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Renal Tubular Transport of Amino Acids and Phosphate in

Normal and Mutant States

Roderick R. MclInnes

Abstract

The pathophysiology of the major inborn errors of
renal transport in man, is reviewed and summarized. The
experimenta1.sections describe: 1) the mutant Hyp 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 o-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 D-deficiency and autosomal

recessive vitamin D dependency.
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des Phosphates dans les Etats normaux et Mutants

Roderick R. McInnes

Résumé

La physiologie pathologique des principales erreurs innées du
transport rénal chez 1'homme est examinée et résumée. Les sections
expérimentales décrivent: 1) la souris Hyp mutante atteinte d'hypo-
phosphatémie relide 3 1'X et les preuves d'un défaut intrinséque de la
réabsorption tubulaire nette de l'anion de phosphate: 2) 1la souris
PRO/Re atteinte d'une carence d'oxydase proline récessive autosomique
et les preuves que l'oxydation intracellulaire du soluté en arrivent
d influencer sa réabsorption transépithéliale; 3) le traitement rénal
de 1'acide aminé inerte O-aminoisobutyrique (AIB) et du phosphate par
le rat in vivo. Les derniéres investigations indiquent que 1'AIB est
transporté par des porteurs desservant les acides aminés L naturels.

11 s'équilibre lentement & l'aide d'une masse commune intrarénal afin
d'atteindre un écoulement abondant de cellule 3 lumiére 3 1l'état régulier.
Alors que l'extrait de parathyroide bovine augmente 1'excrétion frac-
tionnaire de phosphate chez les rats intact et TPTX, 1'excrétion d'AIB
n'est pas affectée de la méme fagon chez le rat TPTX. D'autre part, la
calcitonine accroit 1'excré&tion fractionnaire d'AIB mais n'affecte pas

les phosphates. Ces constatations jouent un rdle important dans 1'inter-
prétation de la tubulopathie dans la carence de vitamine D et la dépendance

autosomique 3 trait récessif de la vitamine D chez les &tres humains.



"My business is to teach my aspirations to conform
themselves to fact, not to try to make facts
harmonize wiﬁh 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
"Genetic aspects of renal tubular transport: Diversity and topology
of carriers", is a review of the physiological mechanisms of genetic

disorders of renal transport, already published in Kidney International.

The next two sections describe mutations which alter renal solute trans-
port in mice. The first describes the renal defect in phosphate transport
in the Hyp 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 in 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.

Cyril Adams.
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SECTION 1T

INTRODUCTION

~ Knowledge §f the.normal kidney is essential if one 1s to conmprehend
:the diSruptioﬁ of structure and function resulting from both a;quired
and.genetic renal disease. Study of the biochemical dysfunction caused
by mutant genes, ho&évéf, has been a powerful investigativé tool for
students of the.kidﬁey. Thus, in a recent review of organic solute
transport, Ullrich (45) remarks that "at the moment, the safest indication
for the diverse aminp acid transporf systems (in mammals) seems to be
data gained from individuals with genetic defécts". Furthermore, in
bacteria, multiﬁle transport systems with overlapping specificities have
been resolved oniy_through a combination of kinetic and genetic means (33).
Since the transport mandate of the kidney is unequivocally_greaﬁer than
that of the miérobg'(ﬁl, section III of thésis)'tﬁen genetic probes of
transport will continue to be essential in the effort to understand the
molecular baéis of this function.

The transport of hydrophilic solutes through the cell membrane,
irrespective of whether or not the latter is ultimately accommbdated by
the fluid mosaic ﬁodel (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 obéerved (11, chapter 4). The so-called
"carrigrs" mediating soiute 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 Cat+ transport in marmalian 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 inborm errors (18) of remal transport
(Section I1I of thesis) probably result from mutation of the genes that
‘regulate or code for the synthesis of the carrier protéin or related
proteins.

Regardless of the precise nature of the carriers, a large body
of knowledge has been acquired about the characteristics of émino 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 im vivo, (38), only two are used in
this thesis: the renal clearance techniqﬁe and the maximum tubular
reabsorption rate (Tm). Renal clearance determination is "'The vqlume 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 1s a clearance study in which the
amount of solute (i.e. substrate) presented to the nephron is increased in
step-wise increments. Wheﬁ this is done, saturation of the reabsorptive
or ttransport 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 substrate concentrétion described by Michaelis kinetics (37).
Demonstration of saturability of the reabsorptive capacity was one-of
the first indications that the transepithelial movemént of amino acids
in kidrey is carrier-mediated (37). In ﬁetabolic or genetic disorders
in which excessive solute excretion is found in the presence of‘a normal
substrate (filtered) load, information éoncerning the nature of'the
reébsorptive abnormality may be deduced using thé Tm té@hnique. Thus;
hereditary iminoglycihuria in one pedigree (36) has béen found to be due
to a‘decfease in the Tm for proline, with the residual transport»system(s)
showing a normal affinity for proline. 1In ahother unrelated kindred,
however, a homozygote had a nbrmal.Tm for proline, but an altered affinity
for p?oline by the carrier, as indicated by an abnormal “splay" in the
titration curve.(22).

| The type of information which can be acquired from these aﬁd other
in vivo methods (38) is limited, however, since it is not at’all clear,
using these approacﬁés, what intermediéte 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
feferred to as a “black-box" (38,45). Nevertheleés, a nascent understanding
of the intermediate events has been gained using a variety of histological,
biochemical and in vitro physiological methods (38,39,41).

The pgst-glomerular part of each nephron is termed the pro#imal

tubule. This region congtitutes an epithelial sheet (44)Ain which the.
individual cells are held fogether at "tight junctions" (15) which are

themselves normally impermeable to solutes. Consequently, solute passage
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must occur across the brush-border membrane of the céll, rather: than
between the cells. Since the great majority of phosphate (21) and amino

acids (41) 1is reabsorbed in this part of the tubule, it is not surprising

that membrane preparations of the proximal tubule brush-border demonstrate

significant transport activitﬁ towards these solutesA(25,26,38, and
section IV of this thesis). This transport step is.active for both amino
acidsl(4$) én& phosphate (28). This conclﬁsion is partly based on the
observation that ﬁhe intracellular concentraﬁion.éf these solutes, in an
osmotically active form, is higher than that of the filtrate or the
plasma. Furthermore; this distribution raﬁio 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 eﬁtér the feritubular capiliary by transport acroés
the basolateral mémbrane. This process is carrier-mediated (39). (i1) 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 (43

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

how transepitheliai membrane 'transport is a more complex process ;han

the accumulative transport found in non—epithelial cells, or iﬁ micfoorganisms.
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 micropunctufe methods
examine transport acréss the luminal membrane as an isolated phenomenon
ignores the facts that the cellular concen;ration of solutes which might
counter—exchange with the luminal solute is uncontrolled, and that the

metabolism of the renal cell modulates the intraceilular 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 (41),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 subcéllular 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 Wédeen & Weiner (46). Using autoradiographic methods, these
investigators showed that an extracellular marker,tritium-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
PAH 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 amin§ acid and cystine transportvby Segal and his.colleagues (2,
23). An overly simplistic interpretation of the basic defect in the.
human diéease c&étinuria has been avoided because of transport'étudies’

in kidney cor£e£ slices from affected'patients. Thgs, whereas the urinéry
excreﬁion of cystine, ornithine, argininé and lysine is increaéed in
cystinuria, only the uptake of thé dibasic amino acids by'thg slice ié

- low, cystine tranépprt being normal. The basic defect has not yet ﬁeen
identified, but it will have to account for these divergent findings
which describe events at different membranes of the tubular cell (43).

. In vitro methods, especially transport studies in the coxrtical slice,
have allowed characterization of the transpor£ step from peritubular lumen
to cell. Amino acid uptake at this renal cell surface resembles that
found in many other mammalian tissues (11, chapter 5) in being dépendent
on Na+, pH, and energy, and in demonstrating steréospecifiCity (L-configur-
ation‘preferred), saturation kinetics; competitive: inhibition by related
amino acids, exchange diffusion, and sensitivity té temperature change (38,
39). With the exéeption of the_last variable, analagous studies of luminal
Surface events in.vivo, primarily using micropuncture meth;ds, have shown
that‘the net transport step at the brush—boréer demonstrates these properties
as well. It is evident, however, thgt these lumiral 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 Silbernégl 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 entirely Na+ -dependent,
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whergas in vitro, this is not necessarily alwéys the case (37)."The
dependence on Nat+ for luminal transporﬁ means that “a m;tual inhibitioﬁ |
of amino acids in their transport dees not neéessarily indicate...

that they share a common transbort system". (45). Whether this dependenée
on Na+ cotransport means, as at the basolateral membrané, that the Na+'.
participates in a ternmary coﬁplex (11,36) involving the reactive site
_of thebcarfier, the Na+ and the amino acid, or whether Na+ may only |
participate in the coupling of amino acid ﬁransport-to cell energy
‘metabolism ({.e. the amino acid transport is secondarily active (45))

'is currently unresolved (38). Thése are not mutually exclusive
altermatives.

Despite the éppropriateness of the cautionary statement by Ulliich»
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 aﬁd glycine
reabsorption (35), but has no significant efféct on the reabhsorption of
other amino acids besides L-alanine (41). On the basis of these studies
of competitive interactions in wvivo, At least five major'trénsport groups
are well established: (i) a-amino acids - cationiq; includes cystine.
(ii) a-amino acids - anionic‘(iii) iminoglycine group (iv) a-amino acids -
the remaining neutrél amino acids (v) B-amino acids. The recognition
of genetic diseases which selectively affect only one of these groups
(section 1III, this thesis) is, as mentioned previously, the best single
proof_ to date of their existence. 1In addition to these major

divisions, competitive interactions also suggest the presence of smaller
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groupings (3,9,41). Just as the'designationfof several transporﬁ
systéms.for amina acids in Ehrlich ascites tumor cells means onlyathat
each amino acid uses the different systems to different extents (12),.
so it iSfiq-kidneysth;fiinteractions which aré not explicable on the -
basis of the major divisions are also knowh. For example, tﬁe non-
metabolizable aminé acid a—aminoisobutyrate (AIB), used in the stﬁdieé
of sections VI, VII; and VIII of this thesis, although mainly intgracting
with the neutral amino acids in Ehrlich cells»(}l), causes a pronquncéd
increase in dibasié amino acid excretion in mah-(17). Similar éxamp;es
are noted in the major review articles (38,39,41). |

In contraét to the significant knowledge which has been ééquired
concerning the inflﬁx of amino acids into the cell, across either the
peritubular or luminal membrane; relatively little is kﬁown 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 shown -
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 emphasiied by Segal (40). The importance
of a normal efflux process is indirectly illustrated by the study of
prolinuria in hyperprolinemic mice in this fhésis (section V). 1In 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 ié 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



II-9

results in decreased intracellular disposition of a solute taken up. by -
the cortical cell, - a decrease 1n cell to capillary flux of amiﬂo
“acid would tend to increase the intracellular concentration of the solute,
with a similar'éonsequence - increased net excretion. This latter
mechanism has been suggested as one cause of the cystiﬂﬁ?ia‘induced by -
lysine»infusion in rats, since lysine infusipn‘increéses renal~tubule
cell cysteine (23). |

The. increased cell to lumen flux of amino acid which occurs in éiﬁher
ofAthese situations is an accentuation of a2 normal procesé 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
o-aminoisobutyrate is demonstrated. Our data suggest that_approximately
half of the urinary excretion_ofbAIB is derived from this cell to lumen
flux. This means that a quantity of AIB equivalent to apprqximately 7%
of the filtered load reaches the urine without glomerular passage.
Since the fractional reabsorption of the natural amimo acids is genérally
greater than 987, 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 fo Jumen solute éfflux can alsd'result from impaired
energy production, as demonstrated by the toxin maleic acid in raﬁs %),
and by bacterial mutants lacking energy coupling, in which the ﬁormal

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 a-aminoisobutyrate in thyroparathyroidectomized rats. On the other
hand, calcitonin, the other major calciotropic hormone, induced a
striking increase in AIB excretion. A major intracellular action of
':D ' calcitonin appears to be reduction of the cytoplasmic calcium jon
concentration (6). This observaticn suggests that in both vitamin~D
and calcium dgficiency, low cytoplasmic calcium (7) may reduce membréne
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 (XLH). This hypothesis
was challenged by Arnaud et al (1) and Glorieux and Scriver (20), who found

no evidence for hyperparathyroidism, 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 evaluationm 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 1in ?itro investigations of renal phosphate transport in the
nurine mutant. Serum parathyroid hormone levels are normal in Hyp/Y (16),
1s 1s phosphate transport by the peritubular membrane of the cortical cell.
The explanation of the increased phosphate clearance observed in vivo

was apparent only durirg the study of phosphate entry into vesicles
prepared from renal cortical brush-border membranes of normal and Hyp/Y
mice. The mutant mice have a marked decrease in a Na+ -dependent component
of phosphate influx across the luminal membrane. Further study should allow
defipition of this mammalian inborm error of transport at a molecular

level,
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SECTION III

. Genetic Aspects of Renal Tubular Transbort: Diversity

and Topology of Carriers

This fevieW‘of the inborn errors of renal transport discusses the
bathophysiological mechanisms of these disorders in terms of the individual
fluxes which constitute net transepithelial tfansport. ‘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 peritubula; fluid. Of the thirtf
.inherited disorders of transport discussed in this review, only in X~linked
hypophosphétemia (see Section IV of this thesis) has it been possible to |
identify which of tﬁgse four steps isvaltered by the nutation. In many of
these disorders, however, the indirect evidenée implicating one of the four
steps listed above as the precise locus of the transpdrt defect is very.
compelling. Thirteen of these diseases are analysed in detail, and the
apparent target of the.mutatioﬁ is suggested for’each one. Four of these
conditions are the subject of other sections of this thesis (Sections 1V, 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 erxrrors 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 nérmal 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, RuUsSeLL W. CHESNEY and RODERICK R. McCINNES

Medical Research Council Group in Genetics, deBelle Laboratory for Biochemical Genetics, McGill University-Montreal

Children’s Hospital Research Institute, Montreal, Quebec, Canada

Mutations which cause the inborn errors of mem-
brane transport can provide information about the
normal topology® of renal transepithelial transport.
In recent years various reviews of tubular transport
[1-6] liave appeared which discussed the interrelation
between disease and net tubular reabsorption of or-
ganic solutes.? Their emphasis was 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 -

. tubular cell of the defect in transceliular movement of

the solute in a number of inborn errors of tubular
transport. We hope that the speculations will stimu-

lite 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 transcelluiar transport

The epithelial cell of the renal tubule has luminal
and basilar poles, with definite orientations to the
fluids in contact with them; its luminal pole faces an
ultrafilirate of plasma where solute is topologically
outside the body while the basilar pole is in contact

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 [7, 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 permieation at
low concentrations of many solutes [9]. The unstirred
layer also serves as a locale in which enzymes may act
upon substrate, e.g., disaccharides, 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. Therefore, 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

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
phosphate reabsorption.

© 1976, by the lnternational Society of Nephrology.
Published by Springer-Verlag New York
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process, an asymmetry of net solute flux is required
during reclamative 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-mosaie, 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 kinetic 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 basolateral and
. brush border membranes of tubular epithelium. both
in vivo and In vitro, can occur against a chemical
‘gradient in all parts of the nephron [5, 6], there must
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 membrane 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. 1). The Michaelis equa-
tion can be used to describe carrier-mediated and
opposing fluxes? ‘of solute across the membrane
where entry (or influx) and exodus (or efflux) are
described by separate equations:

Ui =vmx int” [S]o )
Km int + [S]o
and '

anx efrr” [S]l

Uy 2 e
R et Sk )

[Sle and [S), are the concentrations 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

,'
/
,’Efﬂux
I~ 7 :
/ Influx
| 2
| /]
/1 '
/
H ]
’l H i :
Z 1 f ] 1 A 1
—1/Ks, —IIKS‘ {Sis] {Sil . [Sel 1/[Pro}

Fig. 1. Diagram showing the apparent kinetics of steady-state eniry
{influx] and exodus (efflux) under conditions of active transport
{accumulation against a chemical gradient) of L-proline ccross the
plasma membrane of a cell. (See text for appropriate Michaslis
equations and description of terms.) Where the rate of solute enury
is not higher than the rate of its removal by metabolism. the laiar
comes to influence transport in the transtubular orienta:ion. Di-
minution of metabolic “runout” may cause the internal solete
concentration to rise (i.e., change from [S}] to {S}p): when tais
change occurs in relation 1o the luminal membrane, exodus (back-
flux) will increase and egressed solute will be removed by the
flowing column of urine. These considerations may be reizvant to
the interpretation of solute loss in some hereditary discrders of
tubular transport and metabolism and to the concept of maxizal
raies of tubular absorption {Tm). (From Scriver, Mclanes ead
Mohyuddin [97).)

equals efflux. In the latter state, [S}; witl be >>[S),- it
follows fromt equations | and 2 that K, o must then
be >> K., inr. The maintenance of this relationship
which is essential to concentrative uptake appears to
be a genetically determined property of the carrier.

Efflux across the luminal membrane occurs during
net absorption of amino acids and glucese by the
proximal tubule {17-19]; this backflux is quite In
keeping with the normal kinetics of efflux depicted in
Fig. 1. However, backflux is necessarily 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 [17-19}.

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 proteins 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 1 and 2, can
pertain to both luminal and basilar and lateral mem-
branes. However, if an identical net flux exisis at both
sets of membranes, net transcellular fux, from uwrine
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 backflux becomes the
equal of entry at the luminal site serving uptake from
glomerular ultrafiltrate, thus making net absorptive
transport impossible. During absorpiion, 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 intraceliular

space in the direction of the peritubular space is
required. Two mechanisms seem plausible. 1) Meta-
bolism. ]f there is a large intracellular pool of 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 a2b-
sorption through modulation of intracellular pool

size. Currently available techniques which measure.

net reabsorption and transepithelial movement are,
in essence, **black box™ methods which largely fail 1o

“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 been

described, for example, in electropotential [21], and
in the uptake of amino acids [18, 22-25] sugars [19,
26, 27} and keto acids [28]. This functional
asymmetry clearly permits metabolically inert amino
acids, which have no “‘run out” into other metabolic

" pools, to be reclaimed from urine into blood againsi 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 10

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,
amino acids [6, 30, 31] and glucose [19] which are
taken up from peritubular fluid in many portions [16,
26, 27] of the 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 transpert

Two membranes and three solute pools, arranged
in series, accommodate transepithelial 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. IA) uptake activity (entry) at the luminal
carrier; /B) backflux (luminal exodus) 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 a:
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

. Fig. 2. A model delineating possible sites for expression of mutant

alleles causing hereditary disorders of tubular reabsorption. Appro-
priate recognition of the vectorial flux in secretory transport allows
the model to be adapted also to disorders of secretion. Defect 1A,
mutant site (carrier) blocks entry: defect 1B, mutant carrier per-
mits excessive exodus {(backflux) from internal pool (A); defect 2,
blocked catabolic mutant state prevents metabolic “runout™ to
alternate form () leading to accumulation of original solute in
the internal pool {4 ) and exaggerated exodus (backftux) on normal
carrier: defect 3, defect in exodus at basilar (or lateral) membrane
leads to intracellular aecumulation as in defect 2. All lead to
reduction of net transepithelial flux. Not shown are 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: /) binding of hormone to the appropriate
plasma membrane and 2) intracellular translation of
the hormonal signal. We have selected ‘examples
from Table | to describe defective mechanisms at
different stages of the transepithelial transport proc-
ess.
1A. 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 1; 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 Harmup trait. Typical homozygotes have a

‘selective impairment in the intestinal and tubular ab-

sorption of a particular group of neutral a-amino
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thyroidism, etc.)
(30080}

(or messenger system)’
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Table 1. Heritable disosders of renal tubular transport in man'
Trait’ Presumed (or - Other Apparent
(McKusick Substance possible) mutant tissues inheritance
cat. No.) affected gene product affected pattern Comment?
Hyperdibasic Lysine, ornithine Shared “*dibasic™ Intestine AD/AR Two alleles {different foci?) -
aminoaciduria arginine, amino acid transport  liver? " Type 1 (22270) protein
- {(17600)  (“dibasic” group) system (uptake) brain? intolerance; failure to
(222709 ' thrive, hyperammonemia
. (mitochondrial defect?)hets
silent. Type 11 (12600)
assoc. with mental retarda-
tion in recently discovered
homoz. Hets have modest
' . dibasic aminoaciduria.
Cystinuria _ Lysine, ornithine Shared membrane Intestine - AR “Negative” reabsorption
(22010)* _arginine and cyst(e)ine efflux system? ~ brain? of affected amino acid can
: " (skin fibroblasts are occur. Three alleles (same
normal locus?) each causing differ-
. ent phenotypes: in type-l
hets, no excess amino
acids in urine (“silent”); in.
type-Itf homoz, intestinal
. . . . transport intact.
Hypercystinuria - Cystine Specificsystemfor 2 AR? One pedigree only
(23820) . cyst(e)ine (uptake) ’
Iminoglycinuria Proline, hydroxy- Shared system for . Intestine AR Four alleles (same locus ?)
{24260y proline, glycine iminoacids, glycine I, li,silent hets
(& sarcosine) (uptake) IH. iV hyperglycinuric hets
1, with intestinal defect
. IV, Km mutant.
Hartnup Neutral amino acids ~ Shared system for Intestine AR Two alleles (same locus?)
(23450) {excluding iminoacids large neutral amino (skin fibroblasts I; intestine affected; II,
and glycine) acid group {uptake) are normal) intestine normatl. Hets ..
: . “silent™ in both,
Dicarboxylic Glutamig aspartic Shared dicarboxylic Intestine AR
- aminoaciduria acid transport
{glutamate-aspartate system (?)
transport defect)
(23165)
g-aminoaciduria~ Taurine, 8-alanine No primary transport System defined by com-
(hypertaurinuria) B-AlB defect in man; taurinuria petitive inhibition in hyper-
See text in mouse B-alaninemia in man
(McKusick [23740)) (&
taurinuria phenotypein
. mouse).
Renal glucosuria Glucose Glucose carrier Intestine normal AR Two forms; Km variant
(glycosuria) (uptake) & low-Tm variant (Reubi
(03260)° . type A).
Glucose-galactose Glucose galactose Shared glucose- Intestine AR Minimal renal glucosuria
malabsorption . galactose carrier and no galactosuria under
(23160) (uptake) - usual conditions. Diarrhea
principal symptom; mimics
: o disaccaridase deficiency
Bartter syndrome Na* A Na* carrier? Erythrocyte AR . Secondary juxtaglomerular
(hypokalemic (K* secondarily?) (Na* content  ~ - cell hyperplasia, normal
alkalosis) (24120)° ) increased) blood pressure, secondary
hyperaldosteronism &
hypokalemic alkalosis
Albright's hereditary  Calcium Regulation of Bone XL (dominant) More then one allele (at
osteodystrophy parathyroid hormone ) (or sex- different gene loci ?) Typel.
(pscudohypopara- receptor mechanism influenced AD) noincrease in urinary

cAMP after PTH challenge;
cortical adenyl cyclase
present; circulating PTH in-
creased. Type 11, urinary
cAMP response intact but
not effective.
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tyrosinemia
(27670)

metabolites)

dary effects on cellulzr  cirrhosis)
ATP)

Trait Presumed {or Other Apparent
{McKusick Substance possible) muiant tissues inheritance
cat. No.) affected gene product affected pattern Comment?
Familial hypo- Phosphate Phosphate carsier Intestine? XL (dominant) Low Tmgy: “negative™
phosphatemicrickets . (luminal membrane?) Bone? : reabsorption of phosphate
€30780)* (retaining celiular can also occur, suggesting
pool) ) excessive backflux from celt
to urine. Trait responds to
. . phosphate replacement.
Renal tubular - Bicarbonate " Proximal tubular Intestine XL(?) Prevalent in males, Low
acidosis(type 1) mechanism for (probable) (recessive)  capacity (Tm) for reab-
-(31240) reclamation - (orAR?) ~ sorption of “HCO,. Daily
' . - requirement of “HCO, is.10
) . o - tolimEq/ke
Renal tubular acidosis  Bicarbonate Late proximal or AR(?) “Dislocation™ (Km) type:
(rvpelil) carly distal tubular assoc. with hypokalemia & .
(267200 . mechanism for re- osteomalacia/rickets.

) o clamation’ :

Renal tubular . H* Distal tubular collect- AD - Bicarbonate reclamation -

acidosis(type I) ing duct hydrogen normal. Ability to se-

17980y ion secretion crete H" in distal system .
: ~ mechanism vs. gradient is defective,
Daily requirement of HCO,
. ts 1102 mEq/kg.
Distal renal tubular H~ Carbonicanhydrase B Erythrocyte AR Progressive nerve deal- .
acidosis with nerve ness is marker finding.
deafness (26730) RTA responds 1o HCO,~, -
. fto2mEq/kg. .
‘Diabetes insipidus H.0 Antidiuretic hormone XL . Twoalleles(different -
(vasopressin resistant) receptor mechaaism (recessive}  loci?). Type I, no.urinary
30480y (or messenger syster) cAMP response to ADH.
. ? " 7 Typell;femaleproband
urinary cAMP response
- : - . : intact but not effective.
Idiopathic Fanconi Generalizedeffecton  Coupling of en=rgy (?) Secondary to AR Adult-onset (22780) and
syndrome - all solutes & water Tight junction integrity renal phenotype (& AD?) infantile childhood forms
(22770) Y) (24270) are differentiated.
(22780 : Basic defect unknown;
probably several alieles,

Symptomatic forms of

Fanconi syndromes:

a) Cystinosis Same . .Cystine storage Same . AR Several alleles. Infantile
Typel (21980)° = (secondaryresponse) (lysosomal defect) (for each type) (typel) & adolescent (type
Typell (21990)° ) with secondary . I1) forms have diffesing

Type 111 (22000)° damage to tubule & rates for onset of nephro-
glomerulus (later) pathy. *Adult™ form (type
111) has no nephropathy.

b) Hereditary fructose Same Fructose-1-phosphatz  Same " AR Nephropathy dependent on .
intolerance (+ fructose) aldolase (with secondary (hepatic cirrhosis) : phosphate depletion in
(22960) . effects on cellular ATP) kidney. Responds to fruc- -

: tose withdrawal.
¢} Galactosemia Same Galactose-1-phosphatz Same AR “Galactosemia™ due to
(230405 (+ galactose) uridyltransferase (with (cataracts, CNS) - galactokinase deficiency
secondary effects on . does not have Fanconi
cellular ATP) syndrome. Fangoni syn-
drome responds to galactose
withdrawal.
d) Hereditary Same (+ tyrosine Unknown (with secoz- Same (hepatic AR Fanconi syndrome responds

to tyrosine restriction.
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Tabte 1. Continued).

Trait Presumed (or Other Apparent
(McKusick Substance - possible) mutant tissues inheritance :
cat. No.) affected - gene product affected pattern Comment?
' ¢) Wilson's discase Same (withproximal  Unknown (seondaiy  Hepatolenticular AR Fanconi syndrome responds
27790 and distal RTA) effects on cytochrome  degeneration to depletion of copper -
: oxidase system ?) storage.
f) Lowe’s oculocerebro Generalized disfunction Unknown An oculocerebro- XL Basic defect sull
renal syndrome with defective urinary intestinal-renal (recessive)  unknown. Treatment for
(30900) ammonia praduction syndrome (involving tubular reclamation
: Co tissues with high _ defects does not improve:
y-glutamyl cycle mental retardation or the
activity?) - cataracts & hydro-
phthalmia.

. Vitamin D dependency Generalized defect. 25-hydroxyvitamin D- (Vitamin D hormone AR Nephropathy dependent on
{pseudodeficiency (Secondary response)  la-hydroxylase synthesis occurs in PTH excess & hypocalcemia.
rickets) (26470) kidney mitochon- (phenocopy occurs ia vita-

dria; deficiency af- min D deficiency.}
fects intestinal
absorbtion of cal-
cium &, initiates . -
PTH response.)
Miscellaneous
a) Glucoglycinuria . Glucose & glycine Unknown (zhe two AD Asymptomatic. Normal-Tm
(13810) solutes do ror sharea (type-B) glucosuria. Possi-
common casvier. bility that thisis a
heterozygous maaifestation
of a Fanconi-like tubulopa-
thy merits consideration.
b) Luder-Sheldon Generalized amino Unknown AD Same as for previousentry.
syndrome (15250)  acids glucose & Symptoms of Fanconi
phosphate syndrome have occurred
- . in probands.
¢) Rowley-Rosenberg Generalized Unknown AR - Associated components of
syndrome (26850) aminoactduria syndrome; growth, retarda-
. tion, muscular hypoplasia,
" puimonary involvement &
right ventricular hyper-
trophy.

* A catalogue of 28 inherited disorders of tubular transport is provided herein. Each disease included in the table has a proven (see footnote .
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 recessive, 20,000 series: 2nd X-linked, 30,000 series) of McKusick’s Catalogue of Mendelian Inheritance

in Man [161]; selected literature citations are given with each 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 Dimes [162].

Numerous probable inborn errors of tubular transport are not included in Table 1 because their tubular manifestations have yet 16 be

clearly understood. These conditions (and their McKusick catzlogue number, if available) include the following: Pyroglutamic aciduria

(26613) due to a defect in glutathione synthesis and secondary overproduction of the pyroglutamic acid (5-oxo-proline) intermediate of the
y-glutamy! cycle; idiopathic hypercalcuria (hyperexcretory form) (23810): some patients with Leigh's necrotizing encephalopathy (25600). -

Familial nephrosis (25630) with a generalized tubulopathy: and Immersiund's syndromc (26110) with unexplained tubular proteinuria.

? hets = heterozygote, homoz = homozygote.

? Proven pattern of inheritance.

acids [6, 32}; nonepithelial 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]. Following 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 luminai
membrane (viz. Fig. 26-21 in [6]). In the absence of
any comparable studies of dipeptide reabsarption 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 luminal membrane.
The characteristics of D-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
restal transport work itself [41]. Hexoses enter prox-
tmal tubular cells, in vivo, from luminal and basilar
poles [26, 42]. However, luminal and basilar mem-
branes clearly possess differing characteristics for
hexose transport. By means of the sudden-injection.
multiple-indicator dilution method [26], it has been
shown that there are D-glucose-preferring (G) sites
(shared with bD-galactose) and D-mannose-prefer-
ring (M) sites in the luminal membrane [42].
Confirmation of these data, and evidence for Na*-
dependent D-glucose transport at the luminal mem-
brane, has been obtained by a stop-flow micro-
perfusion method [43] and by kinetic analysis
of 1solated preparations of brush border membranes

[44]. 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 p-glucose have been re-
vealed. D-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 p-glucose, from cell to lumen, and from cell to
peritubular fluid, were dissected from the net trans-
epithelial fluxes; outward flux at the basilar pole ex-
cesds exodus at the luminal border by a four-fold
margin. Basilar permeability to p-glucose is appar-

ently carried-mediated. When the maximum rate of
reabsorption (Tmg) is reached, the limiting com-
ponent is, accordingly, uptake at the luminal mem-
brane (or intracellular metabolism), not pcrmeablhty

" at the basilar membrane.

Tubular reabsorption of p-glucose has long been
known to observe a Tm in mammalian kidney in vivo
[46,47] (Fig. 3). The observed “‘splay” in the titration
curve relating filtered load to the threshold for gluco-
suria (Fming), 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 clas-
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 Fming and
low Tmg; type-B glucosuria has a low Fming but a
normal Tmg (Fig. 3). A kinetic interpretation [3, 6;
49] of glucose reabsorption ascribes the type-A vari-
ant to a reduced number of transport sites, while the
type-B variant reflects reduced affinity of the hexose
carrier for glucose. With this in mind, should a hered-
itary disorder of glucose transport involve the in-
testine as well as the kidney, or should the type-A and
type-B phenotypes be found in the same pedigree,
there would then be little room for the nephron heter-
ogeneity hypothesis as an cxplanatxon for splay in
solute absorption curves.

When in vivo data for hexose transport are coms-
pared with data obtained by the kidney cortex slice
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), reveals 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 p-hexose
uptake [48]; this finding is also in keeping with the in
tivo observations [26, 42]. Kleinzeller [49] has delin-
eated a number of homologies between D-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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about the disposition of hexose carriers in the renal
tubule in a manner not revealed by any previous
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 D-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 Tmg 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 [37].

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 titration
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
(COV pedigree, [38]); “*severe” type-A glucosuria in-
herited from “mild” type-A glucosuric heterozygotes
(Hold pedigree, [39]) and type-B and “severe’” type-A
glucosuria in sibs of a pedigree in which there are
relatives with “mild” type-A glucosuria (Hol 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

1
560 -0 250 500

Elsas et al (O) [40], Beauvais et al ((J)
{54] and Abraham et al {(A) [55):

“‘severe” type-A homozygotes retain about one-third
the normal Tmg (Fig. 3); and that type-B probands
(subject 11-4, Hol, [58}) have a normal threshold for
glucosuria (Fming) which is about one-third the nor-
mal Tmg.

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
following synthesis and hypothesis. Efficient reclama-
tion of hexose by the proximal tubule is controlled by
the luminal membrane. Three types of luminal 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, system, corresponds to the G-system of Silverman
et al [26, 42]; this carrier interacts with glucose and

" galactose and is under control of a gene we will cali

the *“‘glucose-galatose™ carrier (G;) locus. We pro-
pose that the integrity of the G, carrier is unmasked
in one condition—severe type-A glucosuria which
causes deletion of a second (G,) glucose carrier.
Evidence for the third carrier, which we call G,, is
revealed in homozygous glucose-galactose malab-
sorption which causes deletion of the G, carrier and
*unmasks” the activity of the G, carrier.

We estimate that the maximal capacity of the G,
carrier is about one-third the total capacity for D-
glucose transport in the normal nephron (Fig. 3).
From observations in type-A glucosuria, we deduce
that the affinity of the G, system for p-glucose is less
than that of the principle carrier (G.,); this fact is
revealed by the displacen: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 D-glucose and it has a high affinity and
high capacity for p-glucose transport (Fig. 3).
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Mutation at the G, locus causes glucose-galactose
malabsorption: mutation at the G, locus causes fami-
lial renal glucosurid. The G, locus may not be ex-
pressed in the intestine according to physiologic and
genetic evidence; or if there is an intestinal G, 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 G, locus.
One type impairs the capacity of the G, carrier for p-
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 G, carrier for substrate and causes type-B
glucosuria.

Hereditary taurinuria. We divert briefly to discuss
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 method and in
vivo clearance studies, in parallel, to delineate the
location of an inherited impairment of taurine rec-
lamation [59, 60] which has been observed in ths
mouse. Taurine is the prevalent 8-amino acid in
mammalian body fluids and it serves as a marker for
a well-documented, S-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 madium
[64-66]. In response, some investigators have besn
quick to reject the slice method as a useful technique
to study solute transport in kidney. We have less
reactionary views; we believe the slice method pro-
vides an opportunity to study pools-in-series (Fig. +)
which can highlight the topology of transepithelial
transport. Quick-freeze, soluble-label autoradiog-
raphy has revealed the distribution of tritium-la-
belied, inert solutes after their uptake by cortex slices
[64] (Fig. 4, top half). Inulin is confined to an extra-
cellular space in contact with basilar and lateral
membranes of proximal tubular epithelium; only in
the distal tubule does inulin penetrate the lumen. ce-
Aminoisobutyric acid (AIB) is concentrated within
cells 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
titro. 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 celis
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 AIB
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/) -is a normal taurine excretor (tau'*) and
C57BL/6]) and PRO/Re are two homozygous hyper-
taurinuric strains (tau'~). Urine taurine is ten-fold
greater in tau'~ animals, while plasma taurine is com-
parable in the three strains. Net tubular reabsorption
of taurine is 96.7 + 1.3% (mean +sp) 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 vivo is similar
in the three strains. This important finding, when
interpreted according to the kinetics described in Fig.
I, indicates that backflux from an expanded in-
tracellular pool of taurine is not the cause of hyper-
taurinuria. S )

Other in vivo findings were of interest. 8-Alanine is
a competitive inhibitor of taurine transport in kidney
[38, 60, 63]. B-Alanine inhibits taurine reabsorption

*in vive, in both tau'* and tau'~ strains, indicating the

retention of a residual taurine transport activity in
the nephrons of the latter. ' _

Steady-siate uptake of taurine at physiologic con-
centrations {about 0.5 mMm) by thin, outer-cortex
slices is clearly greater in tau'~ than in tau'* tissue.
The higher uptake ratio by tau'~ slices is not the
result of altered efflux at the basilar membrane slice;
efflux from slices is the same in tau** and tau'~.
strains. :

B-Alanine, which shares the taurine transport sys-

tem in cvitro [38] and in vivo [60~63], is also taken
~up more avidly by tau*~ slices. B-Alanine which is

vigorously oxidized by tau'* kidney cortex slices {38]
is oxidized less by tau'~ 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). B-Taurine is not reclaimed efficiently
from the luminal **lacuna™ of slices (the innermost of
the three pools in series) once it has fluxed from cell
into lumen. Retention of solute in this pool leads to
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Fig. 4. An interpretation of enhanced taurine uptake as observed in
kidney cortex slices obtained from hypertaurinuric mice (C57BL{6J
and PROfRe strains designated tau’~ in text), when compared with
normal mice (A[J, designated taw'*). Upper half: Figure shows

“disteibution of *H-inulin, *H- (or *C-) a-amino-isobutyrate (A1B)

and *H-p-aminohippuric acid (PAH) after incubation of rat cor-
tex slices. Inulin does not penetrate the lumen of the proximal
tubule, and is confined to extracetlular peritubular and glomerular
spaces: AIB is concentrated by proximal tubule cells. PAH is
maximally concentrated in the lumen of proximal tubule. A con-
cept of “pools-in-series™ is implied by these findings (see text).
{Rephotographed from Wedeen and Weiner [63).) Lower half:
Figuce shows the enhanced distribution ratio (DR) 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
from the extracellular space only through the cytoplasm. Taurine
becomes trapped in the luminal pool (stippled area) of tau'~ slices.
Four relevant permeation fluxes are shown: influx across basilar
membrane (J,); efflux into luminal pool (J,); reclamation flux from
luminal pool (J;); 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, = [Taw] X

permeability,., where 1c is the lumen-to-cell movement, accumula-

tion of taurine in luminal pool will occur if luminal membrane
permeability,. is decreased, all other events being unchanged. The
change in J; in tau*~ kidney is presumed to be the result of an
hereditary xmpalrment of transport at the urinary surface of the
taurine carrier in the luminal membrane (from Chesney RW, Scri-
ver CR, Mohyuddin F, J. Crin Ince:t vol. 57, 1976, in press),

the higher uptake ratio observed in vitro. The in vivo
data indicate *“‘sequestration™ of taurine in the urine
pool, a finding also compatible w:th a luminal nrem-
brane transport defect. Ir vitro and in vivo data are
thus concordant. We believe that in vivo and in vitro
data have been used in parallel, in this case, for
topological assignment of a hereditary transport de-

12

fect 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 tau'~ slices, and with isolated brush border
membranes to study taurine binding—will either af-

. firm or dispute these conclusions.

1B.- Defects in the integrity of the (Iummal) plasma

membrane to efflux. No hereditary disorder of tubular
transport has been proven in this class. However,
there is precedent for genetic control of exodus 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 8-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
efflux .following uptake into the intraceliular pool.

‘With 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.
Cystinuria 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 alleles 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 heterozygotes for two of the three
proposed alleles [72].

While Fmingy, and Tm.y, 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-
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ulin, so that the “‘negative reabsorption™® 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 18} the representative dibasic amino acid lysine
observes a reduced rate of uptake without change in
its apparent K,, 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-

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 of the tubule as it is exposed in slices of
mammalian kidney [60, 81, 82]. On the other hand,

" ¢ystine, 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, 85] showed that

~ cysteine and the dibasic amino acids shared a mem-

brane efflux site in kidney cortex slices. The
properties of the eflux system appear not to be dupli-

cated completely at the corresponding influx site; nor
" does the eflux carrier experience the customary prop-

erties of counterflow. 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 10:1, regardless of the form in which cyst(e)ine

3 The term “‘negative reabsorption” is sometimes used when it is
found that the excretion rate (UV) 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 instance
provided it was not implied that UV > F was the result of 2
specific energy-dependent secretion process. When used in this
paper, negative reabsorption implies an abnormal findinz
secretion is reserved for normal functions in which UV > F is the
customary relationship.

enters the cell [77," 88]., 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
1) 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
which is explicable only if we assume that the luminal
membrane contains reactive sites which are
cyst(e)ine-specific and dibasic amino acid-specific,
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 Fminyy,, zero Tmyy,, 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 .
vitro data and would account for backflux 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-linked hypophosphatemia (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 [30]. 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”’
secondary hyperparathyroidism [70] is not observed
. in the X-linked trait. Furthermore, normal urinary
" cyclic-:AMP excretion under basal conditions [89, 92]

is partial evidence against the defect being a selective

hyperresponsiveness of the tubule to normal levels of
circulating PTH [93]. Mutant hemizygotes also mani-
© fest a low Tmy, and negative reabsorption of ortho-
phosphate [89, 92, 94]; these two findings focus
interest on a primary transport defect involving
- grthophosphate. Co

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. Coacentrative 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
[93].
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 backflux 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-linked hypophosphatemia for example, should
consider this possibility.

2. Disorders of intracellular 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. 1). 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, 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 [99-102]. 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
known 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].

~ A similar observation has been made for sarcosine
reabsorption in sarcosinemia [102]. It is likely that
less than 10% 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]. Counterflow

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 backflux 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 peritubular 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 has hyperprolinemia and less than 1%

of the normal proline oxidase activity in kidney [106,

107}. 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
[97]. The i vivo, steady-state uptake of proline across
the basilar plasma membrane is not impaired and
efflux at this surface is normal; the integrity of the
well-documented proline transport systems in these
membranes [111, 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 vive (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 Tm,,, 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. 1), we sece excessive prolinuria in
the PRO/Re phenotype as a simple consequence of
the primary elevation in the concentration of in-
tracellular proline in vivo (depicted as S, in Fig. 1).
Efflux 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, prolin:
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

—F;RO/Re mutant.. The in vivo. topology of trans- -

epithelial transport permits this phenomenon to be
observed in- PRO/Re kidney whereas the in titro
topology does not.

With the hindsight afforded by the PRO/Rc
model, it is of interest that the venous plasma thresh-
old (Fminpro) for prolinuria in some humap 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. It is also
apparent from these observations that the classical
Tm concept will require reevaluation since renal
metabolism of a solute does indeed influence its rate
of tubular absorption. -

3. Disorders of exodus 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, 113] 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 ligated 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 [114] showed that L-lysine provokes cellular .
accumulation of ** S-labelled products derived from
extracellular L-* 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 for 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-linked, oculo-cerebro-renal syn-
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drome of Lowe, Terry and MacLachlan [117] are ex-
amples of generalized disruptions of tubular

. 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 solutes including the amino acids, mono-

" saccharides, electrolytes .(phosphate, calcium, bi-

carbonate, potassium, sodium), uric acid and protein
{particularly d-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, tmpairment of tubular secre-
tion is also observed in the syndrome; for example,
Tmpay 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-
ary to the underlying cause of the syndrome. The
atrophy of the absorptive surface in the anatomizl
lesion further reduces the membrane activity avail-
able for transport. Many species of transport sites are
nonetheless still active, in the atrophied epithelium,
since the normal competitive interactions between
molecules, which share reactive sites, are retained in
the Fanconi syndrome [79, 121] (Fig. 5).

A reduced Tm value characterizes the tubular
transport of various 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 loss of carrier activity. The work of

Bergeron, Yadeboncoeur and Laporte with the ma-
lzic acid model of the Fanconi syndrome [25, 122,

- 123] is of particular interest in the latter contexi.

Maleic 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 of leucine in
the maleate-treated rat, the amino acid appears in
tubular urine at a rate indicating direct transtubular
flux [25]. There is also a reduction in the cellular
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"Fig. 5. Upper part: Renal titration curves relating proline reabsorp-

tion to filtered load in normal subjects and three patients with the
idiopathic Fanconi syndrome. The lower normal range for Tmpgo
[109] is shown by the shaded area. Reabsorption is depressed at all
concentrations of proline 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 competitively on a shared, high-capacity system for uptake in
the normal subject [109, 11]1]. 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 levels of proline in the Fanconi syndrome,
indicating excessive inhibiton of reclamation, or excessive back-
flux, of glycine on its tubular transport systems [109, 111}, The
response to proline inhibition is unusual in two subjects and nega-
tive reabsorption occurred. The laiter finding indicates retention of
membrane sites at which counter-flow inhibiton of uptake may be
occurring simultaneously. Negative reabsorption of other amino
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 backflux 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:.ced
exodus at the luminal surface after uptake of soluiz at
either pole (see’ defect 1A, Fig. 2). The mechanism
may be a loss of dynamic asymmetry in the cartier
secondary to a disorder of energy metabolism and its

coupling to the carriers. The other defect concarns -

integrity of punctate contacts between cells; integrity
is maintained by a variety of factors including cellular
metabolism. ' .

Hereditary fructose intolerance (HFI) [126] is a
disease which illustrates how metabolism can be com-
promised in the Fanconi syndrome. The metabolic
abnormality induced by fructose in HFI is initiated
by cellular storage of fructose-i-phosphate (F1P) in

- liver, kidney and bowel [126]. The Fanconi syndrome

accompanies this metabolic event [127] waxing and
waning with exposure to and withdrawal of p-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 FIP; disposal of FIP requires fructose-1-

phosphate aldolase which is present in splanchnic
tissues and muscle. The aldolase (B-isoenzyme) of
splanchnic tissues has strong cleavage activity toward
F1P and strong condensing activity toward
dihydroxyacetone phosphate and D-glyceraldehyde
phosphate [129]. HFI is characterized by deficient
aldolase-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 fruciose
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 of F1P to accumulate in HFI upon
exposure to fructose. This response is accompanied
by a fall in serum inorganic phosphorus while celiular
adenosine triphosphate (ATP) is consumed to form

- the FIP [129]. This relationship in HFI constituzss a

“futile”™ hydrolysis of ATP, with depletion of high-
energy phosphate and inorganic phosphate pools and

- it is analogous to the situation in galactosemia 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 [131]. Administration of D-fructose
may not provoke the Fanconi syndrome in the ab-
sence of the hormone [131]. Parathyroid hormone
stimulates renal adenyl cyclase and ATP consump-

tion. The “‘threshold” defect in ATP metabolism,

which appears to exist in HFI, highlights the energy
requirements of mechanisms serving transtubular
transport. From this perspective it is worth recall-
ing that solutes of different species which 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 [133]. 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 secretion

There is no known primary hereditary disorder
affecting the active tubular secretion of organic so-
lutes, with the possible exception of some forms of
hyperuricemia. 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-I gly-
cogenosis, diabetes mellitus, lactic acidosis, mdple
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 T 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: f} H* secretion may be normal but
- with excessive back diffusion, so that the.normal H~
gradient (800:1-1000:1) between urine and plasma is
dissipated; 2) H* secretion may be normal but only
up to a limited capacity, above which no further
acidification 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, 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
H,CQO; to form CO, and H,. The gradient between
"urine and plasma was assumed to be dependent on
impermeability of the collecting duct to CQ,;0. Pak
Poy and Wrong [142] were the first to observe that
. the normal Pco, gradient was absent in patients with
distal RTA. This finding was extended by Halperin et
al [140] who examined the urinary Pco, 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 CO,. Others [143] have provided counter-evidence
to this hypothesis, and suggest that the low urinary

Pco, in cRTA may represent excessive backflux of

H.CO, in alkalosis, and of H* during. acidosis.
Absence of erythrocyte carbonic anhydrase B has
been described in a family with distal 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 HCQO, ™. 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 [146].

Autosomal recessive vitamin D dependency

(ARVDD) [70] is a disorder in which the renal syn-
thesis of 1, 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-hydroxyvitamin 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. Calciotropic

~ hormones which can medify 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 eytoplasmic calcium is likely to occurin ARVDD,
the result being a change in membrane and
transtubular permeability, so that reclamation of so-
lute may be depressed or backflux enhanced. It is also
apparent. from recent work [96] that the excess of
PTH and the depletion of vitamin D hormone, which
characterized ARVDD, will combine to deplete mito-
chondrial and cellular calcium and further alter cal-
cium-dependent cellular permeability.
Pseudohypoparathyroidism of the cldssical type
{PHP, 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) [151] 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 adeny)
cyclase to PTH in the intact-tubule in PTH-type 1
remains obscure.

A variant of PHP known as type I 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 1l 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 well 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 1 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-isobutyrate (AIB), an inert synthetic amino acid.
Fractional excretion (left ordinate) rises above the 15-min value
{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 AlB is falling (s—e, (right ordinate).
3H-inulin clearance remained stable during the experiment. The
reciprocal fall in fractional reabsorption of AIB 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 fuid and epithelium followed by backfiux into

the lumen is a more likely explanation. AlB concentration fell in -

the cortex between 30 and 193 min (from 1284 + 25 cpm/mg of wet
wt of prepared slice, mean = sp [V = 16] t0 933 + 26 cpm/mg [I¥
= 16}, whereas the concentration remained unchanged in medulla
(from 830 + 218 cpm/mg [V = 8] t0 923 = 274 cpm/mg [N = 8}).
When considered with the plasma A1B levels, these figures indicate
that although the distribution ratio of AIB is the same in cortex and
medulla at 3% hr, it is significantly less in the medulla than the
cortex at 30 min. These tissue changes were not an artefact 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 (hackflux) and, thus. of the observed increase in fractional
excretion (Mclnnes RR, Scriber CR, unpublished data, [149]).

port what others have proposed recently [31,97, 114,
115]; that accumulation of solute by renal tubule cells
and its transtubular transport are each essentially
different processes, the former being most evident 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 leukocytes and cul-
tured skin fibroblasts) fail to show any abnormality.
of solute transport wherever the invesiigation has -
been performed, as in cystinuria [155]}, Hartnup dis-
ease [33], iminoglycinuria [156], glucose-galactose.
malabsorption [57] and X-linked hypophosphatemia
[157], for example.

Various elegant experimental methods have pro-
vided the important evidence for normal backflux
across the luminal membrane, transtubular fluxes in
both directions and differential handling of solute
uptake and migration in diferent regions of the kid-
ney (e.g., [19, 25, 31, 83, 114, 115].) 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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explain 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 loct 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 of their 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 and 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,
others disappearing or appearing on schedule post-
natally during renal maturation [112, 161]. Genetics
and ontogeny, in combination with kinetic and chemn-
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
“vertical™ 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-linked hypophospha-

. temia and the Fanconi syndrome; bicarbonate re-
placement can be achieved in several forms of RTA.
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 1V

Renal Handling of Phosphate in Vivo and in Vitro by the

X-linked Hypophosphatemic Male Mouse (Hyp/Y). Evidence

for a Defect in the Brush Border Membrane.

This study examined the renal transport of phosphate in normal mice
and in mutants (Hyp/Y) with X-lirked hypophosphatemia (XLH). This murine
nutant 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 mouse mutart 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 Hyp/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 EZR/Y mice, so a detailed analysis was made of phosphate trans-
port by normal and mutant mouse kidney in vitro. Although phosphate trang-
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



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).
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SUMMARY

We have examined renal phosphate transport (in vitro)
and feabsorption (in vivo) in hypophosphatemic EXE/Y (male
mﬁtant) mice carrying a gene believed to be homologous with
lfhat responsible for X—linked hypophosphatemia in man.
Normophosphatemic male 1itterma£es (+/Y¥) were used as controls.
Fractional excrefion'of phosphate in Hyp/Y is increased.
(0.351 + 0.073, mean t.SD (n=7) vs 0.210 * 0.0885 (n=15) in
+/Y (p <0.01)), at serﬁm phosphorus concéntrations 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 phosphofus (2
g/L) . Urinary cyclic 3'5'-adenosine monophosphate is
increased in Hyp/Y mice when compared with +/Y littermates;
but this finding which is different from the'hhman phenotypev
is not accompanied by evidence of hvperparathyroidism 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 iﬂiﬁ/Yv 46.6 + 1.1 matoms per‘q
protein; +/Y, 46.6 * 1.0 matoms per g protein). Uptake éf
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 observés‘
first-order kinetics and is- not significantly 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.



Purified brush bordef membrane vesicles prepared from
mouée kidney éortex homogenates accumulate phbsphate by a.
Na+;dependeht, arsenate—inhibited transport system. Total
(Na+—dependent plus Na+—independent) uptake of phosphate by

+/Y vesicles is 488 * 23 patoms/mg protein per 60s (mean *

SDb) and 302 * 10 patoms/mg protein per 60s by Hyp/Y vesicles

(p < 0.001); Na+~inde9endent uptake 1is éimilar in the two
types of vesicles (79 and 78 patoms/mg protein per 60s
respectively). Uptéke of D—glﬁcose and relative purity of
the brush border membrane fraétion are not different in the
two strains.

The combined in wvivo 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 poétulate a.disorder
involving vitamin D—debendent metabolism in this condition.

On the other hand, there is evidence indicating that XLH is
an inborn error of phosphate traﬁsport-(3-6). X-linkage of
this Mendelian trait (2) confirms that it is a typical
inborn error of metabolism, of one type or another.

The discovery of a murine homologué,igzg) of the mutant
human gene (7) provides an invaluable resource for investigationA
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 following report,
we describe net tubular reabsorptién (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 Hyp 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% phbsphorus, Ralston Purina of Can. Ltd., Mtl)



or 01d Guilford 96w (0.22% calcium, 0.74% phosphorus,

Jackson Lab., Bar Harbor, Maine).

In Vivo Investigations:

Infusion Studies - Mice were fed overnight, before receiving
Inactin, 40 ug/g intraperitoneal (BYK Gulbeﬁ, 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 skih; 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: KC1 (2.3 mM), NaCl (60 mM),
glucose 1% {(w/v) and inulin (0.78 ml, Armor-Stone Lab.,
Inc., Mount Prospect, Il1l.) to which was added 20 uCi inulin
([methoxy-3H], 50~150 mCi/gm, New England Nuclear, Boston,
Mass.). Radiochemical purity of the inulin was confirmed by
chromatographic methods. Rapid infusion of fhe solution (50
pl over 5 min.) was followed by slow infusion (14 ul pef
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
catheter; dead space is about 25 ul in the preparation.
Whole blood (25 pl) was collected into heparinized capillary
tﬁbes from the tail vein near the mid—pointvof 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 microfmethod kit
available from Pierce Chem; Co., 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 semples 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 gquantitative 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 hg/ml. Phosphorus
excretion was expressed by the equation,

(UrinePi
to FEPi.'

X Plasmacr) < (PlaemaPi ble Urlnecr) which is equivalent



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 err ice and trimmed to about 4 mg weight; meduila

" slices were prepared in similér fashion from kidneys hemi-
sectioned into fore and hind halves and trimmed of cortex.
Slices wére 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; KC1l, 5 mM; MgSo,, 1.2 mM; CaC12,~2 mM; Tris-
HCl, 20 mM; glucose, 5 mM; final pH, 7.4, and final osmo-
larity, 300 mOsm. Labelled phosphate (as NaH232PO4 New

England Nuclear, Boston, Mass.) was added to sodium phos-
phate buffer pH 7.3 (0.1-1.0 matom/L, final conc.) to yield

about lO7 cpm/ml. 14

C-labelled inulin was used fo estimate
extracellular water, excluding water in luminal lacuna;
total tissue water was determined by dessication to constant
dry weight (9) .

For the measuremeﬁt of phosphate uptake, slices were
added to a flask containihg 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



cold trichloracetic acidv(lO% w/v). Homogenate was then
centrifuged at 4°C for 10 min. at 8,000 g. An aliquot of -

the supernatant was counted in Aquasol-2° (New England Nuclear,
Boston, Mass.) in a Packard Liquid Scintillafion counter to
determine theAtotal-(Trichloracetic acid-soluble) phosphate
pool (PT); another aliquot of the supernatant was extracted
according to the method of Vestergaard-Bogind (10) to determihe
inorganic phosphate (Pi). Reliability ofvthe methéd wasi
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
Vlabellgd'phosphate. Two pairs of slices were removéd 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 ld ml incubétiqn medium at 37°C (the efflux
medium), containing unlabelled phosphate at the éoncentratioﬁ
used in the uptake medium. The flask was shaken at 300
oscillation per min. in a Dubnof f incubatbr during efflux;
0.3 ml éliquots of efflux medium were removed at 1 minute
intervals, after the first 6 minutés of incubation, for 30
min., and placed in scintillation vials; Aquasol-2 was added
for counting. At the end of incubétion, the slices wére
processed to determine the number of counts reﬁaining in the
tissue. Resuits are expressed as 32P appearing in the

efflux medium in relation to time; and also as 32P remaining



in the.slices; The.latter is.ekpressed as percent of the
total cpm in the medium and tissue, and plotted as a fuhction_
of time in the traditional manner on semilog graph paper to
calculate rate of efflux from the slopes.

Preparation of Brush Border Membrane 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 proteih were.obtained from 9 mice. Hyp/Y and +/Y
littermates were studied in parallelibn 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 measuréd with a preparation of brush border membrane
vesicles according to the methods of Hoffmann et al (12).
The isotope used was 32P-—phosphoric acid in 0.02 N HC1l, (New
England Nuclear catalogue #NEX-054, Boston, Mass.). Each
experiment was monitored to offsef the known variation in
uptake of solute between batches of membranes by measuring

14C—-D—glucose {13) at the same time in'the same

trénsport of
tube. Radiolabelled D-glucose was obtained from New England
Nuclear} Boston, Masé. (Cat;#NEC—O42X). 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).



RESULTS

Fractional Excretion of Phosphate (FEPi) In Vivo

We measured FEPi in +/Y and Hyp/Y_animals-under the

infusion protocol.v FE is significantly increased in Hyp/Y

Pi
mice (Hyp/Y = 0.351 + 0.073; +/Y = 0.210 * 0.083, mean * SD,
p <0.01, Student's t test) (Tablerl)~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/l, 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 +/¥
animals whether they were fed 0l1d Guilford 96W or moQSe chow
(see Ref. 7). EXB/Y mice (n=4) receiving a phosphate supplement
in the drinking water inoreased their FE,; from 0.486 *
0.045'mean + SEM to 1.35 + 0.07 (p <0.001) while +/Y mice

(n=12) on the same regimen increased their FEPi from 0.244 *
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 Hyp/Y mice (Table 2) whether they are fed
low-calcium or normal-calcium diets. Cyclic AMP excretion
is ‘higher when Hyp/Y and +/Y littermates are fed a low-
calcium diet. Urinery excretion of amino acids and glueose
is not abnormal or eievateé in Hyvp/Y animals.

Parathyroid gland histoloqy has not indicated hyper;

parathyroidism in these animals (7) and +/Y and Hyp/Y



animals have comparable éerum iPTH leveis (7,21). Phosphate
supplemehtation of the diet caused serum iPTH to increase in
Hyp/Y ahimals (n=3) from 84‘pg/ml (pre-treatment) to 775
pg/ml in the 10th week of treatment.

Uptake of Phosphate by Slices, In Vitro
32

We examined uptake of P by kidney cortex slicés
',obtained'from +/Y‘and Hyp/Y mice maintained on two different
diets. At steady-state (60 min. incubation) phosphate is
taken up‘into cellular pools against an isotopicbgradient
(32P distfibution ratio > 1.0) (Table 3). The isotdpic
distribution ratio varies inversely with ektracellular'
phosphate concentration. Labelling of intracellular in-
organic phdsphorus (Pi) is similar in +/Y and ﬁzg/Y.mice at
0.1 and 1.0 matéﬁ 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 from 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) even though blood phosphorus levels

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

content of cortex slices declines exponentially with time



during incubation in +/Y and Hyp/Y mice (Figure 1).

- No significant interstrain difference in tissue phos;
phorus was observed between Hyp/Y and +/Y mice. The 32?-
labelled inorganic phosphate and total phosphate pools in
kidney are lower, on the average, when mice are fed the 0ld
vGuilford {(low caicium) 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 014 Guilford.
Intrastrain isotopic distribution ratios (Table 3) and
chemically determined inorganic phésphorus (Table 4) measured
at 15 min. in slices from mice fed Qn the various diets did
show some variation. We have no explanation for these diet-
dependent, intra-strain differences. They do not nerturb
the principal finding of essentially similar tissué'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
rates 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 1sotopic data (Fig. 2) are, therefore, concordant.
Detailed examination of efflux by regression anaiysis,
calculation of the Y intercept and eétimation of the correlation

coefficient for the slopes shown in figure 2B again indicate



no difference in the characteristics of 32P~efflux_from

Hyp/Y and +/Y cortex slices {(Table 5).

Phosphate Transport by Brush Border Membrane Vesicles.

Our investigation of phosphate uptake by +/Y and Hypo/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 rét, are comparable to those reported by
Kinne's grodp (12) . The behaviour of +/Y¥ mouse kidney
vesicles was then compared with rat kidnéy vesicles.’ The
general characteristics of phosphate uptake by brush border
membrane vesicles is comparable in the two species (14). We
further obéerved ﬁhat the phosphate volume of the veéicles
under conditions approaching equilibrium andAin the pfesence
of sucrose is inversely préportional to sucrose osmolarity;
the intercept on the Y axis (phosphate uptake) is close to
zero. These findings indicate that significant binding of
phosphate to brush border membranes does not occur (14).
Measurement of phosphate in total. (trichloracetic acid-
soluble) and inorganic pools after uptake of 32P-labelled
orthophosphate at 60s, revealed that over 99 percent of 32P
remains as orthophosphate from the mouse brﬁsh border membrané
vesicles'(lé). |

Our mouse membrane preparation is characterized by 10;
fold enrichment of trehelase activity and 8-fold enrichment
of alkaline pbosphatase; succinic cytochrbme—c activity is
one tenth compared to the initial cortex homogenate. These

findings indicate selective isolation of brush border



membranes. Purification was comparabie with +/Y and EXE/Y
kidneys.

Phosphate transport by +/¥ vesiclés at 60s, ZOOC, pH
7.4 and 0.1 matom/L is stimulated by sodium and inhibited by
arsenatev(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+—depehdent,xarsenate~
inhibited activity (Figure.3). A time course study (14)
revealed that partial loss of the Na+—dependént component of'
phosphate transport was observed at 30s (60 percent loss) l.
min. (45 percent loss) 2 min. (49 percent 1055) and at 30
min. (32 percent loss). Measurement of simultaneoué D-
glucose transport reveéled no differeﬁce 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 transepifhelial transport of
phosphate anion ié as follows.v Mechanisms for solute re-~

absorption by the renal tubule are normal in XLH, with the



1v.

exception of that maintaihing phosphate transport. Ne£
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,

19



even exceeding unity under conditions of phosphate loading
(6. Residual transport of phosphate cannot be iﬁcreased

a£ elevated levels of substrate in the affected hemizygote

' (6). Female XLH patients are heterozygotes by definition,
and their TRPi'values, over a wide range of serum §hosphorus
cohcéntration, are intefmediate between those for hémozygous
normal subjects and mutant hemizygotes (6). The defect in
phoéphate réabsorptioh in mutant hemizygotes or héterqzygotes
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 elévated.in relation to the serum
calcium level in the human patiehts (6,18), and this relation-
ship éuggests that the tubule-PTH relationship is normal (19).

The Hyp/Y {(male) mouse has elevated FE (decreased’

Pi’
net reabsorption) exaggerated FEL . which can exceed unity in
response to phosphate loadiﬁg, and serum PTH levels that are
not elevated except under conditions Qf phosphate loading.
These findings.are homologoﬁs to.those in human XLH. More;
over, phosphate supplementation repairs the bone iesién

and growth failure in mouse (7) as it does in man (18). The
only siénificant difference between the phenotype in Hyp
mouse and XLH patients is'an elevated urinary CAMP‘in the
former. Serum calcium is slightly depréssed'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 inteetinal transport of phosphete
(8}; and in micropuncture studies (21,22), which reveal
phosphate westing along the proxiﬁal tubule, independent
of PTH regulation.

Asymmetry of flux at the luminal membrane accounts for
- net tubular reabsorption of phosphate from ultrafiltfate
(23) . Net influx can be achieved by a process which keeps
the effective coneentration (dr 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 whieh net phosphate disposal
occurs by incorporation into organic pools; or a membrane
event in which there is net outward flux oﬁ anion at the
basolaterel 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 metabolie‘"run—out" of phosphate is not aberrant in
the mutant phenotype. Although dietary modulation of calcium
does influence renal phosphate, we observed no differences
between Hyp/Y and +/Y mice in renal handling of labelled
phosphate, 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 iﬁ the mutant phenotype. We suggest that influx

at the basolateral membrane is this component.

We found no abnormality in net uptake of phosphate from -

the medium or in efflux of phosphate from cortex or medullé
slices in the Hyp phenotype. 1In 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 basilér pole of renal epithelium
are not abnormal in the Hyp 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 Hyp 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



interest in the continuing delinéation 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 transport system permits
efflux (backflux) of phosphate from intact intracellular
pobls bn a residual less-steeply concentrating system; When
" extracellular phosphate is raised_in the mutant. phenotype by
whatever meaﬁs, 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
islnot achieved under this condition, and therefore FE

Pi
must increase and negative reabsorption may be observed.
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TABLE 1

Fractional excretion of inorganic phosphate (FEPi)
in Hyp/Y mice ard +/Y Titter mates
Mouse Period Plasma Pi Clearance Urine Pi FEPi
o pg/mi of Inulin pg/min
ul/min
+/Y
1 1. 49 282 4.29 0.32
2. 44 260 3.07 0.27
3. 54 197 1.38 0.13
2 1 77 155 2.26 0.19
2 65 132 1.20 0.14
3 1. 65 260 3.57 0.21
2. 64 234 2.70 - 0.18"
3. 61 - 187 2.96 0.26
4 1 58 146 3.06 0.36
5 | 42 347 2.34 0.16
2 54 _ 124 0.54 0.08
3 61 : 85 0.88 0.17
6 1 49 306 4,35 0.29
7 1 57 420 7.30 0.30
2 52 328 1.53 0.09
Mean 56.848 230.9 0.z2104
SD 9.16 95.3 0.085
Hyp/Y _
1 1. 34 147 1.85 0.37
2. 32 114 1.68 0.48
3. 35 89 1.18 0.38
2 1. 51 114 1.57 0.26
3 1. 31 357 3.85 0.35
_ 2. 31 250 2.69 0.35
3. 28 243 1.81 0.27
Mean 34.6° 187.7 0.351*
SD 7.6 98.7 0.073

Animals were anaesthetized, cannulated and infused with inulin
(see Methods). Collection perjods {60-85 min) were initiated ,
4-6 hr after animal was cannulated. Fractional excretion (FEP.) =

urine phosphate (ug/min) = filtered phosphate (ug/min). !

Z Results are significantly different (p <0.07, Student's ¢ test).
Results are sianificantly different (p <0.001, Student's t test).
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TABLE 2

C

URINARY EXCRETION OF CYCLIC 3',5'"-ADENOSINE MONOPHQSPHATE

(cAMP) CYCLIC AMP CONCENTRATIONS

cAMPa)
v , (umoles/mg creatinine)
DIET ' Ca P : Hyp/Y +/Y
(% w/w) -
Mixed Chow 1.05 0.75 - 41.41:7.96%  32.31:5.890
01d Guilford 0.22 0.7 77.44+7.34%,  46.69213.329,

a) Urinary cAMP concentrations are the mean and standard
deviation of individual urine samples from 6 mice in
each group, except for +/Y on old Guilford where 7

mice were used.

»% Paired values are signfficantly different at the 0.00]7

level by Student's ¢ test.

* O

Paired values are significant]ly different at the 0.05

level by Student's ¢t test.
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TABLE 3

‘:D Isotopic Distribution Ratio of 32P-Phosphorus
in Kidney Cortex Slices Following Uptake from Incubation
Medium:  Effect of Time, Concentration of Phosphate

"Anion and Dietary Pretreatment of Animal

3?E_Di$tribution Ratio
Pool ‘b) Time on Mouse Chowc) on 01d Guilford
measured (min) _ :
+/Y Hyp/Y +/Y o Hyp/Y
(at Phosphorus Conc, 0.1 matoms/L)
Pi 15 1.72+0.39 ].4910.14*: 1.2]10.19 0.94:+0.19*
60  5.00+0.74 4.83+1.91  3.86+0.51  3.65:0.56
PT | 15 3.84iﬁ.87 ‘3.32t6.30* 1 2.76i0557 A2.21t0.36*
60 12.02:1.58 12.27:3.99  11.16:1.75 11.49:1.26
(at Phosphorus Conc, ];0 matoms/L)
Pi 15° 1!29t0.26 1.18+0.17~* >'0.87i0.é4 0.71+0.17*
60 3.08+0.38 2.80x0.45 2.49+0.35 2.12+0.19
Pf 15 2.37+0.63 2.07+0.32 1.7720.26 1.52+0.35
60 : 5;7410.86 0 5.31+1.30 5.81+0.61 5.26:0.44
a) cpm/ml intracellular water

; mean & SD of six )
cmp/ml extracellular water - determinations

Distribution ratio =

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

c) Mouse Chow diet composition: Calcjum O. 89% (W/W), phosphorus ;
0.63%; 01d Guilford 96W composition: calcium 0.22%, phosphorus 0. 74A

* Paired results are significantly different (p < 0.001,
Student's t test



TABLE 4

- Concentration of Inbrganic Phosphorus in
Kidney Cortex S]icesa)

(matoms phosphorus per g protein)

Incubation - on Mouse Chow® on 01d Guilford®
period +/Y Hyp/Y +/Y Hyp/Y
zero time® - 26.6 1.0  46.6 1.1
. A ' (n=8) (n=6)

(at 0.1 matoms/L) _ _ '
. c* * % ' * L * %
15 min 30.27¢5.25 30.99+ 9.61 40.04+8.81 41.04+2.15

60 min 24.35+5.04 24 .54+ 7.62 27 .86+7.70 26.91+6.38

| | (at 3.0 matoms/L) |
15 min 33.86+4.97 - 37.52:10.13  40.36%9.37 38.89+7.44
60 min 27.95+4.54 29.54= 3.04 30.42i4.784 3].92i3;76

Extraction performed by method of Vestergaard and'Bogﬁnd (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%; 01d Guildord 96W composition: <calcium 0.22%,
phosphorus 0.74%.

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

** Difference in tissue phosphorus of Hyp/Y mice on the two
diets significant at 0.05 level (Student's t test).
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TABLE 5

REGRESSION PARAMETERS FOR RETENTION OF 32p BY KIDNEY CORTEX
SLICES FROM +/Y and Hyp/Y MICE DURING ESTIMATION OF'EFFLUXa)

+/Y Slices Hyp/Y Slices

Expt.1 Expt.2 Expt.] Expt.2
STope ©-0.0290 -0.0302  -0.0297 -0.0295
Y-intercept ~ 4.2391  4.0706 4.0971  4.1775
Corr. Coeff. -0.9794 -0.9714  -0.9878 -0.999]

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

33



Figure 1

LEGEND

Time course of tissue inorgaﬁic phosphorus
during incubation of slices from Hyp/Y mice
(filled symbols) and +/Y litter mates

(open symbols) in fhe presence of extra-
cellular phosphorus concentrations as

indicated on ‘the graph.



Figure 2

v, 3D

LEGEND

Time course for appearance of 32P
in medium (upper graph) and disappearance

from stice (lower graph). Renal cortex

slices from Hyp/Y mice (open circles) and

+/Y litter mates (filled cirles) were

pre-loaded with 32P labelled phosphorus

- to equivalent specific activity and

concentration. Measurement of efflux
was initiated at 6 minutes after emptying of
extracellular fluid space was complete
and when efflux reflects movement from

intracellular space.
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Figure 3

LEGEND

Transfer of phosphate and D—qlucose into

“purified brush border membrane vesicles

prepared from +/Y {wild type, Qpén bars)
and’ﬂlR/Y (mutant, hatched bars) renal
cortex homogenate. Upfake measured at
605,~200C, pH 7.4. Data are the mean and

SD 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 Transtubular Reclamation

in PRO/Re Mouse Kidney

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 i% of normal'renal cortex
proline oxidase activity (Ref. 3 & 4, this section) afforded ghe opportunity -
to rexamine this hypotﬁesis with reference to the transepithelial trans- |
location of a natural solute (proline) in a mammalian tissue (kidney).
Using clearance te;hniques in vivo, and kinetic analyses of proline uptake
intb, and efflux from renal cortex slices in vitro, it was possible to
demonstrate integrity of the transport systems for proiine at the luminal
and basolateral membranes of the tubular epithelial cell in PRO/Re mice.
Névertheless, renal excretion of proline was greater than normal at any given
suﬂstrate (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 efflu# across the luminal.
or peritubular surfaces occurs. Increased solute flux into the tubular lumen
produces increased excreﬁion, aﬁd we propose this mechanism -as the cause of
the increased proline clearance in PRO/Re micé.

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

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



0

of a solute may influence its net ﬁranscellular transpért 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 homozygous PRO/Re mouse has less

than 1% of the very high proline oxidase activity that
characterizes normal kidney cortex. In PRO/Re mouse the

endogenous proline concentration is eight times normal

_in plasma aud four times normal in Kidney cortex cells, but
‘50 times normal in urine. The integrity of the membrane

transport systems for proline uptake at the antiluminal
surfuce of absorbing epithelium is retained in PRO/Re

_killney, as determined by the slice method. Clearance

studies in vivo under steady-state conditions indicate that
the integrity of the luminal uptake system shared by gly-
cine and proline, and serving proline absorption, is also
intact. The exaggerated renal clearance of proline. in

PRO/Re mice (50 times normal) is explained when its ~

raised intracellular concentration, caused by impaired
proline oxidation, is considered. Backflux into urine flow-
ing down the nephron will occur under these conditions,
thus impairing net reclamation of proline in PRO/Re
kidney. The findings reveal that membrane transport and
intracellular metabolism of a substrate are, indeed, inde-
‘pendent functions, but that metabolism of a substance
can influence its transcellular transport.

Transport across 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-catabolic mutant
microorganisms and metabolically inert substrates to study
membrane transport of various amino acids (1, 2). The op-
portunity to examine L-proline transport in kidner of the
homozygous PRO/Re mouse (3, 4), 2 mutant with less than
19, of the normal renal proline oxidase activity, was of par-
ticular interest to us. Proline is avidly taken up from urine (5)
and from plasma (6) by mammalian kidney, where it is then
vigorously oxidized, with resultant glucogenesis under condi-
tions of fasting (6). It follows that the PRO/Re mouse ofiers a
unique opportunity to examine the inter-relationships be-
tween intracellular metabolism of proline and the cellular
architecture of renal absorbing epithelium; and how they
influence proline uptake from extracellular fluid ¢»n vivo and in
vitro and the net reclamative flux of proline from urine to blood
in vivo.

We used renal clearance methods (7) to evaluate tubular
reclamation of proline across the luminal membrane, and the

mouse kidney. Whereas, proline transpert as a membrane
function remains intact, net reclamation from urine is im-
paired in PRO/Re mice, presumably”beeause of proline back-
flux at the luminal side of the epithelium. ’

METHODS AND MATERIALS

Homozygous PRO/Re mice were provided by Dr. Elizabeth
Russell of the Jackson Laboratory, Bar Harbor, Maine;
control mice (A/J and C57BL/6J) were obtained from Dr. F.
Clarke Fraser at McGill University. Blood for proline deter-

mination was obtained by orbital sinus puncture, and urine

for measurement of proline and creatinine was collected from
six to nine animals placed in hanging metabolic cages. Homog-

- enates of dissected renal cortex and of renal cortex slices were

prepared from kidneys immediately after their removal and
analyzed as described previously (9-13).

L-Proline was infused into lightly anesthetized mice through
an exposed cannulated external jugular vein. The bladder was
also catheterized. Blood was withdrawn from an exposed 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 [**Clinulin clearance. Proline levels in plasma
were elevated step-wise by priming doses of L-proline (0.25-5
g/dl) and maintained by a sustaining infusion. Equilibration

for 30-60 min was allowed prior to measurement of renal

excretion and reabsorption of proline at each plasma level
attained. Proline uptake by renal cortex slices was measured
after determination of the appropriate tissue water spaces; the
distribution of proline in metabolic pools was measured with
L-[“*C]proline and by direct chemical analysis, using methods
described previously (9-12). :
1~{4C]Proline (uniformly labeled; specific activity, 173

" Ci/mmol) and carboxyl-labeled [*Clinulin (specific activity,

kidney cortex slice technique to measure transport across the

antiluminal surfaces of epithelial cells (8). Normal mouse
kidney. transports i-proline in witro by saturable evergy-
dependent membrane mechanisms, and ean reelaim virrually
all of the filtered proline from urine. This organ also oxidizes
proline at exceptionally high rates. When proline oxidstion is
blocked, the intracellular proline pool is expanded in PRO/Re

1431

2-5 mCi/g) were obtained from New England Nuclear.
Radiochemical purity was verified in the usual manner (9).
Unlabeled amino acids were obtained from Schwarz/Mann
(New York). Reagent grade chemicals, obtained locally, were
used in buffers and solutions.

RESULTS
In vivo proline concentration: plasma, urine and
kidney cortex
PRO/Re mice maintain the concentration of proline in plasma
and urine well above the range observed in age-matched con-
trols fed on comparable diets (Table 1). Plasma proline is
about 8-fold elevated in PRO/Re mice while their urine pro-
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Fic. 1. An Akedo-Christensen plot of the reciproeal of tn vio
steady-state proline concentration in plasma versus the prolice
distribution ratio between intracellular water and plasma.in kid-
ney of control (@) and PRO/Re (O) mice. Symbols with a diag-
onal bar are the mean values for the two populations. Proline is
taken up by kidney against a chemical gradient n vive, by a satu-
rable mechanism.

Line is 50 times normal. Proline excretion in control mice is
minimal, being about one tenth that of glycine. Intracellular
proline 15 elevated about 4-fold in whole-cortex homogenates
of PRO/Re kidney. The corresponding proline distribition
ratio in vive (proline in kidney intracellular water:proline in
plasma water) is depressed when compared with that of
control mouse kidney (Table 1); the explanation of this finding
is conventional. When the in vivo distribution ratio is plotted
against the reciprocal of the corresponding plasma proline
concenfration (the so-called Akedo-Christensen plot), a

steady-state transport relationship between plasma and tissee -

is described which undergoes saturation at elevated concen-
trations of the substrate (Fig. 1).

151 — =
J L
2 ] CONTROL(+'C0,)
g ] .
S 101
; -4
o J
B PRO/Re(+%C0O,)
- e -
‘s S R
s 4 - TPyt
2 3{enge--oe " C St :_/ PRO/Re
2‘?" B CONTROL
"-
o)+
o 10 20 30 40

1/{Pro)

F16.2. Akedo-Christensen plots for 30-min uptake of L-proline
under steady-state conditions by control and PRO/Re kidrey
cortex slices. The soluble~isotopic distribution ratio, and the
uptake ratio which accounts for proline oxidized to CO: (9, 11)
are related to the reciprocal of the proline concentration in the
medium. Saturable uptake is observed in PRO/Re slices deficient
in proline oxidase activity. Control kidney oxidizes proline so
rapidly that saturable transport is not observed unless the toal

amount of proline taken up by slice and lost by oxidation to CO,

is taken into account.

Tasre 1. Proline concentrations in plasma, urine, and kidne;;
of PRO/Re and conlrol mice*

Control PRO/Re
mean & SD  Mean = SD P value?

Plasma (umol/liter) 81 = 26 670 = 210 <0.01
Kidrpey cortex

(umol/liter of '

ICW) 545 + 146 2220 = 500 <0.01
Urine (zmol/g of .

creatinine) 91 + 21 4960 = 1850 <0.01
Renal: plasma dis- .

tribution ratiof 6.20 £ 1.51 3.46 = 0.91 <0.01

* All values (n = 6-10) were obtained in mice fasted for no
more than 3 hr. Longer fasting reduces proline concentrations.
1 The distribution ratio is caleulated from the formula (pro-

" line concentration in kidney intracellular water, ICW) = (pro-

line concentration in plasma water) taking 0.55 X wet weight for

_intracellular water, 0.23 X wet weight for extracellular fluid,

and 0.92 X volume for plasma water. Proline was determined by
elution chromatography on jon exchange resin columns with a
modified Beckman amino-acid analyzer (13).

1 Determined by Student’s ¢ test.

We also investigated whether urine trapped in the lumen of
tubules, containing a great excess of proline, might contribute
to the high ir vivo tissue:plasma proline distribution ratio in
PRO/Re kidney. The proline content of whole-cortex homog- -
enates was compared with that of thin cortex slices with 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 proline content in
slices was one tenth to one third less than in whole-cortex
homogenates. We believe the artefact of trapped intraluminal
urine explains why “intracellular” proline is higher in vivo at
various levels of plasma proline (Fig. 1 and Table 1), than in
cortex slices incubated in vitro under analogous steady-state
conditions at corresponding concentrations of e\tracellu]ar
proline (namely Fig. 2 and Table 2).

In vitro uptake and metabolism of proline b‘

kidney cortex slices

The steady-state relationship between influx and efflux, and
oxidation of r-[1*C]proline, was examined in vitro with kidney
cortex slices. The isotopie distribution ratio achieved a steady-
state after 30 min incubation. The chemical distribution ratio
and the soluble-isotopic distribution ratio, corrected for -

~ conversion of 1*C-labeled proline to other soluble derivatives,

were also determined. The latter two are less than unity in
control mice with intaet proline oxidase activity (Table 2);
the corresponding ratios are greater than unity in PRO/Re
kidney.. Chromatographic development of the soluble 1(-

_ labeled material, extracted from boiled slices after 30 min

incubation, revealed that normal mouse kidnev readily con-
verts L-proline to non-proline metabolites. Only 239, of the
label accumulated from extracellular proline at 1.2 mAl i:
retained as intracellular proline by control mouse kidney:
the majority of 1C label appears in COs (Fig. 2). On'the other
hand, 779 of the label is retained as proline by PRO/R.
kidney under similar conditions and oxidation to CO. i
greatly attenuated, as expected, in the kidney deficient in pro-
line oxidase (Fig. 2).
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TasrLe 2. Various measurements of the distribution rciin jor
1-proline in kidney cortex slices incubated in vitro

Type of distribution :
ratio® Control PRO/E=
Chemical* . 0.81 = 0.31 1.57 £ 0.24
_Chemical-isotopict 0.80 % 0.18§ 1.42 % .13
Soluble-isotopics 3.58 + 0.8 1.91 = 0.18
Soluble~isotopic§ + CO; 9.7 + 2.6 4.6 = 0.6

All ratios are the mean and standard deviaticn of observations
in triplicate calculated from dpm accumulated in 1.0 ml of intra-
cellular water of slices incubated in the presence of uniformls

labeled 1~[#C]proline at 1.2 m) for 30 min and 37°; the de=

pominator in the ratio is dpm at zero time in 1.0 m} of extracelle-
lar water. T

* Chemical analysis of proline in cortex slice homogenate by
elution chromatography on anion exchange resin columns on a
modified amino-acid analyzer (13). '

-} Derived by correcting for loss of 1*C label from proline taken
up by slice and converted into other soluble metabolites as de-
termined by partition chromatographic methods (9, 11).

1 Derived from uncorrected “C radioactivity in intracelluler
water.
§ Sum of dpm in 1*CQO; and dpm in soluble pool (9, 11).

The PRO/Re mutant unequivocally transperts rL-prolin=
.agzainst a chemical gradient (Fig. 2). Proline uptake by PRO
Re kidney slices is inhibited by cyanide and anaerbiosiz and
by Na* depletion in the medium, as in normal mammalian
kidney (9-12).

Concentration-dependent uptake and reclamation
of proline.

Rat and human kidney cortex slices take up r-proline undsr
steady-state conditions, by more than one saturable mech-
anism (9-12, 14, 13). Mouse kidney accumulates proline ina
similar manner (Fig. 3). The apparent K, values for prolice
uptake by normal mouse kidney cortex slices (about 10 m}M
on the “high” system and about 0.1 m)I on the “low™ sys-
tem) are in the range of those reported for rat (9-12), acd
human (14) kidney under similar conditions. The affinity of
L-proline for its transport system(s), particularly at the con-
centrations of proline experienced in vivo, is not significantiy
modifted by proline oxidase deficiency (Fig. 3).

We also examined proline efflux from PRO/Re and control
cortex slices, at comparable intracellular concentrations; by
methods described previously (12). Proline efflux rates are

similar in the mutant and control mice; 90% of the initial

proline has been lost across the antiluminal membranes withia
15 min.

Net tubular reabsorption in vivo

Renal clearance of proline (urinary excretion in gmol, 'min <+
plasma proline in gmol/ml), and net tubular reabsorprion of
proline [(inulin clearance in pl/min X plasma preoline in
amol/ml) — (urinary proline in pmol/ min}}, were measuredin
control and PRO,Re mice. The renal clearance of proline ia
three different PRO/Re mice was about 50 times higher thzn
in age- and weight-matched controls at all comparable levels
of plasma proline observed (Fig. 4). Net tubular reahzorptian
{reclamation) of proline is accordingly, much diminishe! in the
PRO;Re renal tubule.
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Fi6. 3. Eadie-Hofstee plots of 30-min proline uptake (u; by
kidney cortex slices prepared from control and PRO 'Re rmice.
More than one mode of uptake is present in both strains. The
apparent K, values for the “low” and “high’’ uptake systems. in
control and PRO/Re kidney slices, are essentially sircilar.

- Itis of interest that we were unable to identify any sigeis-
cant saturation of proline reabsorption in rivo in the normal
mouse, even at plasma.concentrations more than 200 times
normal (R. R. McInnes and C. R. Seriver, unpublished daza).
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Fic. 4. Renal dearance of proline from blood (Cpo}in conzrol
(wild) steain and in the mutant (PRO/Re) strain at varSous
steady-states monitored by inulin clearance. Prolize clearsace
is approximately 50-fold greater in the PRO,/Re mouse compsred
to the contrels. Caleulation of tubular reabsorption dsta confrns
that net reclamation of proline is depressed in PRO,/P:. The &=
shows glyeine dearance at endogenous concentrations in relasion
to the plasma proline concentration; glycine clearance is not Jif-

“ferent from normal in PRO/Re¢, indicating integrity of -he
luminal transport system shared by glycine and prolize.
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Fic. 5. Theoretical double-reciprocal plots for flux (inward
and outward) of proline when concentrated from an externsl pool
[S:] to an internal pool [S:.] sgainst a chemical gradient, at
stezdy-state. If an intracellular event (e.g., decreased proline oxi-
dation) causes.the internal proline pool to expand {S;y] inde
pendently of the amount.derived from influx, efflux across the
membrane will increase. When the latter occurs at the luminal
membrané of an epithelial- cell, into a2 moving column of liguid
(e.z., urine), the enhanced efilux (backflux) will yield diminished
net reabsorption of the solute at that surface.

Proline shares a transport system with glycine, and the
former will inhibit reclamation of the latter during t=bular
reabsorption in man (5) and rat (15, 16) at the econcentrations
of both substrates encountered in the present study. Prolice
and glycine share transport in the mouse also (R. R. McInnes
and C. R. Scriver, unpublished data).

Therefore, we examined interaction between proline and
glvcine during reabsorption to determine whether this svstem
is intact in the PRO/Re mutant. Glyeine reclamation is im-
paired to the same degree in the PRO/Re and control mouse at
various concentrations of r-proline (inset, Fig. 4), im:plyiug
that integrity of the shared luminal membrane system ==rving
reclamation is retained in PRO, Re kidney.

DISCUSSION

The kidney of mouse is quite different from that of man or rat -

in its capacity to oxidize proline. After 30-min incubzation at
0.1-0.2 mM vr-proline, the fraction of transported proline
oxidized to CO; by kidney cortexslices is about 50%, in the rat
(9) and in man (14); it exceeds 809, in normal mous2. Tke
intivo concentration of proline in kidney cortex, as detezmined
by the slice method, is also different in the three species. In

man (14), and in rat (11), it exceeds 0.6 mM, whereas in’

mouse kidney, it is less. The average proline concentrziion in
plasma is above 0.2 mM in rat and in man (9, 11, 19), whereas,
it is less in the mouse. These findings imply that the rate of

intracellular proline oxidation modulates its concentmaon in
body fluids.

Net tubular reabsorption of proline reaches saaration
“in man when the plasma proline concentration exceeds 1 mM.
The reabsorptive function is dependent on the intezrity of
membrane transport systems which serve low (physiclogical)

et~}

and high intraluminal concentrations of proline (5). Satura-
bility of a high-capacity mechanism for proline reabsorption
has also been identified, with some difficulty, by microperiu-
sion methods in rat kidney (18). On the other hand, wz could
not define a saturable mode for proline reabsorptior in the
‘mouse at proline concentrations that evince saturatior. in man
and rat. It occurred to us that the great capacity of mouse
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kidney to oxidize proline might keep intracellular proline at
low levels and that the capacity for proline uptake into the
cell does not normally exceed the capacity for disposal of
proline in the absorptive cell. In this case, an intracellular
enzyme acting on the substrate comes to influence, although
not to serve directly, the transcellular movement of the amino
acid; that is, metabolism of proline is a determinant of its

‘intracellular concentration and thus of its transepithelial

reclamation. The PRO/Re mutant proved to be a useful probe
of this hypothesis.

Proline concentration is mode~tlv elevated in the body

. fluids of PRO/Re mice whereas, urinary proline is excep-

tionally high; we suggest that expansion of the intracellular
proline pool in tubular cells is largely responsible for the

_latter finding. Prolinuria will presumably oecur in PRO/Re
- mice, in part because the luminal transport system undergoes

normal saturation at the higher concentrations of proline in
tubular urine (5, 7, 15-18); a greater fraction of filtered proline
will, therefore, escape tubular reclamation. However, our
studies in control mice reveal that this normal saturation of
the transport mechanism does not significantly impede net
reabsorption 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 possible. Normal integrity of the
saturable, energy-dependent proline transport systems which
are exposed in glomeruli (21) and at the antiluminal surface of .

. epithelial cells (9) was also demonstrated in PRO/Re cortex

slices.

The hyperprolinuria relative to e\'traceuula.r proline con-
centrations which is charaeteristic of PRO/Re mouse can be
interpreted by the application of Michaelis kinetics to the
transepithelial reabsorptive function (Fig. 5). We must as-
sume that the relationships .for proline eflux in PRO/Re
kidney, as identified at the antiluminal membranes tn vitro,
pertain alse to the luminal membrane in tivo, and that proline
uptake kinetics at physiological concentrations across luminal
and antiluminal membranes are independent but similar.
Earlier studies in rat kidaey (11, 12) suggest that such as-

" sumptions are reasonable. We utilized the evidence that an

asymmetry of trans-cellular flux must exist (22), presumably
achieved by the disparity in absorptive membrane area of
Iuminal and antiluminal surfaces, to achieve net reabsorption
of solute from urine; and that cellular accumulation from
blood or urine and transepithelial 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-
ficieney, and also in the presence of contihuing uptake from
blood and urine. At high concentrations of proline inside the
cell, efflux of proline 1s enhanced on the same mechanism that
moves it into the cell against a gradient (Fig. 5). When this
event occurs at the luminal surface of the epithelial cell,
proline will flow into & moving columu of fluid and will appear
in the bladder urine, being perceived as diminished tubular
reclamation of proline. The normal structural relationships of
tubular epithelium permit 1his phenomenon to be observed
in vivo ina manner not possible in 1t’ro.

The failure to observe impaired net reabsorption of phenyl-
alanine in phenylketonuria (235, 26) and of sarcosine in sar-
cosinemia (27}, both mutant blecked-catabolie states, can be
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explained. The role of kidney in the oxidation of these zmine

" acidsis negligible or minor, respectively, so that the intracellu-

l2r concentration of these two amine acids is not medulat1 by
their renal metabolism.
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SECTION VI

Net Reabsorption of g-Aminoisobutyric Acid by Rat Kidney

in Vivo. I. Clearance Behaviour and Interaction with

Natural Amino Acids.

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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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-metaboiizab]e amino acid
a-aminoisobutyrate (AIB) as a model for the study of net
»tubu]ar reabsorption of amino acids was examined using
clearance techniques in the anesthetized rat. Sixteen.
hours‘afier intraperitoneal injection of.AIBf]-[]4C],
plasma AIB and FEAIB are constant and renal loss of AIB
controls plasma-[AIB]. Interindividual variation in FEAIé
is wide (0.07 - 0.21) bdt intraindividual variation is low
,( < 0.03 in 63 clearance periods); ihis %act pefmitsvsensi-_
tive examination of factors moduiatihg AIB exéretion in a
given animal. Net reabsorption of AIB resembles the process
for natufal amino acids in that: (f) FEAIB'is.not‘inf1uenced
by spontaneous fluctuations in GFR or urine flow rate;

(ii) AIB excretion rate and renal cortex aécumu]ation of

AIB are not direct]y related; (iii)- AIB does not interact
with phosphate during reabsorption; (fv) AIB impairs
r;absorption of short-chain, aliphatic amino acids which, like
AIB, have high endogenous excretion rates in rat and man;
Proline and g]utamate exhibft a biphasic plasma and'urinary
oscillation in response to AIB infusion; (v) AIB re-
absorption is altered by changes in the fi]fered load of
various natural amino acids so thatsat filtered loads of
L-lysine, glycine, L—proTine 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 reha1 medulla vs. cortex.
Renal tissue levels are decfeased by infusions of other amino

acids; only proline abolishes the medulla-cortex difference.
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These fihdings indicate that: (i) AIB is reabsorbed by
amino-acid transport processés; (ii) it may serve as a
highly sensitive model of renal amino acid transepithelial
transport; (iii) net AIB reabsorption determines its |
endogenocus pool size at steady-state; (iv) specifiﬁ
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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a-Aminoisobutyric acid (AIB) is a synthetic non-meta-

”.bo1izab1e, 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 transport by

‘kidney (24,30,35). However, if AIB uptake by kidney s]icés

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

surface of epithelial cells priﬁari1y.(29,37), suéh 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 initial

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

rena]ihand1ing in vivo be examined carefully. | |
Reabsdrptfon of AIB across the Tuminal membrane of

the proximal tubular cell in rat kidney in vivo is energy

and Na+—dependent (33). Moreover, some form of direct or

'indireEt intefaction 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 concentfafions in plasma,
AIB has no effect on the excretion of natural amino acids
in the dog (35), yet AIB 1nduces increased urinary 1loss of.
many natural amino acids in the rat (6). However,. 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).



The following report togethér with the accompanying
paper (R.R. MclInnes and C.R. Scriver, 1978b) extends the
.charactefization of net renal %eabsorptioh of AIB in the
rat. The interactions between AIB (or a-methyl-L-alanine)
and'natura] amfnb acids indicate that it does not behave as
. a simple probe of the alanine-preferring dr "A" system of
| amino acid transporters (20). Moreover, observations on the
renal tissue concentration of AIB indicate that complex
fnteractiohs occuy during modulations of ité net reabsorption.
Our observations were obtained with a method which permits
.sensitive and precisg heasurement of net reabsorption of AIB
in vivo.

METHODS:

- Female Long-Evans hooded rats obtained from Canadian
Breediﬁg Farms, Montreal and weighing between 190-220 gm,
were given AIB (0.115 mmoles/kg or 1.22 mmoles/kg) and 5 uCi
of AIB—]—[‘4C] (2-10 mCi/mmole, from New Englahd Nuclear
Corp., Boston, Mass.) by intraperitoneai 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—ethy]—5(]-methylpropyl)2-thiobarb1turic acid (Henley
and Co., New York, N.Y.), 100 mg/kg ip), immobilized supiné
on narrow cardboard strips, and suspended on a single-pan
batance. The trachea was bisected 345 rings below the
thyroid carti]ége, 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 femora]_artery was used for sampling b]ood;
each was catheterized with polyethylene tubing (Clay-Adams),
and kept patentlwith heparinized saline (100 units/ml). The
b]adder was cannulated with 3-4.§m of po]yethy]ene'tubing,
tied into the bladder to minimize dead space to less than 30
pi. The body temperature was kept af 37° with avrectal
thermistor probe'connected to a 75-watt incandescent light
bu]bA35 cm above the animal. Tracheal lavage was perFormed

every}30 min with 30 u1.of sterile 0.9% NaCl, followed by

qution. This preparation maintained physiological homeostasis

in the rat for 6 hours.

. Animals were infused, at 16 ml/kg-hr. with a solution

containing KC1, NaCl and inulin; NaCl (6.5 ml of 0.9%)

containing 650 mg of purified inulin (Arnar-Stone Labs.
Inc., Mount Prospect, I11.) was added to 43.5 m1 of NaCl (40
mM) and KCl (2.65 mM) containing 20 uCi of inulin [methoxy-
3H] (50-150 millicuries/gm; New EngTand NucTear). Tritium-
Tabeled inulin mimics the behaviour of unlabeled inulin in
the kidney (16). The solution was infused with a Harvard
Pump Model 906>(Harvard'App1iances Co., Millis, Mass.) at a
rapid rate (3 m1/15 min) ~to initiate diuresis and to prime
with inu]fn. 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 HCI. At the mid-point of each
period a b]bod.sampTe (80-120 nt) was collected into heparinized
capillary tubes from the femoral artery catheter. Cells

were séparated from plasma by.centrifuéation and the hemétocrit
was measured. Inulin, AIB and hematocrit were measured in
a]]lblood samples; calcium, phosphate, and the natural amino
acids were detérmined on1y-in periods 1,3,5 and 7. Calcium,
phosphate, inulin, AIB and amino acids wére méasured in all
urine samples. ‘The rat was weighed at the end}of each
clearance period; body weight generally remained Qithin 1.5%‘
of the preinfusion weight."

Infusions of Natural Amino Acids. Aminc acids (reagent

grade) were obtained from Sigma Chemfca1s Co., St. Louis,

Mo. Glycine, L-alanine, and L-prbline were infused during
successi?e 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 XC1 (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 j6 ml/kg-hr.

Infusion of AIB. Nine rats were infused with AIB—1-[]4C]
(2-4 pCi/hr) mixed with uniabeled‘AIB (0.034-2.67 mi]]imo]és/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 concenfration 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-metabolijzable amino acid in

excess of its disposal into tissues and urine. The infusion
lasted 3 hrs. in each animal.

MéaSurement of AIB 1in Renal Tissue. At the end of the -

. seventh coTiection 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 ana]jsis of cortical AIB.
Medullary slices were also obtained avoiding'cortex and
papilla. The slices were weighed and placed in NaOH (1N, 2 ml)
overnight (25). After heaiing (70°C x 90 minutes), the
extract (100 ul) was added to 3 ml wéter containing 50 ul of
concentrated acetic acid in a scihti1létion vial to which

Aquasol (New England Nuclear Corp.) was added for éounting.

Liquid Scintillation Counting. Plasma (20 ul) or urine (50 ul) -

were added to water (3 ml1) 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

14 3

scintillation counter (Nuclear-Chicago). C and “H were

counted at 40% and 17% efficiency respectively, and the

external standard:channel ratio method was used to'resolve_

14

the " 'C and 3H components in these double-label studies.
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Purity of [SH]-insulin and ['%C1-AIB. The purity of each
1ot.of inulin methoxy-TBH] was examined by descending partition
chromatography on filter paper (Whatman No. 1) developed in

a mixture of butano]:ethano]:HZO (26:9:15); strip—scahning'

was used to locate the labeled inulin. Material with more

than 3% radiochemical impurities WQS’rejectéd.

Purity of AIB-1-'"

C] was verified by partition chro-

matograbhy on thin-layer cellulose chromatograms deveioped‘
in a mixture of butano]:acetic:HZO (12:3:5);_radiochemica1

purity exceeded‘99%.

Chemical Methods. Na and K were measured by flame photometry.

Osmolarity was determinéd by freezing-point depression.
Amino acids were measured by elution chromatography on ion
exchange resin columns with a modified Beckﬁan-Spinco 120
amino acid ana]yserrprovided with an expanded scale (28).
Plasma samples were deproteinized immediately with 5 volumes
of sulfosalicylic acid (3% w/v) and held at -20°C before
amino acid analysis. Total caTcium and inorganic phosphorus
was méasuredAin acidified urine by the methods of Gitelman
(11) and Kraml (13) respectively adapted for the Technicon
Autoanalyser (Technicon Corp., Tarrytown,.N;Y.). Calcium
ahd phosphorus were measured in plasma (v61umes 10 ul and 5 nul

respectively) with Rapid Stath

kits (Pierce Chemical Co.,
Rockford, I11.) using DadeR Monitrol-1 solution (American
Hospital Supply, Miami) as the standard. The reliability of

this method of calcium measurement has been established (2).



Statistical Methods and Calculations. Tests of significancev

were performed by analysis of variance (31). Glomerular
filtration rate (GFR) is the equivalent of the inulin clearance

(CIn)' Fractional excretion of AIB (FE ) = Excreted AlIB

AlIB
(umoles/min) * Filtered AIB (ymoles/min) where filtered AIB

= GFR x plasma [AIB].

RESULTS

1.1 Rena1 Hénd]ing of AIB in the Rat

Stabijlity of the Physiological Preparation: Intra-peritoneal

injection 6f AIB 16 hrs previously achieves étable'p1asma
" levels and fractional excretion of AIB in the rat (Figure
1). The plasma inulin 1éve] obtained with the infusion
protocol (55.1 + 0.15 mg/d1, mean + SEM, 7 periods, 9
énimals) was sufficient to estimate GFR reliably (9). The
p]aéma level and fractional excretion of phosphate anion
. (Pi), selected to evaluate renal handling of a non—amind
acid solute, was‘a1sd stable under these conditions.
deium.and potassium in serum of infused rats were
]4],1‘i 1.8 mEq/L and 4.63 = 0.18 mEq/L respectively in thé
7th period (mean + SEM for 9 animals), and not sﬁgnificantfy
différent'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'fena] clearance and infusion-protocb1
(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 metabo]fsh during the infusion |

procedure.
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FEAIB Urine Flow Rate and 5FR. Urine flow rate and GFR

were not related to FEAIB in a total of 112 clearance

périods in 16 rats. The observed increase in urine flow

rate in period 7 (46.2 + 3.7 ul/min, mean ¢ SEM in period 7

vs 37.63 + 3.83 ul/min, mean z SEM, for the first six periods;
p<.0.01) was not associated with a change in ?EAIB (Figure 1).
The bause for this increase was not 1nvestigated;

Re]ationShip between FEAIB and Plasma [AIB]. Six rats were

»injected with AIB at Tow dosage (0.115 mmoles/kg, ip) 16 hrs
prior to study while nine rats were given a 10-fold higher |
do§e of.AIB (1.22 mmoles/kg, ip). Steady-state p]asmé [AIB]‘
after injection was 0.037 =M : 0.006 (mean * SEM) with the
Tow dose and 0.242 mM % 0.07, or 6.5-fold higher, with the
high dose. Sincevreha1 excretion is the prfncipa] roﬁte for
disposal of AIB in the rat (19), increased FEppp could
explain the relative deficiency of piasma'[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< 0.007).

A negative correlation was found between plasma IAiB]
and FEAIB amongnanima]s ih the high-dose group (corr; coeff.
0.734, p< 0.05) (Figure 24). This phenomenon is.not unique
to the clearance period'depicted (the 6th); significantly
negative correlations (p< 0.05) were'presentvin five'of
the seven clearance periods, and in the remaining fwo periods
(#3 and #4) the correlaticn was still negative but less

significant (p < 0.10). The phenomenon appears to reflect .
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interindijvidual 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 variation in FEAIB:

When FEAIB was pTotted against time for each rat infused
with AIB at the high-dose level (Figure 2B), 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 thanm 0.02 in 54 consecutive

periods and less than 0.01 in another 37 perfods. Experiments

were rejected if the intraindividual variation in FEAIB

exceeded 0.03 in three consecutive control periods. Inter-

'individua] 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 Natufa] Amino Acid Infusion.

On Plasma [AIB]: L-proline and L-alanine increased steady-

state plasma [AIB] significantly (p < 0.005) (Figure 3, top
row), as the infusion rate was increased from 2.5 mmo]es/'

(kg-hr) to 15 mmoles/(kg-hr). Glycine infusion had a

similar but smaller effect (b < 0.01) while L-1ysine décreased
plasma [AIB] (p < 0.005). The plasma concentration of the
natural amino acids under these conditions were 9-11 mM (30-

100 times normal) at the highest infusion rate; their filtered

loads exceeded that of AIB by 20-30 fold.
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" On FEAIB’ GFR, and FEPii Infusion of L-proline and»L-

alanine, at or below 5 mmoles/kg-hr, decreased FEAIB (pg

0:005 -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'
éFR and FEPi were altered only by aIanine infusion.

GFR was increased: control GFR; 1.93»t'0}04'm1/min (mean * a

SEM); experimental GFR, 2.32 + 0.12 m1/min; p < 0.005. FE,,

was decreased: control FEPi? 0.200 £ 0.008; experimental
FEp;: 0.165 + .002; p< 0.025 at alanine infusion rates <
10 mmoles/kg-hr. The change in GFR and the parallel effects
von FEAIB and FEPi probably reflect alanine?induced'aTterations
in renal hemodynamics. |

On Renal Tissue [AIB]: The accumulation of AIB in renal

cortex and medulla in vivo is expressed as a “tissue'ratio“
(TRAIB), derived from the equation

.'dpm/mg wet tissue weight x 1000
dpm/m]l plasma

This ratio, of necessity, incliudes AIB trapped in the proximal
tubule lTumen during preparation of the.tissue. Accordingly,
TRAIB is not equivalent to fhe distribution ratio for AIB |
achieved in slices incubated in vitro, where the amino acid
appears to accumulate only in the cells (37). |

Cortical TRp;p (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 TRA1R (15.3 + 0.7, mean
+ SEM) is significantly higher than cortical‘TRAIB (p< 0.025)
in keeping with earlijer observations reported by Wedeen ana-

Thier (36).

16

>
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Glycine, alanine, proline and lysine each decrease
TRAIB in both cortek and medulla when 1nfusediét 1Svmmo1es/kg-hr
(p< 0.001 for each amino acid) (Figure 3). The effect of
proline is unique in that it alone abo1ishes the différénce'
between éortica1 and‘medu]lary TRAIB (Figure 3). Regafdless 
of whether FEAIB is diminished or increased by proline at a-
low. or high rate of infusion, the tissue'ratio is decreased.
Thus, AIB excretion and cortical accumulation are di§sociated§

3. Effect of AIB Infusion on Plasma Levels of Natural

Amino Acids;

The plasma concentration of sixteéh naturaT amino acids
was meaSured before and during intravenous iﬁfusfon 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 écids; the exceptions are pheny1a1anine,
tyfosine and ornithine} The negative correlation is sign15'
ficant (p < 0.05) for eight amino acids, (leucine, isoleucine,
valine, proline, glycine, alanine, lysine and glutamic
acid). Representative data for neutral, cationic and anjonic

amino acids are shown in Figure 4. This figure also reveals

"a particular type of interactionbfor AIB with proline and

glutamate. Their plasma concentration is increaséd 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 [AIB]
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is pldtted in Fig. 5. When AIB is'ébsent,from plasma the
excretidn of amino acids is similar to that reported for
rats by Lingafd ef al (15). The fractiona] excretion of
most natural acids increases when plasma [AIB] is raised(a).
'fhe AfB—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 ébout 10.0; for
phenylalanine, tyrosine, lysine and ornithine when it is
above 40. Representative data are shown in figure 5. These
observations-inditate that any interaction between AIB and
natural amino acids which'affects net reabsorption is not
reTated only to the chemical structure of the natural amino
acid.

The glutamic acid excretion response‘js'biphasic
(Figure 5). When filtered AiB is be]ow.that of glutamate

0.69 * 0.20, mean * SD, n =5), FE decreases

AIB/Fglu’ “glu
6-fold (to 0.68 + 0.17) compared to control (4.22 + 0.72 at
zero plasma [AIB] p< 0.05): but when filtered AIB exceeds

filtered glutamate, FEg1u 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.

18
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4. Effect of AIB Infusion on Phosphate 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 stabie preparation for the study of
factors 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 gxpansioh. The use. of a non-metabo]izable
amind acid in vivo cifcumventsvthe problem of circédian
fluctuation in p]aéma cohcentration énd filtered load of
natural amino acids (10) and avoids the influence of intra-
renal metabolism on transepithelial transport-(29). We

chose AIB for our investigation, in contrast to cycloleucine .
whose reabéoption is greater than 99.9% in the rat (5;
McInnes and Scriver, unpublished observations), because its
reabsorption is about 85% at>"physiologica1".concentrations

in plasma (0.1-0.4 mM). Therefore variations in its reab-

sorption, both increased and decreased, are more easily

observed. Fhrthermore, it is responsive to some of the
factors which regulate tubular transport of amino acids
(23). | |

We injected AIB 16 hr in advance to allow tihe for its
equilibration between plasma and dther endogenous pools.

Under these conditions FEAIB is 7-20 fold greater than



previously reported at similar plasma levels but without fhe
interval for equilibration (23). The appareni explanation
for this finding is related to the equf?ibration of AIB with
tubular epithelium as described in the accompanying paper
(R.R. MclInnes and C.R. Scriver, 1978).

We observed threefold interindividual variation in
FEAIB but little intrafndividual variation in the rat.
Individuality of epithelial transport activity (17,26) and
vrena] excretory attivity (38) has Been'demonstrated‘previou51y
and is part of the 1arger themé of biochemfcal individuality.
AIB is eliminated from the body mainly by the kidney at
increased rates.at higher plasma levels. In rats achieviné
~high plasma [AIB] in response to a fixed dose of the amino
acid, FEy;p s low compared to that in rats with ré1ative1y
lTow 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 suitability of.AIB for the $tudy.of transepithe]ia]
transport by.mammalian kidney'depends dn_tﬁe extent to wﬁich
~its behaviour parallels that of the natural ‘aminovaci.ds. In
addition to the previously-documented sodium-dependence of
its proximal tabular reabsorption (33) we have made the
'f01]owing observations.

AIB reabsorption is not affectéd 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 in coriex at steady-state.

Although the in vivo tissue ratio that we adopted (25) to
evaluate AIB accumu]ation by kidhey measures solute in both
the lumen and.thé‘intrace11u1ar 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 interactioﬁ
bétween AIB and the natural amino acids during movement
across plasma membranes, as demonstrated in vitro (30).

AIB is capable of'inhibiting net reabsorption of caiionic,

anionic and neutral amino acids. When one compares the

ratio of filtered AIB-filtered natural amino acid,vthe

short-chain aliphatic ngutral amino acids are the most

readily inhibited by AIB.. These are the aminp acids with
least efficient reabsorption at endogenous levels in the rat
(15) and man (26). Amino acids which are reabsorbed more
avidly uhdér endogenous.éonditions are least readily inhibited
by AIB. The particular lack of effect of AIB on leucine
excretion is compatible with exc}usion of AIB from the

leucine preferring site as described by Oxender and Christensen
in Ehrlich cells (20). The intéraction between AIB and
cationic (dibaéic) 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 reabsorpticn.



VI. 22

Some.natura1 amino acids stimulate AIB reabsorption in
rat kidney. The increase.in plaéma AIB following alanine or
‘proline infusion at low rates is associated with a stimulation
of}AIB reabsorption. Stimulation ofVAIB reabsorption in
vivao at the low rate-of proline fnfusion mimics enhancement
"of AIB uptake by cortex slices in vitro when exposed to low
external ¢oncentration5’of L—proiipe'(30). It is also noteg
worthy that proline depletes renal tissue AIB less than
other amino acids during in vivo infusionvin the rat . This
‘stimulation of net reabsorption of oﬁe amino acid by another
has been noticed previously in vivo in the effect of sarcoéine
infusion on glycine reabsorption in human subjééts with
hypersarcosinemia {(12). It may reflect transmembréne exchange
of intracellular amino acid for lumina}'amfno acid on a
shared carrfer.

The diminishéd 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 reébsorption
of another. Since the plasma concentration of glutamic acid
fs elevated at low levels of AIB, this effect on fractional
excretion is not an artifact of an AlB-induced fall in the
‘filtered load of glutamate. |

The stimulation of AIB reabsorption at low rates of
aianine infusion, on the other hand, may be secondary to an
alteration of renal hemodynamics, as the-cohcomitant 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 to enhance
phosphate excretion when infused into mammals (7).' The

constancy. - of phosphate excretion in our study of interactions

~ between AIB and other amino acids, except in the presence of

L-aTanine suggests that the effect 6f one amino acid on
another is the result of interactions at specific 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) bbéerved:that‘AIB, at plasma

levels comparable to those achieved ih our study,; reduced

- the hepatic content of many amino acids including branched-

chain amino acids. In our study, however, tﬁe branched-
chain amino acids, together with methionine, experienced no
change in fractional excretion. Since the p1a§ma lTevels of
the branched-chain amino acids are lowered by ihSu]in (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.



VI. 24

ACKNOWLEDGEMENTS

We thank Fazl Mohyuddin and Dr. John Seeley for their
valuable assistance and advice. The work was supported in
part by grants from the Medical Research Counéi] of Canada
and a Fellowship to R.R.M. ffom the Cystic Fibrosis Foundation

of Canada.



_ V1. zs
REFERENCES

Aysiello, D.A., S. Segal, and S.0. Thier. Cellular
accumulation of L-lysine in rat kidney cortexbih vivo.
Am. J. Physiol. 222: 1473-1478, 1972. | _ -
Bafngtf, R.N., Skodan, 5.B., and M.H. Go]dberg. Perfor@anﬁe
of "kits" used for clinical chemical analysis of calcium
in serum. Am. J. Clin. Path. 59: 836-845, 1973.
Chesney, R.W., C.R. Scriver, and F. Mohyuddin;. Local-
ization of the membrane defect in trénsepfthé]iaT
transport of'taurihe by parallel studies in vivo and~ih
vitro in‘hypertaurinemic mice. d. Clin. Invest..57:
183-193, 1976. | |

Christensen, H.N. Biological Transport. 2nd ed, W.A.

Benjamin,'Reading, Mass. 1975, pg 435.

Christensen? H.N., and J.A. Clifford. Excretion of 1-
aminocyclopentanecarboxylic acid in man and rat.
Biochim. Biophys. Acta 62: 160-162, 1962.-
Christensen, H.N. and A.M. Cullen. Effects of.non—
metabo]izabfe analogues on the distribution of amino
acids in the rat. Biochim. Biophys. Acta 150: 237—252,
1968. . '
Drummond, K.N. and A.F. Michael. Specificity of the
inhibition of tubular phosphate reabsorption by certain
amino acids. Nature 201: 1333, 1964. .
Falchuck, Z.M., A.A. Edwards, and L. Laster. Effects
of a-aminoisobutyric acid on urinary excretion of homo-
cystine in .patients with homocystinuria. Metabolism

22: 605-610, 1973.



10.

11.

12.

13.

14.

15.

16.

17.

Vi. 26~

Ferguson, M.H., 0. Olbrich, J.S. Robson, and C.P. Stewart.
The use of inulin clearance as a measure of glomerular
filtration. Quart. J. Exp. Physiol. 34: 251-279, 1950.
Fernstrom, J.D., F. Lavin, and R.J. Wurtman. Daf1y
variations in the concentrations of individua1.amino

acids in rat plasma. Life Sci. 10: 813-819, ]971}
Gitelman, H.J. An improved automated procedure for the
defermination of calcium in biological specimens,.

Anal. Biochem. 18: 527-531, 1967.

Glorieux, F.H., C.R. Scriver, E. Delvin, and F. Mohyuddin.

Transport and metabolism of sarcosine in hypersarcosinemic
and normal phendtypes. J. Clin. Invest. 50: 2313-2322,
1971. |

Kraml, K. A.semikautomated determination of phospholipids.
Clin. Chim. Acta 13: 442-443, 1966.

Lester, F.T., and D.C. Cusworth. Lysine infusion in
cystinuria: theoretical renal thresholds for lysine.
Clin. Sci. 44: 99-111, 1973.

Lingard, J.M., B. Turner, D.B. w1111ams, and J.A. Young;
Endegenous amind acid clearance by the rat kidhey.

Aust. J. Exp. Biol. and Med. Sci. 52: 687-695, 1974.
Marjow, C.G. aﬁd C. Shebpard. Labelled tracers of

inulin for physio1o§ica1 measurements. Clin. Chim.

Acta 28: 469-478, 1970.

Matthews, P.M. and L. Lassiter. Kinetics of intestinal
active transport of five neutral amino acjds. Am.

J. Physiol. 218: 593-600, 1965.



18.

19.

27.

22.

23.

24.

25.

VI. 27

. McEvoy, A.F. and W.G. Hérris. Evaluation of 1iquid

- scintillation systems for the assay of tritiated;fnulin.

Anal. Biochem. 43: 123-128, 1971.
Noall, M.W., T.R. Riggs, L.M. Walker, and H.N. Christensen.

Endocrine control of amino acid transfer. Stience 126:

- 1002-1005; 1957.

Oxender, D.L. and H.N. Christensen. Distinct mediating

~systems'for the transbort of neutral amino acids by -

the Ehrlich cell. J. Biol. Chem. 238: 3686-3699, 1963.
Pozefsky,-T., P. Felig, J.D. Tobin, J.S. Soeldner, and
G.F. Cahill Jr. Amino acid balance aéros§ tiSsﬁeé of

the forearm in post-absorptive man. Effects of insulin

at two dose levels. J. Clin. Invest. 48: 2273-2282, 1969.

Renold, A.E. Quoted by Christensen, H.N. et al. in:

In vitro stimulation of insulin release by non-metabolizable
transport-specific amino acids. Biochim. Biophys. Acta
241: 341-348, 1971.

Riggs, T.R. and H.E. Barber. Renal clearance of a-

~aminojsobutyrate in the rat: effect of testosterone

proprionate.. Am. J.. Physiol. 221: 1692-1696, 1971.

‘Rosenberg, L.E., A. Blair, and S. Segal. Transport

of amino acids by slices of rat-kidhey cortex. Bjochim.
Biophys. Acta 54: 479-488, 1967. |

Ross, J.S., P. Vancura, and R.A. Malt. Accelerated
transbort of d—aminoisobutyric acid in kidney durihg

compensatory hypertrophy. Proc. Soc. Expt. Biol. and

- Med. 142: 632-634, 1973.



26.

27.

28.

- 29.

30.

31.

32.

VI.

Scriver, C.R. The human biochemical genetics of

- amino acid transport. Pediatrics 44: 348-357, 1969.

Scriver, C.R., R.W. Chesney, and R.R. McInnes. Genet{c

aspects of renal tubular transport: diversity dnd topo-

logy of carriers. Kid. Int. 9: 149-171, 1976.

Scriver, C.R., E. Davies, and P. Lamm. Accelerated
selective short column chromatography of neutral acidic
amino acids on a Beckman-Spinco Analyser, modified for'
simultaneocus ana]ysis of two samples. Clin. Biochem. 1:
179-181, 1968.

Scriver, C.R., R.R. Mcinnes, and F. Mohyuddin. Role

of epithelial architecture and intracellular metabolism
in proline uptake and trahstubular reclamation in PRO/Re
mouse kidney. Proc. Nat. Acad. Sci (Wash.) 72: 1431-
1435, 1975, | |
Scriver, C.R., and F. Mohyuddin; Amino acid tfansporf
in kidney: heterogenefty of a-aminoisobutyric acid
uptake. J. Biol. Chem. 243: 3207-3213, 1968.

Sokal, R.R., and F.J. Rohl1f. Biometry. W.H. Freeman,

.San Francisco 1969.

Stacey, T.E., C.R. Scriver, V. Kaye, and F. Mohyuddin.
On the integrity of pools-in-series and mechanisms
of transfer across the béso]atera] membrane during

trahsepithe1ia] transport in kidney. Clin. Res. 24:

"687A, 1976.

28



33.

34.

- 35.

36.

37.

- 38.

VI.

Ullrich, K.J., G. Rumrich, and S. Kloss. ‘Sodium'depeh—

dence of amino acid transport in the proximal convolution

of the rat kidney. Pflugers Arch. 351: 49-60, 1974.
Webber, W.A. Interactions of neutral and acidic amino
acids in renal tubular transport. Am. J. Physiol. 202:

577-583, 1962.

‘Webber, W.A. Renal tubular reabsorption of a-amino-

isobutyric acid. Can. J. Physiol.vPharm. 44: 507-510,
1966. |

" Wedeen R.0., and S.0. Thier. Intrarenal distribution

of non-metabolized amino acids in vivo. ‘Am. J. Physiol.
220: 507-512, 1971.

Wedeen, R.R., and B. Weiner. The distribution of p-
aminohippuric acid in rat kidney slices. 1I. Tubular
localization. Kidney Int. 3: 205-213, 1973.

Williams, R.J. Biochemical Individuality. Thé basis for
the genetotrophic concepf. Science Editions. John S.

Wiley and Sons. New York 1963, p. 97-105.

29



- VI.

LEGENDS
Figure 1:  Observations on the plasma concentration
‘:D : of AIB, fractiona] excretion of o-amino-

isobutyric acid (AIB) and inorganic phosphorus
(Pi), the renal c]earance 6f ind]in—[methoxy-
3H], and urine flow rate during seven conée—

‘ cutive 30-min clearance periods (9 rats,
mean + SEM). TheJanima1s were injetted with
AIB 16 hr prior to study and prepared as

described in Methods.

Figure 2A: Relationships between FEAIB and plasma [AIB]
in the sixth clearance period (150-180 min)
in rats injected intraperitoﬁea]ly with AIB
sixteen hours previous to zero tiﬁe.- Two
dosage 1éve]s are shown: low dose, 0.115
mmoles/Kg (open squares); and high dose;
1.22 mmoTes/Kg (open circles). The.corre_
lation coefficient for regressiqn of FEAIB
on plasma AIB in the high dose group‘is

- 0.734 (p< 0.05).



Figure 2B:

Figure 3:

Figure 4:

Vie L

LEGENDS

Interindividual and intraindividual

vafiation in FE A three-fold inter-

AIB~
individual variation if FE, g 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

(e), glycine (o), L-proline (A), 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 Lﬁi; right kidney; | .
¥R, left kidney, etcf) and in medulla (s,

etc.).

Relationship between the plasma éoncentration
of natural amino acid (ordinaté)‘and plasma
concenfration of AIB (abscissa). Filled
circ]es_fndicate concentration of the natural
amino acid before AIB infusion; open_circles
indicate response during AIB infusion.  The
data are posled from 9 anima1s,»each siudied

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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Figure 5:

Figure 6:
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LEGENDS

Fractional excretion of hatural amino acidg,'
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 (1eft pane1),

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 fo FEAIB in nine rats

“infused with AIB by method used for Fig. 4

and Fig. 5. The regrgssion of FEPi on FEAIB

(0.075) is not significant.
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VII.

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
o~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 quantitate 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.

VII.
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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
reabsorption and fractional excretion of the non-metabolizable
amino acid, o-aminoisobutyric acid (AIB), following rapid
intravenous injection in the anesthetized rat. Only 6.5% -
11% of the injected dose (9.75 micromo]es-kg'1) remains in
plasma after 2 min. (n=12 rats). Log-linear plasma decay
is observed after 75 min. (t% = 440 min; slope - 0.00397
mmole-min']). Plasma inulin, GFR, urine flow rate, and FEpi
are stable in the post-injection period. FEAIB increases (A
= + 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 micromo1es-kg']) 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-
Tumen 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 haif 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 ~ 12 mM. When

]'100 cm"2

filtered AIB rises from 1 to 2 micromole-min~ 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



-4 - VII.

permit quantitation of the contribution of cell-to-Tumen
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.



METHODS AND MATERIALS

Female Long-Evans hooded rats (190-220 gm) (Canadian
Breeding Farms, Montreal) were anesthetized with Inactin 100
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; KC1, 2.3 mM;
jnulin, 1.3 gm/dl (containing methoxy—3H, 50-150 millicuries/gm,
400 uCi/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 ul)
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



digested overnight in 2 ml of 1N NaOH, then heated (70°C «x
90 min); 100 pl of this extract was added to water (3 ml)
containing acetic acid (50 pl) 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-1-[ ¢
were mixed in 100 nl 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 ul 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-[14C]
(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-metaboljzable 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.



Chemical and Isotopic Measurements: Liquid-scintillation

counting, verification of the radiochemical purity of
AIB-1-1'%C] and inulin-methoxy [°H], 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; a-aminoisobutyric acid from Sigma Chemical Co.,
St-Louis, MO.

Statistical Methods: Tests of significance were performed

by analysis of variance, according to established methods
(17).
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 voiume of 31.3 ml/kg (5). The
plasma concentration at this time is 25.2 + 1.7 uM (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 Tog
AIB plotted against time after 15 min is shown in Figure 1.
Decay is first-order after 75 min, the estimated ty being
440 min (Fig. 1). Plasma decay of AIB reflects equilibration
with tissue fluids and renal loss, since AIB is not meta-

bolized (12).



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 2B. 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 uyM and 0.12 uM 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 lTabelled 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 [AIB] 0.41 mM

‘:3 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
varjation (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 Tower than in periods 3-7 (p

<0.005). FEatp in the second period, at any given

©
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plasma [AIB], 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 Tater 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 (Figure 5). However the
relationship between filtered load and net reabsorption is
complex. At filtered loads between 1 and 2 umo1es-min']-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 lToads exceeding 3

pmoles-min']-]OO em” 2

or the equivalent of about 6 mM AIB in
plasma. The latter increase and saturation of net reabsorption
in relation to the filtered Toad 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 Tikely 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 [AIB] is
falling. However, the phenomenon is seen over a wide range
of plasma [AIB] 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
lTumen via intercellular channels is yet another possibility.

This mechanism is also unlikely, since FE should then be

AIB
in direct linear relationship to plasma [AIB] and it is not.

The relationship is inversely proportional and non-linear.

15
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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. 1If 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
TRyyp at 20 hr (11). These findings suggest that a slowly
rising medulliary 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 cbu]d 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

2 (plasma AIB ~ 6 mM)

approaches ~ 1 micromole-min™1.100 cm”
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~'.100

cm™ 2 and below 3 micromo]e-min'1-100 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

17
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membranes from lumen to peritubular fluid and vice versa
saturate at different concentrations. A rise in FEAIB
relative to filtered load would reflect 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~'.100 ecm 2. The fall in FEpqg relative to
filtered 1oad 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

1

AIB at filtered loads in excess of 3.0 micromoles-min  -100

-2 (about 10-12 mM AIB in plasma) may have an explanation,

cm
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 Tower 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 2B) 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

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 uM.
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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:

TRA1R (mean, periods 4-7) at equilibrium is 83.9%
filtered AIB (period 1) is 104,000 dpm/min. Therefore,
theoretical UWaig (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 1) = 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 ul/min, the dead-space volume = 17.53 min x 41 =
718.7 ul. Similar calculations for period 2 yield a dead-
space volume of 509.6 nl. The combined dead-space volume
for 60 min is then 1228.33 yl.

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 ul/min,
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- 20 - Footnote B (cont.)

this volume would be 119.72 ul. 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 ul.

Direct measurement of urinary tract plus catheter dead-
space with saline yields an average volume of 130 ul per
rat. Owens (14) reports glomerus~to-catheter dead-space to
be 300 ul, but attempts to 1imit 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.

22
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RENAL FUNCTION FOLLOWING RAPID INJECTION OF AIB IN THE RAT

TABLE 1

Post-Injection

Plasma Inulin

Period No (mg/d1)
1 62.8+4,
2 61.2+4.
3 63.1+4.
4 62.0x4.
5 62.7+5.
6 62.7+5.
7 64.0+5.

(Mean + SEM)

Inulin Clearance

Urine Flow Rate

FE

(m1/min) (ul/min) P
1.85+0.01 42.7+5.7 0.210+.03
2.03+£0.05 49.9+3.3 0.158+.02
1.97+0.07 45.8+1.5 0.162+.02
2.05+0.09 45,.3+2.9 0.141+.02
1.95+0.06 45.0+£3.3 0.140x.02
1.97+0.06 44 .5+2.2 0.161+.02
1.92+0.05 47.0+1.5 0.161+.03



TABLE 2

AIB CONTENT AND TISSUE RATIO IN KIDNEY

AFTER RAPID INJECTION OF AIB (mean + SD)

At 30 min At 3.5 hr

1. Content,dpm/mg wet wt.

Cortex 1284.5+24.8 953.4+26.6%**
(n=16) (n=16)

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=16) (n=16)

Medulla 17.65+3,33*% 43.74+15.47
(n=8) (n=8)

* ys cortex at 30 min, p < 0.001

** ys cortex at 30 min, p< 0.001

(a) see Methods for description of tissue ratio
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Figure 1: Decay of plasma [AIB] (mean t 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-
lTinear after 75 min; the slope of the decay

from 75 to 195 min is shown (-0.00397 umo]e-min']).

Figure 2A: The relationship between AFEAIB and plasma
[AIB] 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

as AFEAIB.

Figure 2B: 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:

FEAIB after two sequential rapid
injections of AIB (9.75 micromoles/Kg, 2 rats

(mean + SD)). Because FE in the first

AIB
clearance period was comparable in the two
anima]s)data were not converted to AFEAIB (vs.
Fig. 2A). The rise in FEAIB in the presence

of falling plasma [AIB] occurs after each

injection of AIB,

FE as a function of both plasma [AIB]

AlB
and clearance period, for individual rats
(n=8) infused to raise plasma [AIB]1 to various
levels. A1l points for first-clearance
periods (0) are joined. Data from the second
(®) and fourth (A) 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 [AIB]
(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.
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SECTION VIII

Effect of Calciotropic Hormones and Cyclic Nucleotides

on Net Reabsorption of a-Aminobutyric Acid and

Phosphate by Rat Kidney in Vitro

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 individua] transport systems
of each actively transported substrate. Alterations in
membrane permeability or in renal cell bioenergetics are the
two most Tikely 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,
jncluding autosomal recessive vitamin-D 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, cyc]fc
nucleotides, or CaC]z. Only calcitonin decreased net AIB
reabsorption significantly in theTPTX rat. Whereas PTH and
cyclic nucleotides had the anticipated gffect only on phosphate
excretion. Alterations in membrane permeability follow changes

. . ++, . . , , .
in cytoplasmic [Ca '] 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.

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
Résearch, and the following manuscript has been written according

to the style of that journal.

2
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SUMMARY

Parathyroid extract (PTE), calcitonin (CT), NG - 2 - 0 -
dibutyryl cyclic 3', 5' monophosphate (db cAMP), adenosine 3',

5' - monophosphate (cAMP) and CaC12 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). Fépi, FEAIB

and GFR were equally stable in the intact and TPTX rats (Figure 1)
are decreased by TPTX (p 0.001) (Fig. 1).

while FE and FE

Pi AIB
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 FEAIB,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 (Fiqure 4). CcAMP and CaC]2 both

reduced FE in TPTX rats (Figure 3), but GFR also fell

AIB
and cAMP also caused a small decline in plasma [AIB].

A CT-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 FE in TPTX rats without

AIB

5
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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
hemodynamics (36,37)3 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
a

/
This variation in response suggests that increased PTH per se is i

response, even to these quantities, covers,wide range.

sufficient to cause hyperaminoaciduria, and that additional

/

ne-
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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, o-aminoisobutyrate (AIB), in calcium- and
vitamin~D-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 & Co., N.Y., N.Y}) 100 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. A1l 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 KC1,
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



Viil.

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

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" into the
polyethylene tubing delivering the mixture of electrolytes and
inulin. The experimental treatment were: (1) calcium chloride,
0.66 millimoles/Kg-hry (ii) parathyroid extract (PTE) (Lilly
Para-Thor-MoneR 100 USP/m1), 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/
Kgehr; (v) NG -2t -0 - dibutyryl cyclic 3',5' -monophosphate
(cAMP) (Sigma),15 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 0.01M acetic acid (1:1) and human albumin
(4mg/m1). Less than 200 ul of this solution was infused per

study, and vehicle alone was infused in control perijods.

v
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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-1-(]4C)
and inulin-methoxy (methoxy-3H) and the chemical methods used
to measure serum and urine electrolytes have been described
previously (35).

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-
FE

individual stability of FE i GFR and plasma AIB

AIB® " TP
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
from groups of rat. Using this approach, significant effects

of treatment were revealed.

RESULTSY

Control rats (intact and TPTX) have stable FE FE

AIB? Pi?
GFR and plasma concentration of AIB throughout the period of
study (Fig. 1). Fractional excretions of AIB and phosphate
are decreased by thyroparathyroidectomy (p < 0.00],both
sjtuations); 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 (AFEAIB, + 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 intracelliular generation of
cyclic AMP (11). Therefore, the effect of its dibutyryl
analogue was examined. FEAIB is increased by dbcAMP in the

intact rats (A FE + 0.043 + 0.006 after 30 minutes; p <0.001)

AIB?
(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

11



VIII. 12

a pronounced fall in GFR in intact rats (AGFR, - 0.33 * 0.06
after 30 minutes, p< 0.001) while dbcAMP increases GFR,
(AGFR, + 0.138 + 0.06; p< 0.05 first period only).

PTE and dbcAMP did not alter FE in TPTX rats, even

AIB
though GFR is affected (Figure 3). GFR is again decreased

by PTE (AGFR, - 0.13 + 0.05 after 30 minutes, p< 0.001) and
increased by dbcAMP (AGFR, + 0.03 * within 30 min. p< 0.005).

PTE increased FEp; significantly in TPTX rats (p < 0.001) (Fig. 3).
The time course 6f phosphaturia following PTE was significantly
slower in the TPTX animals when compared with intact controls
(AFEP_i 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 nucieotide.

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).

CaCl, produced effects similar to those that followed

infusion of cAMP (Figure 3). FEAIB fell (AFE - 0.035 + 0.007

AIB?
after 30 min. p< 0.01). GFR also fell (AGFR, - 0.125 + 0,04
after 30 min. p< 0.01). A small increase in phosphate excretion
resulted after 60 min. in TPTX rats (AFEPi' + 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

Calcitonin produced a significant rise in AIB excretion
(AFEAIB’ + 0.064 + 0.005, p< 0.001) after 30 min. of infusion);
it had no effect on FEPi' The fluctuations in GFR produced
by calcitonin infusion had 1ittle 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 ul/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
jntact 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 CaCl,

raised their calcium levels.

13
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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 CaC12 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 CaC]2 had
Tittie 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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DISCUSSION

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
jmpaired 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

15

in the intact rat (Mclnnes 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 tubulopathy 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 CaC]Z. Decreased renal blood flow
and GFR in response to cAMP has been described previously
(20,27). Although the Ca®' 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.

16
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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 [AIB] 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),

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
FEAIB' 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

18
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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
physiological properties.

Although it is not known whether all renal actions of
CT are mediated by cAMP, CT-responsive adenyl-cyclase activity
has been jdentified in only the medullary and cortical portions
of the thick ascending 1imb, 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 Tumen
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 cytopliasmic
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 caicitonin 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 als<o occur in some
target organs in primary hyperparathyroidism because of

jncreased calcitonin release (24) and relative vitamin-D

deficiency (32,53).

20
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TABLE 1
Effect of Hormones and Nucleotides on Plasma [Cat++] (mg/dl) (mean * SEM)

) CONT CONT dbcAMP dbcAMP PTH PTH CT cAMP Ca++
Period # INTACT TPTX INTACT TPTX INTACT TPTX TPTX TPTX TPTX

1. 9.6 * .2 | 7.7 £ .2 10.0 = ,2 6.9 £ .4 9.9 + .3 7.1 = .3 7.3 £ .3 7.9 % .2 8.2 + .4

2.

3. 9.9 * .3 7.4 * .3 10.0 = .3 7.7 .4 9.2 £ .4 6.9 t .4 7.2 & .4 7.7 .3 8.2 * .4

4:

5. 9.8 * .3 7.4 £ .3 9.8 + .3 7.7 £ .3 9.2 .5 7.5 £ .4 6.2 £ .3 8.4 * .3 9.9 * .4

6.

7. 10.0 £ .4 7.3 £ .3 [9.78 * .4 7.4 * 4 8.9 £ .3 9.4 £ .6 5.8 £ .3 9,2 ¢ .5 11.9 + .2

n= 10 10 6 8 8 10 7 7 7
:riods
. 3 n.s. n.s n.s n.s. n.s. p<.005 p<.001 p<.01 p<.001
& 7

All tests of significance were analyses of variance.
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TABLE 2
Effect of Hormones and Nucleotides on Plasma [Pi] (mg/dl) (mean * SEM)
CONT CONT dbcAMP dbcAMP PTH PTH CT CAMP Ca++
Period # INTACT TPTX INTACT TPTX INTACT TPTX TPTX TPTX TPTX
1. 5.7 £+ .2 | 8.5 .3 6.2 * 0.4 | 9.1 =+ .7 5.7 £ .3 { 8.5 .2 7.9 = . 9.1 + .4 8.3 £ .21
2. 5.8 £ .2 8.9 = .2 9.1 £ .7 5.8 .3 8.1 %, 8.8 * .4
3. 5.8 & .2 8.6 £ .2 6.0 + 0.3 8.7 * .7 5.8 +,3 |8,5 ¢+ .3 7.9 £ .3 8.5 .3 8.2 + .4
4, £+ .2 18,5 .1 7.9 + .3 4,9 ¢ .3 7.1 .2 7.9 £ .4
5. .8+ .2 |85+ .2 5.1 0.3 )] 6.3 %, 4,3 £ .3 16,9 .3 6.7 + .2 7.1 + .5 8.6 £ .3
6. +.218.5=%.1 5.9 % . 4,2 £ .2 6.4 £ .2 6.7 * .5
7. B .2 8,2 £ .2 4,3 £ 0.2 | 5.9 =, 3.9 .2 6.0 .3 6.3 £ .2 6.1 * .3 8.6 + .2
statistical .
significance* n.s. n.s. p<.001 p<.001 p<.001 P<.001 p<.001 p<.001 n.s.

*periods 1,2,3 vs. 5,6,7 )
or 1 &3 vs. 5&7 ; depending on whether Pi was measured in periods 2 and 6, as seen in table.

All tests of significance were analyses of varilance.
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TABLE 3

Effect of Hormones and Nucleotides on Urine Flow Rate (ul/min) (mean % SEM)

dbcAMP

CONT CONT dbcAMP PTH PTH CT cAMP Ca++
eriod INTACT TPTX INTACT TPTX INTACT TPTX TPTX TPTX TPIX
1. 38.5%4 .4 | 42.1%4.4 41.8%4,2 39.4%4.2 37.3%7.7 | 34.9%1.9 |37.222.5 41,822.5 51.8%7,1
2. 40,7+4,5 | 38.2%4.8 48,0%5.7 32.4%5,5 40.3%7.3 | 33.9%3.6 [40.74.4 39.4%3,0 45,243.2
3. 5.6x¥3.8 | 45.0%3.4 32,.8%6.2 40,9%4.5 41,123.4 | 34.5%4,3 140,221.9 53.4%4.1 45,143,6
4, 37.724.0 { 51.5#3.9 41,9%6,7 57.3% 10 29.5%3,4 | 23.4*4,6 |41.9%1.8 32.9%4,3 39.7%2.6
5. 36.7%2.5 | 42,445,4 57.125,0 53.9%5,5 32.3$3.7 | 26.9%4.1 |37.5%4,5 39.8%4.5 52.0%3,7
6 36.6%3.8 | 47.1%5.8 50.6%7.6 49,7%5.6 27.5+2.8 | 37.2+5,7 [38.7%4.8 43,2$2.3 49.8%4.6
7. 46.2%3,7 | 44.4%7.1 55.045.9 53.1%7.9 34,6x3.7 | 39.6%3.8 {36.9%5,7 45,626.4 52.74.4
atistical
gnificance n.s. n.s. p<.01* p<.005% p<.05%* p<.OLd** n.s. n.s. n.s.

* periods 1,2,3
** periods 1,2,3
_%%% periods 1,2,3

All tests of significance were analyses of variance.

_V—-.
vs. 4,5,6
ys.

5,6,7
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Figure 1:

Figure 2:

VIII.

LEGENDS

The change in fraction excretion of the inert
amino acid a-aminoisobutyric acid and phosphate
anion (AFEAIB’ AFEPi)’ and change in inulin
clearance (AGFR) 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.

AFEAIB’ AFEPi and AGFR 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 1ine) 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 1line indicates

onset of treatment.
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Figure 3:

Figure 4:

VIII.

AFEAIB’ AFEPi and AGFR as a function of time
in the TPTX rat group. Parathyroid extract (PTE),
dibutyryl cyclic AMP (dbcAMP), cyclic AMP (cAMP),
CaC]2 and calcitonin (CT) were administered.

Format is similar to Fig. 2.

Change in plasma AIB concentration (Aplasma [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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IX.

COMMENTARY

1. Detailed discussions are to be found in the published
and pending manuscripts which constitute this thesis (section
IIT - 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 I11) attempts to determine the precise
cellular Tocus 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 1V), 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 Transepithelial transport of a eolute and cellular

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-
jzation, Thus, in Hyp/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 Tevels. In any case, Tuminal 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 normal 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-Tumen flux of AIB.

3.2.2 Abnormal cell-to-Tumen flux may occur via an
abnormal carrier at the brush-border membrane that allows
excessive backflux. The abnormal efflux of phosphate in
Hyp/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
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-Tumen flux of this type, the intracellular concentration
of the solute, in contrast to type I, is Tow or normal,
although examples only of the latter type are currently

known. Thus, in Hyp/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
prevents 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 jon depletion changes membrane permeability

and results in a generalized increase in solute excretion,

Thus, in stage-I vitamin-D deficiency ricket (5), no abnormality
of amino acid excretion is present. The studies of Borle

(2) indicate that the cytoplasmic [Ca++] is elevated under the
conditions of early vitamin-D deficiency. As vitamin-D and
calcium depletion progress, cytoplasmic [Ca++] falls. Decreased
net reabsorption of amino acids is observed in stages II and III
of vitamin-D deficiency. A similar series of events would

be expected in calcium deficiency states, with similar

consequences. The fact that the renal dysfunction in the



Ix. 5

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-D 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 Tatter is questioned by the data presented
in section VIII. Direct proof of the Tow Ca++-permeab11ity
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-D deficient
animals. In addition, the presence of an increased cell-to-
lTumen flux of amino acid in vitamin-D 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 Tumen 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 Tuminal 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 Tumen 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 imborn 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 Tittle phenotypic variation in human subjects with X-

lTinked hypophosphatemic rickets. Resolution of the molecular
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defect using the Hyp/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 Hyp/Y mice are still
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
carrier, as described for the "Km" mutant with iminoglycinuria
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
Tuminal 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 improbable 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 lTiterature 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 Tocalization of
calcitonin receptors solely to the ascending 1imb (medulla)

and with distal convoluted tubule (3), sites at which amino
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acid reabsorption is minimal (17), may indicate that calcitonin
acts primarily by increasing the cell-to-Tumen 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 natwral 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 Hyp/Y mice:

1. Fractional excretion of phosphate in Hyp/Y is abnormally increased,
despite the fact that the serum phosphate concentration is low compared
to controls.

2. Inulin clearance is not,differgnt in gzng 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/Ré mice:

1. Renal proline clearance in PRO/Re mice is about fifty-fold higher
fhan in controls over a wide range of plasma proline concéntrations.
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 conéentrations éf L-proline. This finding
indicates that the shared luminal membrane system serving reclamation

is retained in PRO/Re kidney.



4, Integrity of the luminal and peritubular proline transpbrt
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,

3. Net reabsorption of AIB in rats resembles the reabsorptive process
for the natural amino acids in at least five ways:

) is not influenced by

(a) The fractional excretion of AIB (FEAIB

'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.
(a) .AIB impairs the reabsorption of natural short-chain aliphatic
- amino écids which also have high endogenous excretion rates.
(e) Various naéural amind 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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(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 fractionmal
exéretion of AIB increases over a 60-90 minute period despite a
concomitént fall in plasma [AIB].A This paradoxical finding is best
explained by the presence of a cell to lumen flux of AIB. This represents
the first deﬁonstration of such a flux using only clearance techniques..
2, Extrapolation of the decay of AIB reabsorﬁtion 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 [AIE]
exceeds wémM, indicating thaﬁ renal AIB transport is mediated. |

2

5. When filtered AIB rises from ~1 to A3 micromoles .min—l. 100 cm ©,

AIB reabsorption falls sharply.

Section VIII: Calcium metabolism znd AIB excretion:

1. Parathyroid extract (PTE) and dibutyryl cyclic AMP each increase
the fractional excretion of AIB, but only in rats with the thyroid and
paréthyroid glands intact.

2. - Diburyryl cyclic AMP infusion (15mg/Kg.hr) increases the glomerular

filtration rate of both intact and thyroparathyroidectomized (TPTX) rats.



3. Dibutyryl cyclic AMP decreases the plasma [AIB] after 30 min. of
infusion in both intact and TPTX rats, consistent with its well~known
stimlation of hepatic AIB accumulation.

4.  Cyclic AMP and CaCl2 both reduce FE in TPTX rats. This effect is

AIB
probably secondary to altered renal hemodynamics.

5.  Calcitonin infusion in TPTX rats increases the FE An effect

AIB®
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 dges
not alter the FEPi’ although at this infusion rate other physiological

effects are evident. Phosphaturia is not a physiological action of

calcitonin.



