amino acid excretion is present. The studies of Borle 

( 2 ) i n d i c a t e t ha t t he c y to p 1 a s m i c [ C a++ J i s e 1 e v a t e d u n d e r t h e 

conditions of early vitamin-D deficiency. As vitamin-D and 

calcium depletion progress, cytoplasmic rea++] falls. Decreased 

net reabsorption of amino acids is observed in stages II and III 

of vitamin-0 deficiency. A similar series of events would 

be expected in calcium deficiency states, with similar 

consequences. The fact that the renal dysfunction in the 
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rare cases of isolated calcium deficiency in man mimics 

the findings in vitamin-D deficiency {7)~ suggests that 

vitamin D per se is not a factor in the hyperaminoaciduria. 

Two other pathological associations of vitamin-0 deficiency, 

hypophosphatemia with phosphate depletion and hyperparathyroidism, 

do not seem to be responsible for the increased solute 

excretion. The former does not produce hyperaminoaciduria 

when it occurs as an isolated condition (13) while the 

importance of the latter is questioned by the data presented 

in section VIII. Direct proof of the low Ca++_permeability 

hypothesis must be sought in studies of amino acid transport 

in vitamin-D deficient animals using micropuncture methods 

in vivo, and by examining amino acid uptake and efflux in 

vitro, using epithelial cells from vitamin-0 deficient 

animals. In addition, the presence of an increased cell-to-

lumen flux of amino acid in vitamin-0 deficient animals 

could be sought using the methods described in section VII 

of this thesis. 

3.2.4 The ability to demonstrate a cell-to-lumen flux of 

amino acid in vivo using non-invasive methods would be of 

significant value in studies of human subjects with the 

renal Fanconi syndrome. Any non-metabolizable solute with 

significant urinary excretion may be adequate, since the 

method depends on kinetic analysis of the delay in equilibrium 

of the solute with body water; thus no endogenous pools of 

the solute can be present initially. Urinary tract dead-

space could be measured using any good marker of glomerular 
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filtration (14). Patients with increased cell-to-lumen flux 

of AIB, but with normal luminal uptake, would be expected to 

have normal AIB reabsorption in the clearance periods 

immediately following AIB injection. As AIB equilibrates 

with renal tissues, however, an enhanced cell to lumen flux 

would result in an abnormally low net tubular reabsorption. 

This method could initially be evaluated in animal studies, 

for example in maleic acid-treated rats, since micropuncture 

studies have already identified normal luminal uptake and 

increased capillary to lumen flux of amino acid in this 

model (1). 

A significant deficiency of this method is that the 

cells responsible for the cell to lumen flux of AIB remain 

unidentified. Medulla is a potential source {section VII) 

as suggested by the longer time required for AIB equilibration 

with it, and the higher {than cortex} distribution ratio 

attained by it at equilibration. The fact that the natural 

amino acids are also accumulated more by medulla than by 

cortex (11 ,12} corresponds with the other similarities 

between AIB and natural amino acid behaviour in kidney noted 

in section VI. 

3.3 Genetic heterogeneity for inborn errors of transport 

exists as it does for the Mendelian mutations of man 

in general. This theme was not further developed in the 

experimental portion of the thesis. Note however that there 

is little phenotypic variation in human subjects with X­

linked hypophosphatemic rickets. Resolution of the molecular 



defect using the ~/Y model may suggest a biochemical basis 

for heterogeneity. 

3.4 The renal transport of a given solute may be served by 

more than one transport system. Multiple transport 

systems for single solutes have been identified using either 

genetic or kinetic methods. By necessity, these methods are 

complimentary. Thus, the fact that ~/Y mice are still 

I X. 7 

able to reabsorb as much as 65% of filtered phosphate suggests 

the presence of alternative phosphate carriers in the luminal 

membrane {Na+-independent, for example). Nevertheless, the 

mere demonstration of residual reabsorption is insufficient 

evidence for proving the existence of other transport systems. 

It leaves unanswered the concern that the residual transport 

may occur on partially functioning (mutant) carriers, rather 

than on fully functionally carriers of another type. In the 

mutant individual, however, abnormal reabsorption kinetics 

may disclose the presence of a partially functioning mutant 

c a r r i e r , a s d e s c r i bed f o r t h e " Km " m u t a n t w i t h i m i n o g l y c i n u r i a 

in section II. Other physiological evidence indicating the 

existence of two or more transport systems also lends credi­

bility to the suggestion that only one is deleted by mutation, 

as in the case of phosphate transport {4) and X-linked hypo­

phosphatemia (6). 

A novel exploitation of the fact that multiple carriers 

for glycine and the imino acids are present in several 

mammalian species (16) is described in section V. Integrity 

of the shared system at the luminal membrane for glycine and 
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the imino acids is indicated by the expected degree of 

inhibition of glycine reclamation by proline infusion in 

PRO/Re mice. On the other hand, well-characterized disorders 

of transport might be better utilized to clarify some of the 

complexity arising from the overlapping specifities of 

multiple transport systems in the normal kidney. 

For example, the extent to which AIB transport is 

shared between the major transport systems of mammalian 

kidney could be ascertained by comparing its net reabsorption 

in individuals with cystinuria, Hartnup disease, dicarboxylic 

aminoaciduria, and iminoglycinuria, to its net reabsorption 

in normal individuals. From the data assembled in section 

VI, together with the demonstration of active Na+-dependent 

luminal uptake of AIB (18}, it is apparent that the behaviour 

of AIB in mammalian kidney is representative of natural 

amino acids to a significant extent, regardless of the 

disposition of its transport amongst the major transport 

systems. Indeed, it would be difficult to argue, at present, 

that the transport of any one of the natural amino acids is 

more representative of the others than is the analogue AIB. 

Only further studies in a variety of normal and pathophysiological 

situations will resolve this issue. 

The relevance of studies of renal transport using AIB 

is of no greater concern elsewhere than in the examination 

of the relationship between calcium metabolism and AIB 

excretion described in section VIII. The generality of the 
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observation that neither parathyroid hormone nor its intracellular 

messenger, cyclic AMP, affect AIB excretion in the thyropara­

thyroidectomized rat must now be evaluated for the natural 

amino acids. It is not improbabl~ that previous research on 

this problem (described in section VIII) was merely describing 

a secondary effect of parathyroid hormone infusion namely 

stimulation of calcitonin secretion. 

The research in section VIII underscores one of hazards 

involved in attempting to draw meaningful conclusions from 

studies in which cyclic nucleotides are infused into whole 

animals. One cannot neglect the fact that the specificity 

of tissue responses to these intracellular messengers 

resides at the cell surface, in the hormonal receptor (15). 

Consequently, cyclic nucleotide infusion in vivo corresponds 

to the simultaneous stimulation, by numerous polypeptide 

hormones, of their various target organs - hardly an appropriate 

context for physiological research. 

We did not anticipate finding increased AIB excretion 

(with hypocalcemia and hypophosphatemia) following infusion 

of calcitonin at dose levels that are not phosphaturic. This 

important finding suggests that the phosphaturia reported 

in the literature is a pharmacological action of calcitonin. 

It also suggests that calcitonin may modify cellular ion 

levels in a manner that can be reflected sensitively through 

measurement of amino acid transport. The localization of 

calcitonin receptors solely to the ascending limb (medulla) 

and with distal convoluted tubule (3), sites at which amino 



0 

I X. l 0 

acid reabsorption is minimal (17), may indicate that calcitonin 

acts primarily by increasing the cell-to-lumen flux of AIB 

in these parts of the nephron. Even if calcitonin is not 

found to increase natural amino acid excretion, a significant 

insight into its cellular responses will be gained by understanding 

how it increases AIB excretion. The identification of such a 

clear-cut discrepancy between the renal transport characteristics 

of the natVLral amino acids and AIB would be equally fascinating, 

in view of their otherwise remarkable similarities. 
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SECTION X 

Claims to Original Work 

In sections of this thesis in which the candidate was not the senior 

author, claims to original work are made only for those facets of the 

research done by the candidate. 

Section IV: _Phosphate transport in ~y mice: 

1. Fractional excretion of phosphate in ~/Y is abnormally increased, 

despite the fact that the serum phosphate concentration is low compared 

to controls. 

2. Inulin clearance is not different in ~/Y and control mice, 

indicating that the increased phosphate excretion is not secondary to an 

unusually high filtered load of phosphate. 

Section V: Hyperprolinuria in PRO/Re mice: 

1. Renal proline clearance in PRO/Re mice is about fifty-fold higher 

than in controls over a wide range of plasma proline concentrations. 

Net tubular reabsorption of proline is therefore very diminished in the 

PRO/Re nephron. 

2. Proline and glycine share a reabsorptive system for tubular 

reabsorption in mice, as indicated by competitition studies. 

3. Glycine reclamation is impaired to the same degree in the PRO/Re 

and control mouse at various concentrations of L-proline. This finding 

indicates that the shared luminal membrane system serving reclamation 

is retained in PRO/Re kidney. 
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4. Integrity of the luminal and peritubu1ar proline transport 

systems in PRO/Re mice demonstrates that renal proline metabolism and 

transport are independent functions in mammalian kidney. 

Section VI: Net.Reabsorption of a-aminoiosbutyrate (AIB) in rats: 

1. Renal loss of AIB in rats determines its endogenous pool-size 

at steady state, consistent with its non-metabolizable nature. 

2. The fractional excretion of AIB varies widely between individual 

rats of one inbred species, but is stable within individual animals. 

X-2 

3. Net reabsorption of AIB in rats resembles the reabsorptive process 

for the natural amino acids in at least five ways: 

(a) The fractional excretion of AIB (FEAIB} is not influenced by 

spontaneous fluctuations in GFR or urine flow rate. 

(b) The FEAIB and renal cortex AIB accumulation are not 

directly related. 

(c) AIB and phosphate do not interact during absorption. 

(d) AIB impairs the reabsorption of natural short-chain aliphatic 

· amino acids which also have high endogenous excretion rates. 

(e) Various natural amino acids impair AIB reabsorption. 

4. Certain AIB : natural amino acid interactions in vivo are 

novel: 

(a) Stimulation of AIB reabsorption by proline, and of glutamic 

acid reabsorption by AIB suggests that AIB and proline, and AIB 

and glutamate may share luminal membrane carriers. 
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c (b) The preferential accumulation of AIB by medulla in vivo 

is abolished by proline infusion but not by amino acids from 

other major transport groups. 

Section VII: Evidence for a cell to lumen flux of AIB: 

1. Following rapid intravenous injection in the rat, the fractional 

excretion of AIB increases over a 60-90 minute period despite a 

concomitant fall in plasma [AIB]. This paradoxical finding is best 

explained by the presence of a cell to lumen flux of AIB. This represents 

the first demonstration of such a flux using only clearance techniques. 

2. Extrapolation of the decay of AIB reabsorption to zero time allows 

quantitation of the contribution of the cell to lumen flux of AIB to 

total AIB excretion •• 

3. AIB equilibrates with renal medulla more slowly than with cortex. 

4. AIB reabsorption by rat kidney is saturable when plasma [AIB] 

exceeds ~6mM, indicating that renal AIB transport is mediated. 

5. When filtered AIB rises from ~1 to ~3 micro~les .min-1 • 100 cm-2, 

AIB reabsorption falls sharply. 

Section VIII: Calcium metabolism and AIB excretion: 

1. Parathyroid extract (PTE) and dibutyryl cyclic AMP each in.crease 

the fractional excretion of AIB, but only in rats with the thyroid and 

parathyroid glands intact. 

2. Dibutyryl cyclic AMP infusion (15mg/Kg.hr) increases the glomerular 

filtration rate of both intact and thyroparathyroidectomized (TPTX} rats. 



0 
3. Dibutyryl cyclic A!~ decreases the plasma [AIB] after 30 min. of 

infusion in both intact and TPTX rats, consistent with its well-known 

stimulation of hepatic AIB accumulation. 

X-4 

4. Cyclic AMP and CaC12 both reduce FEAIB in TPTX rats. This effect is 

probably secondary to altered renal hemodynamics. 

5. Calcitonin infusion in TPTX rats increases the FEAIB. An effect 

of calcitonin on free amino acid excretion has not been previously 

demonstrated. 

6. Calcitonin infusion at a rate of 25mU/Kg.hr in TPTX rats does 

not alter the ~i' although at this infusion rate other physiological 

effects are evident. Phosphaturia is not a physiological action of 

calcitonin. 


