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J. clin. Path. (1965), 18, 492

Preface
G. K. McGOWAN

From the United Bristol Hospitals

This is the third symposium of a series 'Chemical pathology in relation to clinical medicine' organ-
ized by the Association of Clinical Pathologists with the object of bringing together those who carry
out research and devise new laboratory tests, those who carry out the laboratory tests, and those
who apply them to the diagnosis and treatment of disease.
The function of the kidney is probably better known than that of any other organ. Nevertheless

there has been comparatively little advance in the routine methods of testing renal function over the
last 40 years. This is partly because some of the tests which have become available, such as the inulin
and p-aminohippurate clearances, are too elaborate for routine clinical use. It is also due in part to
a tendency for clinicians to cling to old-established tests, even to the urine dilution test, although
this is now known to be of little value as a routine test of renal function. This symposium signposts
some new advances, and indicates that the use of a wider range of tests may bring an increased
precision to the diagnosis of kidney diseases.
The symposium is intended to cover four aspects of the study of kidney function. It includes

reviews of existing routine tests in adults and children, and of some less routine procedures for
defining tubular function. There are also papers on the investigation of particular diseases of the
kidney such as infection, calcification and calculi, and the renal complications of primary vascular
disease and of burns. Thirdly there are descriptions of some of the newer techniques such as the
use of the electron microscope and the assessment of renal permeability by determining the size
distribution of urinary proteins. Fourthly, some recent advances in renal research are presented,
including studies of the mode of action of the antidiuretic hormone and of the way in which the
kidney controls sodium metabolism and hence the extracellular volume.
As Chairman of the A.C.P. Committee on Chemical Pathology, which is responsible for organ-

izing these symposia, I am glad to have the opportunity of thanking, on behalf of the Association,
all the speakers taking part, and in particular E. M. Darmady who not only :contributes a paper
on the important results which have been obtained from micro-dissection of the kidney, but was
also responsible for gathering together this distinguished team of speakers. Finally I would like to
acknowledge the generosity of the Editor of the American Journal of Medicine in allowing us to
print the paper given by Jack Orloff and Joseph S. Handler, even though it has already been pub-
lished in that journal.

Acknowledgments are made to the authors, editors, and publishers for permission to reproduce certain of the illustra-
tions appearing in this symposium from the following publications: In International Symposium on the Biology of
Pyelonephritis (edited by E. L. Quiin and E. H. Kass) Little, Brown & Co., Boston, Mass. (Darmady, Fig. 6); Clinical
Science, 19, 299, Cambridge University Press, London (Darmady, Fig. 12); Renal Biopsy, Edward Arnold & Co. Ltd.,
London (Brewer, Fig. 7); Recent Advances in Renal Disease, Pitman Medical Publishing Co. Ltd., London (Wrong,
Figs. 1, 2, and 8); Quarterly Journal ofMedicine, 28, 259, 1959, Oxford University Press, London (Wrong, Figs. 3, 4,
6, and 8); Minerva Nefrologica, 6, suppl., 1959 (Giovannetti and Pasero), Ed. Minerva Medica, Turin (Wrong, Fig. 7);
Renal Disease, Blackwell Scientific Publications Ltd., Oxford (Wrong, Fig. 9); The Lancet, 1, 1264, 1962, London
(Mills, Fig. 1); Clinical Science, 21, 249 and 259, 1961 (de Wardener et al.), Cambridge University Press, London
(Mills, Figs. 2, 3, 4, 5, 6, and 7); Clinical Science, 28, 69, 1965 (Barraclough and Mills), Cambridge University Press,
London (Mills, Fig. 10); Journal of Clinical Investigation, 43, 177, 1954 (Gill et al.), American Society for Clinical
Investigation, New Haven, Conn. (Mills, Fig. 9); in Renal Biopsy (Ciba Foundation), 1961 (Hardwicke and Soothill),
Messrs. J. & A. Churchill Ltd., London (Hardwicke, Fig. 3); Clinical chimica acta, 12, 89, 1965, Elsevier Publishing
Co., Amsterdam (Hardwicke, Fig. 4).
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J. clin. Path. (1965), 18, 493

Correlation of renal function and structure1
E. M. DARMADY

The kidney is a unique organ because it is composed
of a number of distinct components (the nephrons),
each portion having a specific function to perform.
Furthermore each nephron is of a different length.
It therefore follows that if part of the nephron is
damaged then the whole balance of the urinary
composition is disturbed.
The variation in size arises as the result of the

development of the kidney. This can be demonstrated
by microdissection (Oliver, 1960; Osathanondh and
Potter, 1963). Their investigations show that the
ureteral bud, in spite of previous claims, develops
into an irregular number of branches and first forms
the pelvis and minor calyces. Branching of the tubule
continues until a total of six to nine generations of
collecting tubules are formed distal to the minor
calyces. Branching ceases between 20 and 36 weeks.
In the meantime the nephrons continue to grow
(Fig. 1), and differentiate into their precise segments.
At the same time many of the nephrons will be at
different stages of development (Fig. 2). Usually
about 15 main branches are formed. On the fourth
or fifth branches arcades are formed which may
have three to four nephrons on each. Normally no
more nephrons are developed after 35 weeks,
although they do in fact elongate or atrophy. Nor-
mally it is the proximal convoluted tubule which
enlarges to the greatest extent with age (Fig. 3a, b, c).

In order to investigate this further the length of
100 proximal convoluted tubules in 35 normal
children varying in age was measured from birth
to 14 years (Darmady, Offer, Prince, and Stranack,
1964). It is seen that if the mean length of the
tubules is plotted against the age in years on
three-cycle semi log paper, in order to compensate
for the rapid growth during early life, a line can be
drawn through them so that it is possible to estimate
the normal average length of the proximal convolu-
ted tubule at any given age. Thus it is seen that at birth
the range of the length of the tubule is from 0-9 to
3-4 mm. and at 3 months the tubules have doubled
themselves. At 10 years it is almost six times that
at birth. It can therefore be assumed that its function
will also be increased with age as is shown on the
accompanying scattergram.

'This work was supported by research grants No. HE-05254 and
HE-02908-01 from the National Institutes of Health, United States
Public Health Service.
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The mean lengths of 100 proximal convoluted tubules from
35 normal children from birth to 14 years. These fall
almost on a straight line.

It is also important to realize that each portion of
the nephron varies in structure. As far as the
glomerulus is concerned it is proposed to leave this
to Dr. Brewer who will discuss it in greater detail
and will demonstrate the microscopical details of the
filter. Dr. Blainey will discuss how the function of
the glomerulus can be assessed.
The proximal convoluted tubule has two impor-

tant functions, the conservation by reabsorption of
many substances, including water, important to the
body metabolism and the excretion of others. Hence
it is noticeable how cellular the tubules are (Fig. 4).
The technique of autoradiography of the isolated
nephron has enabled us to demonstrate the site and
location of reabsorption of many substances. Thus
the site of many amino-acids can be demonstrated
when labelled amino-acids are injected into the rat.
For example, C14 arginine appears to be reabsorbed
equally throughout the whole length of the proximal
convoluted tubules as shown by the blackening of the
photographic film over the tubule (Fig. 5) and can
be used as a test to determine tubular function. On
the other hand C14 leucine shows considerable
activity over the first part but is not so marked in
the remainder of the tubules. It therefore follows
that if any part or portion of the tubule is damaged
it is likely to result in a failure of reabsorption of
amino-acid and its subsequent excretion in the urine.

493
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FIG. 3.

FIG. 1. x 300 (phase contrast). Microdissection of the
growing point (ampulla) indicated by arrow and a primitive
nephronfrom an embryo of22 weeks' gestation.

FIG. 2. x 30 (phase contrast). A mosaic prepared from
microdissection from an embryo of 26 weeks, showing the
different stages ofdevelopment ofthe nephrons.

* ~~~~~~~~~FIG.3. Phase contrast of normal complete nephrons from
(a) x 12, a foetus of 34 weeks, (b) x JO, from a female
aged24 years, (c) x J0,from a male aged 7 years.
Compare the length of the proximal tubules in the three

.~~~~~~A~~~~~age groups.

FIG. 2.

494 E. M. Darmady
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Correlation of renal function and structure

FIG. 4. x 600 (phase contrast). The cellularity of the FIG. 6. x 15. Mosaic of an autoradiograph of the proxi-
proximal convoluted tubule. The white round clear space mal convoluted tubule of a rat injected half an hour before
indicates the number ofnuclei that are present. death with 50pte. P31 insulin.
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FIG. 5. x 15. Mosaic of an autoradiograph of the proximal convoluted tubule of a normal rat injected 30 minutes
before death with 20,ic. C14 arginine.
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FIG. 7. x 20. Mosaic of an autoradiograph of
the proximal convoluted tubule of a
phlorizin-treated rat injected half an hour
before death with 50 lic. L131 insulin.
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FIG. 8. x 600. Autoradiograph of a portion
of the proximal convoluted tubule of a rat
dosed with 115 jLc. C14 vitamin D.

FIG. 9. x 600 (phase contrast). Portion of
proximal convoluted tubule of a case of
lhypophosphataemia showing focal areas of
calcium-like deposit situated close to the
basement membrane (indicated by arrows).

FIG. 8.
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FIG. 10. X 600
(phase contrast).
The junction of the
proximal convoluted
tubule and the thin
limb of Henle in
normal man
(indicated by an
arrow). Note the
abrupt alteration of
pattern of the
epithelium.

21'~~ ~ ~ ~ ~ F

4.

FIG. 1 2.

FIG. 11.

FIG. 1L. x 600 (phase contrast). Note (1) the junction
of the thin limb and thick limb of Henle indicated by an
arrow. (2) The commencement of the thick limb is on the
descending portion ofthe nephron.

FIG. 12. x 100. Autoradiographfrom arat conditioned with
I131 pitressin. Marked activity is seen over the distal and
collecting tubules. Note the focal nature of activity in the
lower end ofthe tubule.
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E. M. Darmady

-..X...-,

A,

FIG. 13.

FIG. 13. x 500 (phase contrast). A portion of distal
convoluted tubule showing the distinctive pattern of
epithelial arrangement. Note the small diverticulum which
communicates with the lumen of the tubule. The black area
filling the diverticulum indicates cast formation.

FIG. 14. x 500 (phase contrast). A portion of a collecting
and connecting tubule at its junction. Note the distinctive
epithelialpattern.

FIG. 14.

Another important substance to be reabsorbed in
the proximal convoluted tubule is glucose. Whether
insulin is necessary for reabsorption is still not clear.
It is of interest to note that 1131 insulin (Fig. 6) does
show maximal action at the point nearest to the
glomerulus and becomes less active as it reaches the
lower end of the proximal convoluted tubule. This
distribution corresponds to the gradient of glucose
reabsorption. If the reabsorption of glucose is
blocked by phlorizin the pattern of I131 insulin
distribution (Fig. 7), is similar to that shown earlier
(Schwartz, Darmady, Stranack, and Fong, 1960).
This suggests that the reabsorptive mechanism may be
in two parts: first, by enzyme action through tubular
cells and second through the basement membrane.
It is probable that insulin acts on the latter and is
responsible for changes in the surface action of the
basement membrane which facilitates glucose
reabsorption. As, however, Professor Milne is to

discuss enzyme action of the kidney it will not be
discussed further here.
The importance of the basement membrane is not

sufficiently appreciated. Autoradiography of the
kidney with animals dosed with C14 vitamin D shows
that the activity is closely related to the basement
membrane (Fig. 8). In nephrocalcinosis in which
hypervitaminosis D has occurred in life, the earliest
changes are often seen as focal calcium-like deposits
attached to basement membrane (Fig. 9). In the
early stages there is no reduction in renal function
but as it progresses the tubule cells become damaged
and renal failure ensues. This again emphasizes that
in the proximal convoluted tubule function can be
divided into two parts, that of the cellular element
and that of the basement membrane.

In considering other functions of the nephron the
site of partial blockage of reabsorption must be
considered, such as occurs with a diuretic, in which

I
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Correlation of renal function and structure

the reabsorption of various substances such as

sodium are blocked. Autoradiographs show that
in the dog with Hg203 mersalyl the activity is in the
lower end of the proximal convoluted tubule, but in
H3 hydrochlorothiazide the activity is in the middle
section of the proximal and distal convoluted tubule
(Darmady, Mowles, Renzi, Sheppard, and Stranack,
1962). This suggests that each area of the nephrons
may have some specific function, which when
damaged, results in an increased excretion of solute.
Thus in disease many combinations of tubular
disorder may occur which may result in glycosuria,
amino aciduria, or other conditions depending upon

the extent and damage to the nephron.
This specificity is noticeable since it is possible to

observe the abrupt alteration in tubular epithelial
pattern, as for example at thejunction of the end ofthe
proximal convoluted tubule and thin limb of Henle
(Fig. 10), and indeed the ascending limb of Henle. The
position of the change is of some importance. It
is now usually accepted that the ascending limb of
Henle is responsible for the differential pumping of
sodium into the interstitial tissue, causing a rise in
osmolarity. In turn the rise in osmolarity acts on the
urinary filtrate. This differential pumping of sodium
from the ascending limb also explains the relative
hypotonicity of the filtrate when it enters the distal
convoluted tubule. In man the junction of the limb
to the ascending or thick limb of Henle is invariably
found on the descending portion of the loop of
Henle (Fig. 11) and not at the bend as it is often
shown.
A more active control of the urine osmolarity

occurs as the result of the action of the antidiuretic
hormone or vasopressin. Autoradiography suggests
that the site of action might be in the distal or

collecting tubule as demonstrated by 1131 vasopressin
in the rat (Fig. 12).
The success of urinary concentration will also

depend on the volume of solute presented to distal
convoluted tubules. Biber, Mytle, and Gottschalk
(1963) have recently shown that when a portion of
the proximal convoluted tubule isdamaged bypoison,
such as potassium dichromate, the effective length
of the proximal convoluted tubule is reduced. In
spite of the increased volume of fast moving filtrate,
the filtrate is hypotonic when passing through the

distal convoluted tubule. This is of some interest,
since in children suffering from nephrogenic diabetes
insipidus, the proximal convoluted tubule is approxi-
mately half that of a normal child of the same age.
This suggests that the ascending tubule of Henle
is highly efficient in pumping large quantities
of sodium into interstitial tissue and that the
increased volume of filtrate overwhelms the action
of the antidiuretic hormone. Similar findings are
also found in cystinosis (Darmady et al., 1964).
Once again the pattern of the epithelium lining the

nephron and that of the distal convoluted tubule is
distinct (Fig. 13). It is, of course, closely attached to
the glomerulus by the macula densa in which is found
a high concentration of renin, the function of which
is far from clear.
Another point of difference in the distal con-

voluted tubule is the occurrence of small diverticula,
which in places communicate with the lumen of the
tubule (Fig. 13). Their function is unknown, but at
times these are seen to be packed with organisms.
This suggests that they may be responsible for
symptomless bacteruria or even recurrent attacks of
pyelonephritis. Certainly in this position they could
give rise to the focal and wedge-shaped lesions that
we associate with this disease.

Finally, although the structures of the collecting
and connecting tubules (Fig. 14) are again different,
it is still not possible to say exactly what function
occurs here in relation to epithelial structure except
to say that it is in this area that urine is finally
concentrated.

My thanks are due to Dr. Fay Stranack, Ph.D., and Mr.
John Offer, B.Sc., for performing the microdissections.
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Electron microscopy of the kidney
D. B. BREWER

From the Department ofPathology, University of Birmingham

The total activity of the kidney in man is the sum
of the activities of two million nephrons. The
activity of each nephron depends on the directed
activity of the cells forming it. From the glomerulus
to the tip of the renal papilla are many different
sorts of cells. The functions of some we can suspect
from knowledge from other sources. Their fine
structure must condition, to some extent, the way the
cells perform their function.

Theoretically the function of an entire nephron
could be explained if we knew the function of each
individual cell and considered it in relation to the
capillaries and the tubular lumen. Clearly for some
functions organization on a larger scale than intra-
cellular is important. The obvious example is the
loop of Henle and the medullary capillary bed.

In attempting to equate structure with function
using the electron microscope it is as well to remem-
ber the case of the medulla. Peter in 1909 demonstra-
ted a correlation between the length of the thin
segment of the loops of Henle and the ability to
form a concentrated urine. The medulla is obviously
fitted for a counter-current system, yet it was many
years before the theory was developed.
Our knowledge of the structure of the cell cyto-

plasm and of cytoplasmic bodies has been revolution-
ized in the last 10 years. Features of cell structure
common to many cells are found in the kidney cells.
No longer can a cell be thought of as a blob of
cytoplasm including a few mitochondria and a
nucleus. The cytoplasm of many of the renal cells is
divided up into small compartments by complex
infolding of the outer cell membrane. Other complex
membrane systems are present within the cytoplasm.
In addition there are several different sorts of cyto-
plasmic bodies. Mitochondria are concerned with
the Krebs cycle and oxidative phosphorylation;
we have no clear idea why from the amoeba to man
they should have the same basic structure, but there
is some very striking evidence that enzymes of the
respiratory chain are arranged in rows in their
appropriate order on the mitochondrial wall so
that electrons can be passed from one enzyme to
another down the chain (Fernandez-Moran, 1962).
This fascinating idea is the subject of current con-
troversy (Sjostrand, Andersson, and Karlsson, 1964)

but it shows how ideas regarding cellular mech-
anisms are developing and how at this level structure
and function become almost indistinguishable.
The lysosome is another recently recognized

cytoplasmic body. It is a striking example of 'com-
partmentalization' in the cytoplasm as it contains
within its membrane a collection of hydrolytic
enzymes. It appears to be a mechanism whereby the
cell can contain and at the same time be protected
from such enzymes.
A great deal has been written about the inter-

relationship of the various cytoplasmic bodies. The
most extreme view is that almost all the membrane
systems throughout the cell are continuous one with
another so that the endoplasmic reticulum is con-
tinuous with the outer cell membrane and also with
the nuclear membrane. The mobility of the nucleus
within the living cel makes it unlikely that there is
permanent physical continuity but there is un-
doubtedly functional continuity. Substances taken
into the cell, e.g., protein in the proximal tubular cell
(Brewer and Eguren, 1962, Miller, 1960), or thoro-
trast in the liver cell (Hampton, 1958), are contained
in membrane-bound vacuoles that fuse with the
lysosomes. In the same way products formed by the
cell are contained within the cytoplasm in minute
membrane-bound vacuoles which ultimately pass up
to the cell surface and so are secreted. This has been
brilliantly demonstrated by Caro and Palade (1964)
in the case of enzymes formed by the pancreatic
cells. Clearly the concept of the cell as a complex
membrane system of many compartments, some
within others, is of fundamental importance and one
which must be incorporated into our theories
regarding cell activity and intracellular water and
electrolytes.

In the cells of the nephron we see these general
features of cell structure in varying degree as well as
many special features found only in the kidney.

THE GLOMERULUS

The glomerular capillaries have the relatively simple
function of providing an ultrafiltrate of the plasma
almost free of protein. However, the wall ofthe capil-
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Electron microscopy of the kidney
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FIG. 1. A glomervlar capillary loop.
Foot processes of epithelial cells on
its outer surface. Osmic fixed x
15,000.
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FIG. 2. Glomerular basement membrane. Capillary lumen above and to left. Bowman's space below and to right. Inner
surface of basement membrane lined by thin interrupted layer of endothelial cell cytoplasm. Foot processes embedded
in outer surface. Very thin membrane present between foot processes. Osmic fixed x 50,000.

FIG. 3. Basement membrane of two adjacent glomerular capillaries. Lamina densa prominent. Numerous fine fibrils
in cytoplasm of epithelial cell. Osmic fixed, phosphotungstic acid stained x 10,000.
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D. B. Brewer

lary is quite complicated and it is by no means
clear what purpose is served by the various ultra-
structural features (Fig. 1). On its inner surface are
endothelial cells. The main cell body and nucleus
are usually situated away from the free membrane.
The inner surface of the loop of the membrane is
lined by an extremely thin layer of cytoplasm and
even within this layer are numerous circular fenestra-
tions 200-900 AU in diameter (Fig. 2). This type of
endothelium is found in some, but not all, types of
capillaries elsewhere in the body. The basement
membrane is a solid structure up to 3,000 AU thick
in the human. It often has a central darker zone, the
lamina densa, and a pale boundary on either side,
the lamina rara (Fig. 3). The significance of this
appearance is not certain. It varies with the proces-
sing technique used. Sometimes the basement
membrane appears dark throughout its full thickness
(Figs. 1 and 2).
Most workers have not found any fibrils in the

basement membrane; this is somewhat surprising
as it is birefringent. Kurtz and McManus (1960) and
Farquhar, Wissig, and Palade (1961), however,
describe fibrils 30-40 AU diameter. They are more
easily seen after staining with heavy metals. As they
are so thin and not very highly orientated it is not
surprising that they are difficult to see in sections
400-500 AU thick. Some doubt has been expressed
as to the reality of this fibre structure. It has been
suggested that it might be an artefact of fixation and
processing. The fact that the basement membrane
is birefringent in formalin-fixed frozen sections is
some support for the existence of such fibres.
The idea that the basement membrane is fibrillar

is of some importance because, as Sitte (1959)
amongst others has suggested, such a membrane
could swell and become more permeable because the
fibrils were further apart. The membrane, although
more permeable, would appear thicker.

It would seem probable that normally the base-
ment membrane is not very active metabolically;
as in tendons the turnover of its constituents is
likely to be very slow. However, in disease, new
basement membrane is formed so presumably the
membrane is a product of cellular activity. It has
been suggested that it might be formed either by the
endothelial or epithelial cells. The most convincing
evidence suggests that normal basement membrane
is formed by the epithelial cells. This is the result of
the work of Kurtz and Feldman (1962). who induced
argyria in young rats by giving them silver nitrate
in their drinking water. The silver is deposited in the
glomerular basement membrane and is readily seen
with the electron microscope. In the normal process
of ageing the membrane thickens and the thickening
occurs on the epithelial side of the membrane. The

thickening following the administration of amino-
nucleoside occurs similarly on the epithelial side.
Some support for this function of the epithelial cell
is the fact that numerous fine fibrils are found in the
cytoplasm, particularly prominent after staining with
phosphotungstic acid (Fig. 3).
The epithelial cells presumably have some function

other than the maintenance of the basement mem-
brane. They have, of course, a unique structure, with
complex processes which branch progressively to
form foot processes firmly applied to, and in fact
slightly embedded in, the substance of the basement
membrane (Fig. 2). The spaces between the foot
processes, the slit pores, have been assumed to be
the route through which the glomerular filtrate
passes. The basement membrane is not, however,
bare to Bowman's space but between the foot pro-
cesses is covered by a thin membrane. (Fig. 2).
Probably the most striking finding in relation to the
epithelial cell is the fact that in 'nil change' nephrotic
syndrome, aminonucleoside nephrosis, and many
other conditions in which proteinuria occurs, the
foot processes disappear and the cytoplasm is evenly
and continuouslyapplied to the basementmembrane.
Apparently protein escapes more readily from a
glomerulus with a continuous covering of cell
cytoplasm than from one with an intermittent
covering.

This is rather difficult to understand, and in an
attempt to find a way out of this difficulty it has been
suggested that the loss of foot processes is a result
rather than a cause of the proteinuria. Several
studies have been reported claiming that the foot
processes are lost in proteinuria induced by in-
jecting a large amount of a number of different
proteins in various animals (Ashworth and James,
1961; Anderson and Recant, 1962; Fisher and
Hellstrom, 1962). I find the illustrations in these
papers unconvincing. The loss of foot processes is
very small in extent compared with that found in
spontaneous or experimental lesions. Moreover
Lannigan and McQueen (1962) have shown that
foot processes may appear normal in kidneys
secreting large amounts of protein.
The epithelial cells take into their cytoplasm

proteins that cross the basement membrane. Far-
quhar et al. (1961) found this in their studies with
ferritin. They suggest that the cells act as a monitor
of the filter, though precisely what they mean by
this is by no means clear.

THE PROXIMAL CONVOLUTED TUBULES

The cells of the proximal convoluted tubules are
amongst the most active in the kidney and not
surprisingly have a very complex structure (Fig. 4).
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Electron microscopy of the kidney

On the luminal surface is the brush border and
within the cytoplasm are a variety of cytoplasmic
bodies including large numbers of mitochondria.
There is a very complex arrangement of infoldings
of membrane at the base of the cell (Fig. 5).
The brush border of the cells has a striking resem-

blance to the other very actively absorbing brush
border, that of the small intestine. It is made up of
long, thin, finger-like microvilli that appear rounded
in cross section (Fig. 6). The core of a microvillus
consists of cytoplasm but after staining with phos-
photungstic acid I have found a dark rod-like
structure within it particularly well seen in trans-
verse section (Brewer and Eguren, 1962). The brush
border is usually thought of as a rather permanent
rigid structure but one occasionally sees quite large
vesicles forming in it and extending through it into
the tubular lumen. This is seen quite strikingly in
animals excreting large amounts of haemoglobin.
The pale cytoplasmic blebs stand out against the dark
haemoglobin in the tubular lumen (Fig. 7). It has
been suggested at various times that this phenome-
non is a physiological one but it seems most probable
that it is a fixation effect. The increase in cell surface
produced by the microvilli is thought by some to be
important for the absorptive function of the cell and
indeed this seems to be supported by the fact that
with the electron microscope alkaline phosphatase
and A.T.P.-ase are found over the whole of the
surface of the villi. However, there is a very striking
formation of vacuoles and long curving diverticula
extending from the base of the brush border into the
upper part of the cell cytoplasm (Fig. 8). I and several
other investigators have been particularly struck by
the fact that during protein reabsorption these
become filled with protein which is apparently taken
into the cell in little vacuoles (Fig. 7). In the case of
protein the absorptive activity appears to be mainly
at the base of the space between the microvilli. There
is no convincing evidence that the same applies to
the absorption of sodium or glucose.

In the proximal convoluted tubular cell the cyto-
plasmic bodies found in the zone between the brush
border and the nucleus differ from those found in
the zone between the nucleus and the base of the cell.
Immediately beneath the brush border is a zone of
fine vacuoles and curved tubules presumed to be
extensions of the intervillous spaces. Beneath this
are found a number of bodies of variable form and
structure (Fig. 9). There is some difference of opinion
as to their nature. Rhodin (1954) eescribed them as
big granules and recognized two types. Miller (1960)
recognized a further body which he called 'vacuo-
lated body'. In considering the significance of these
structures it must be remembered that lysosomes
vary much in structure. Miller (1962) has recently

shown that the 'big granules' of Rhodin and his own
'vacuolated bodies' both contain acid phosphatase
so that they may indeed represent lysosomes in
varying states of activity.

Situated mainly below the nucleus are great
numbers of mitochondria. There are also present
small rounded bodies, microbodies, the function of
which is not known.

Miller (1962) has shown that protein droplets as
well as large granules and vacuolated bodies contain
acid phosphatase. It therefore seems probable that
the protein droplets are formed by fusion of small
protein-containing vacuoles with lysosomes. Some
years ago I noted irregular dense areas in protein
droplets, particularly in permanganate-fixed tissue
(Fig. 10). I did not realize at the time that these
presumably represent remnants of lysosomes. The
breakdown of protein within the droplets is proba-
bly produced by the lysosomal enzymes. In the case
of haemoglobin, iron deposits remain in the shrun-
ken droplet (Fig. 11).
The basal cell membrane of the proximal tubular

cell has a very striking pattern ofcomplex infolding,
producing long cylindrical compartments in which
lie mitochondria (Fig. 5). This is commonly said to
be connected with active water transport by the cell,
though perhaps in the case of the proximal convo-
luted tubule it should be sodium transport. This
theory is based on the presence of similar infoldings
in other cells which secrete or absorb large amounts
of fluid or electrolytes. The infoldings are developed
to an extreme degree in the salt gland of sea birds
(Doyle, 1960).

Recent studies have shown that A.T.P.-ase is
located on this infolded basal cell membrane. This
is of interest as A.T.P.-ase has recently been con-
nected with active sodium transport in the kidney.

Dilatation of the basal infoldings (Fig. 12) has
been described in several investigations. In one case
they were found in rats within 30 minutes of the
injection of isotonic or hypotonic electrolyte
solutions or of rat plasma (Caulfield and Trump,
1962). In another instance dilatation was found in
rats made polyuric by being given isotonic glucose to
drink for seven to 14 days (Latta, Bencosme, Knigge,
and Madden, 1962).

In both cases the appearances wvere interpreted as
indicating increased reabsorption of water but
unfortunately in neither case were any studies of
renal function made.

Dilatation of the spaces can be produced in tissue
from normal rats by fixation in hypertonic fixative
(Maunsbach, Madden, and Latta, 1962). This does
not invalidate the simple conclusion that in these
experiments some change had occurred in the proxi-
mal convoluted tubules. It might be that as a result
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FIG. 4. Proximal convoluted
tubular cell after haemoglobin
injection. Base of brush
border above. Nucleus to
right. Numerous mitochondria.
Protein droplets above left.
Small very dense bodies,
microbodies of Rhodin. Thin
lines, infolded basal cell
membrane. Osmic fixed.
P.T.A.H. stained x 7,500.

...............

FIG. 6.

FIG. 5 Base ofproximal convoluted tubular cell. Complex
infoldings of basal cell membrane forming long narrow
compartments in which lie mitochondria. Oxmic fixed x
i ooo00
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FIG. 6. Microvilli of brush border cut transversely.
Central core appears as a dot. Osmic fixed. P.T.A.H.
stained x 20,000.
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FIG. 5.
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Electron microscopy of the kidney

! FIG. 7. Part of lumen and brush
border ofproximal convoluted

r tubule. Haemoglobin (dark
t material in lumen) extending

between microvilli and in minute
l vacuoles into upper part of cell.

Blob of cytoplasm on right
i extending through brush border.

Osmic fixed. P.T.A.H. stained
x 20,000.

h

FIG. 8. Part of cell ofproximal
convoluted tubule. Nucleus above
right. Above left microvilli of brush
border cut predominantly transversely
with surrounding zone of convoluted
extensions into upper part of cell
cytoplasm. Permanganate fixed x
10,000.
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FIG. 9. Upper part of three adjacent cells of proximal convoluted tubule. Brush border
above left. The four dark oval bodies are the 'large bodies' ofRhodin, presumably lysosomes.
Osmic fixed. P.T.A.H. stained x 15,000.

FIG. 1O. Proximal convoluted tubular cells
after egg white injection. Basement
membrane lower right corner. Brush border
above left. Numerous protein droplets bounded
by a membrane with small irregular dark
areas within. Permanganate fixed x 7,500.
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Electron microscopy of the kidney

.........e..o

FIG. 12. Base ofproximal convoluted tubular cell. Basal
infoldings of cell membrane slightly dilated. Osmic fixed.
P.T.A.H. stained x 15,000.

FIG. 11. Proximal convoluted
tubular cell some days after
injection of haemoglobin. Brush
border above. Several shrunken
protein droplets present contain
fine very dense granules

T presumably iron. Osmic fixed.
P.T.A.H. stained x 7,500.

of the experimental procedures the cells had become
hypotonic compared with normal.

DISTAL TUBULES, LOOP OF HENLE, AND COLLECTING
TUBULES

The base of the cells of the distal convoluted
tubules are similarly infolded but the luminal border
is quite different. There is no brush border but
merely small spiky projections (Fig. 13).
As one would expect, the narrow loop of Henle

has a very simple structure. The cell body and
nucleus appear fairly large but away from the
nucleus the cytoplasm suddenly becomes much
thinner and the free border shows small numbers of
short stubby projections (Figs. 14 and 15).
The intimate relationship with the capillaries is

very striking. Outside the thin layer of cytoplasm is
only a thin layer of basement membrane and then
commonly a capillary with a very thin fenestrated
cytoplasm. However the capillary circulation in the
medulla is more complicated than this. In fact there
are two sorts of capillaries, one thin-walled with
fenestrated endothelium as is found in the renal
cortex, the other with a continuous thicker endo-
thelium (Figs. 16 and 17). These two sorts of capil-
laries were first described by Sakaguchi and Suzuki
(1958) and later, apparently independently, by
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FIG. 14. Collecting tubule to left. Narrow loop of
Henle to right. Capillary between. Osmic fixed x

1,500.

FIG. 13. Lumen of
distal convoluted tubule
with a few small
projections on cell
surface. Osmic fixed.
P.T.A.H. stained x
15,000.

FIG. 15. Narrow loop of Henle. Tubular
lumen above and to right. Capillary lumen
below and to left. Stutbby projection on cell
surface. Osmic fired x 16,000.
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Electron microscopy of thekidney50

FIG. 16. Diagram of two types of medullary
capillaries, modifiedfrom Sakaguchi and
Suzuki (1958).

FIG. 17. Two meduilary capillaries. Upper one
has continuous thick layer of endothelial
cytoplasm. Lower one has very thin layer of
endothielial cytoplasm. Osmic fixed x 2,250.

FIG. 17.

4~~~~~~ ~~ ~ ~~~ ~ ~~~~~~~~~~~~~~~.....

4.V

FIG. 19

containing many mitochondria and with long microvilli

FIG. 19. Adjacent portion of clear cell, on left, and dark, intercalated cell on right. Long, thin, bent microvilli
on surface of dark cell. Osmic fixed x 10,000.
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Longley, Banfield, and Brindley (1960). Longley
states that the vessels with the thick endothelium are
post-glomerular capillaries bringing blood to the
medulla and those with thin fenestrated endothe-
lium are venous capillaries.

Partly as a result ofthe development ofthe counter-
current theory of urinary concentration, interest has
been aroused in the tubular basement membrane.
Sabour, MacDonald, Lambie, and Robson (1964)
at Edinburgh found quite striking changes in the base-
ment membrane ofthe straight portion ofthe proximal
convoluted tubule and the descending loop of Henle.
They claim that in hydrated rats the basement
membrane becomes thickened, possibly as a result of
hydration. As a result it becomes less permeable to
the outer passage of water and to the inward passage
of sodium and urea.
The cells of the collecting tubules, as might be

expected from light microscopy, have rather pale
empty cytoplasm; but light microscopy also reveals
two types of cells, pale and dark. The dark cells,
also known as the intercalated cells, occur pre-
dominantly in the cortical collecting tubules. In the
electron microscope they appear very different from
the light cells. They contain many more mitochon-
dria and over their surface they have long rather
bent microvilli (Figs. 18-19). Nothing is known of
the function of these cells. They increase in number in
potassium deficiency. When preparing this paper I
was struck by their resemblance in the electron
microscope to the oxyntic cells of the stomach

(Helander, 1962). It may be that they are concerned
with acid excretion in the renal tubules.

REFERENCES

Anderson, M. S., and Recant, L. (1962). Amer. J. Path., 40, 555.
Ashworth, C. T., and James, J. A. (1961). Ibid., 39, 307.
Brewer, D. B., and Eguren, L. M. (1962). J. Path. Bact., 83, 107.
Caro, L. G., and Palade, G. E. (1964). J. cell. Biol., 20, 473.
Caulfield, J. B., and Trump, B. F. (1962). Amer. J. Path., 40, 199.
Doyle, W. L. (1960). Exp. Cell Res., 21, 386.
Farquhar, M. G., Wissig, S. L., and Palade, G. E. (1961). J. exp. Med.,

113, 47.
Fernandez-Moran, H. (1962). Circulation, 26, 1039.
Fisher, E. R., and Hellstrom, H. R. (1962). Lab. Invest., 11, 617.
Hampton, J. C. (1958). Acta anat. (Basel), 32,262.
Helander, H. F. (1962). J. Ultrastruct. Res., suppl. 4.
Kurtz, S. M., and Feldman, J. D. (1962). Ibid., 6, 19.
-, and McManus, J. F. A. (1960). Ibid., 6,81.
Lannigan, R., and McQueen, E. G. (1962). Brit. J. exp. Path., 43, 549.
Latta, H., Bencosme, S. A., Knigge, K. M., and Madden, S. C. (1962).

Lab. Invest., 11, 569.
Longley, J. B., Banfield, W. G., and Brindley, D. C. (1960). J. biophys.

biochem. Cytol., 7, 103.
Maunsbach, A. B., Madden, S. C., and Latta, H. (1962). J. Ultrastruct.

Res., 6, 511.
Miller, F. (1960). J. biophys. biochem. Cytol., 8, 689.

(1962). In Proc. 5th Conference on Electron Microscopy, vol.
2, p. Q.2.

Rhodin, J. (1954). Correlation of Ultrastructural Organization and
Function in Normal and Experimentally Changed Proximal
Convoluted Tubule Cells of the Mouse Kidney. Karolinska
Institutet, Stockholm.

Sabour, M. S., MacDonald, M. K., Lambie., A. T., and Robson, J. S.
(1964). Quart. J. exp. Physiol., 49, 162.

Sakaguchi, H., and Suzuki, Y. (1958). Keio J. Med., 7, 17.
Sitte, H. (1959). Verh. dtsch. path. Ges., 43, 225.
Sjostrand, F. S., Andersson, Cedergren E., and Karlsson, U. (1964).

Nature (Lond.), 202, 1075.

510

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jcp.bm

j.com
/

J C
lin P

athol: first published as 10.1136/jcp.18.4.491 on 1 July 1965. D
ow

nloaded from
 

http://jcp.bmj.com/


J. clin. Path. (1965), 18, 511

Estimation of the glomerular filtration rate
J. D. BLAINEY

From the Department of Experimental Pathology, University of Birmingham, and
Queen Elizabeth Hospital, Birmingham

The measurement of the rate of formation of glo-
merular filtrate is one of the main problems of renal
physiology since quantitative studies of renal
function, both glomerular and tubular, depend upon
accurate determination of the volume of the filtrate
formed and of the load of various substances
reaching the tubules. In disease, quantitative in-
formation regarding the degree of renal impairment
or of the effect of therapy is impossible to obtain
without knowledge of the filtration rate. Measure-
ments of the volume of filtrate formed at the glo-
merulus in the human are necessarily indirect and
involve the estimation of the clearance of some
suitable substances, i.e., the rate of removal of a
substance per unit of plasma concentration. Clearly
if any material can be found which is neither ab-
sorbed nor secreted by the renal tubules the clearance
will be equal to the rate of glomerular filtration.
Smith (1951) defined the requirements which must
be fulfilled to justify the use of a given compound
for measurement of filtration rate as follows:-
1 It must be freely diffusible from plasma through
artificial membranes.
2 It should not be excreted by aglomerular kidneys.
3 The rate of excretion of the substance must vary
in a linear manner with plasma concentration, i.e.,
the clearance must be independent of the plasma
level over a wide range.
4 If the clearances of several such substances are
identical under widely varying conditions, this
suggests that all are excreted without tubular re-
absorption or secretion.
5 If substances Y and Z are believed by independent
evidence to be absorbed or secreted by a tubular
mechanism, the clearances of Y and Z should
approach that ofX as an asymptote when the plasma
concentrations of Y and Z are raised to high levels.

The fructose polysaccaride inulin, with a mean
molecular weight of 5000, and a radius of 15 A,
satisfies the above characteristics in the normal
kidney. Inulin is chemically inert, non-toxic, and is
not appreciably metabolized. The inulin clearance
remains constant in a given individual over a wide
range of plasma inulin concentrations (Shannon and

Smith, 1935). Allantoin, sorbitol, dulcitol, mannitol,
and sorbitan all behave similarly in man. Phlorizin
has no effect upon the inulin clearance, and in all
species this technique of inulin infusion has re-
mained the 'reference' method to which the clearance
of other substances has been referred. The accurate
measurement of inulin clearance necessitates the
continuous intravenous infusion of inulin over
timed periods to ensure constant blood levels,
together with the frequent collection of samples of
blood and urine. A priming injection of 50 to 75 mg./
kg. of inulin is necessary, followed by a rate of infu-
sion of about 1 g./hour of inulin. The plasma con-
centration of inulin is measured by hydrolysis to
fructose under standard conditions of time and tem-
perature after the plasma samples have been depro-
teinized. The protein free filtrate is combined with
resorcinol to form an orange-red compound the
density ofwhich can be read in a spectrophotometer.
A single injection technique for the measurement

of inulin clearance has been widely used but is
subject to serious errors, arising largely from variable
rates of mixing between the inulin present in the
plasma and the extracellular fluid and in the urine
at any given time.
A simplification of the method has recently been

introduced in animals by the use of iodine-labelled
1125 allyl inulin (Concannon, Summers, Brewer, Cole,
Weil, and Foster, 1964). Iodinated radioactive allyl
inulin is freed from uncombined iodide I125 by
passage through an ion exchange resin and after
mixing with inert inulin is injected by intravenous
infusion as for an ordinary inulin clearance. Plasma
and urine levels of inulin are calculated from the
radioactivity instead of by chemical means. In 164
clearances in dogs, at varying inulin concentrations,
excellent agreement was obtained between the radio-
active method and the chemical method. The radio-
activity technique has the advantage that counting
can be automatic and smaller doses of inulin can
be used satisfactorily with less risk of reaction.
Similarly, carbon-labelled inulin has been used and
there seems no obvious objection to using other
labelled inert, low molecular weight substances now
available, such as dextran. Radioactive cyanoco-
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balamin (vitamin B12) has also been used, and
appears to give clearance values similar to inulin.
This apparently simple technique may prove to be
valuable although it is subject to the necessity of
maintaining a constant plasma level of radioactivity
by intravenous infusion.
The use of creatinine clearance (Brod and Sirota,

1948) as a measure of filtration rate has been
extensively discussed but the value of the method
is still in some doubt. There is abundant evidence
of tubular excretion of creatinine at high plasma
concentrations, and creatinine to inulin clearance
ratios of 1-1 to 1-3 have usually been reported
(Hare,Goldstein,Bamett,McNamara andHare, 1949).
Phlorizin reduces the ratio of creatinine to inulin
clearance to 10. This evidence suggests that the
infusion of creatinine or the exogenous creatinine
clearance is of little value as a measure of filtration
rate in man because of tubular excretion, although
it has been shown to be of great value in the dog.
The endogenous creatinine clearance, however, has
been extensively used by many clinicians as an index
of renal function since no infusion is necessary and
the measurement can be undertaken in the wards or
clinics on repeated occasions.

Criticism of the value of creatinine clearance has
also arisen on account of the difficulty of the chemi-
cal estimation of creatinine in the serum and urine.
The reaction with alkaline picrate to form an orange-
red compound (the Jaffe reaction) is not specific for
creatinine; other 'chromogens,' particularly in the
plasma, produce the same colour reaction. Methods
of estimation of the chromogen value after destruc-
tion of creatinine by a specific enzyme or absorption
of creatinine on to fuller's earth or Lloyd's reagent
(hydrated aluminium silicate) have been used to
avoid this problem and were reviewed critically by
Owen, Iggo, Scandrett, and Stewart (1954). These
workers showed that the method of protein precipi-
tation from plasma was important and that acid
filtrates allowed apparently higher recovery of
creatinine than neutral filtrates. They showed that
approximately 20% of the total chromogen present
in plasma and 5% of the chromogen in diluted urine
was not due to creatinine but that this discrepancy
could be almost completely avoided by adsorption
of creatinine on to Lloyd's reagent or by the use of
a specific creatinine-destroying enzyme from Coryne-
bacterium urifaciens. Further experiments also
showed that all the creatinine and very little of the
non-creatinine chromogen was dialysable.
The development of the AutoTechnicon analyser

provided a useful method for the determination of
serum and urine creatinine without adsorption onto
Lloyd's reagent. This technique uses a double-
dialysis system at 37°C. to ensure adequate transfer

of creatinine without chromogen or protein from
the sample to the reaction coil, where it is mixed
with alkaline picrate. The colour is fully developed
in a time-delay coil at 25°C. and the density is read
automatically in a flow-through cuvette at 505 m,u.
This method has proved satisfactory and repro-
ducible with recoveries of 97 to 100% of creatinine
added to normal serum. In occasional blood samples
in our laboratories, the plasma levels obtained by
the autoanalyser were higher than with a manual
method using Lloyd's reagent, but these differences
were not statistically significant in a group of 20
duplicate analyses of plasma and urine creatinine
estimated by both methods.
The method with Lloyd's reagent (or since 1963)

with the AutoTechnicon has been used in the renal
clinic in Birmingham for some 2,000 determinations
of creatinine clearance in all varieties of renal disease
over the past 10 years. This method of assessment of
renal function in prolonged studies of individual
patients has proved invaluable: examples can be
seen in Figures 1 and 2. The relatively smooth trends
in the measurement of creatinine clearance are
significant, and abrupt changes, such as those shown
in Fig. 1, are associated with changes in activity of
the disease.

..~~~~~~~~~~~~~~R

FIG. 1. Chart of the progress of a typical patient with the
nephrotic syndrome due to proliferative glomerulone-
phritis, which responded to steroid therapy. The creatine
clearance values are based on four-hour collections of
urine. The sudden increase in creatine clearance in 1958
corresponded to an acute febrile illness unrelated to the
renal lesion.
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Estimation of the glomerular filtration rate
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FIG. 2. Chart of the progress ofa patient with membran-
ous glomerulonephritis. The slow decrease of creatinine
clearance provides valuable evidence of the deterioration of
renalfunction during the four-year period of observation.
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FIG. 3. The relationship between creatinine clearance and
serum creatinine for 200 four-hour creatinine clearances
carried out in the out-patient renal clinic on 180 patients.

While creatinine clearance, therefore, provides a
valuable clinical measure of kidney function in the
progress of a patient with renal disease, examination
of clearance data from large numbers of patients

indicates that there is not a simple linear relationship
between plasma creatinine concentration and crea-
tinine clearance.

Figure 3 shows the relationship between 200
four-hour clearance values in 180 patients plotted
against the corresponding plasma creatinine con-
centration, and it is seen that a wide scatter of clear-
ance values ranging from over 200 ml. per minute to
25 ml. per minute are observed, corresponding to
plasma creatinine concentrations below the normal
upper limit of 1-4 mg./100 ml. These apparent dis-
crepancies could arise from inadequate collection of
the four-hour urine, i.e., too large or too small a
volume resulting from inadequate emptying of the
bladder at the b_ginning or end of the collection
period. Careful written instructions to patients will
usually eliminate this error which is obvious on
inspection of the data: a small number of obvious
errors have been eliminated before plotting the data
in Figure 3. Another source of error could arise if
creatinine were actually excreted by the renal tubule
at low plasma levels as well as at the levels attained
by infusion. Under these circumstances, varying
rates of production of endogenous creatinine could
produce apparently wide variation in clearance even
though the plasma level might change through only
a small range.
The rate of endogenous creatinine formation and

excretion in a steady state has been shown to vary
widely in different individuals and to be closely
related to lean body mass. The normal range usually
quoted is from 107 to 3-21 g. creatinine per 24 hours.
In children and old people, the daily excretion is
considerably less than this amount. Howell (1956)
showed a mean 24-hour creatinine output of 0-48 g.
for men and 0-46 g. for women over the age of 80,
although in both these groups the serum creatinine
level was within the normal range of 0-8 to 1-4
mg./100 ml and a value of the creatinine clearance in
these subjects would therefore be significantly below
the normal range of inulin clearance. Similarly in the
data presented in Fig. 3, the large muscular subjects
have a higher creatinine excretion per 24 hours, but
there is no corresponding increase in the plasma
levels of creatinine in these subjects. This suggests
that even at normal plasma concentrations of crea-
tinine, some creatinine is excreted by the renal
tubule, especially when the rate of production of
creatinine is increased from a larger muscle mass or
from increased formation of creatinine as in fever.
In renal disease also the simultaneous measurement
of creatinine clearance and inulin clearance often
indicates that ratios as high as 2 : 1 may be observed.
The value for the normal creatinine clearance in a

given individual should therefore include a correction
for the rate of creatinine production; the usual

I ".

I
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FIG. 4. The relationship between creatinine clearance and serum creatinine (data from Fig. 3 on logarithmic scale). The
dotted lines indicate the theoretical relationship between clearance and plasma concentrations of creatinine at different
rates ofproduction of creatinine.

FIG. 5. Frequency distribution diagram of creatinine clearance values occurring at six ranges of serum creatinine. The
uncorrected data are as plotted in Figs. 3 and 4; the corrected data refer to the creatinine clearancefigure obtainedfor
each of the 200 observations from Fig. 4, assuming the plasma concentration to be unchanged with increasing production
rates. The data,for plasma levels of creatinine, 0-69-0 99 mg./100 ml. and 1 00-1 39 mg./100 ml., show a significant differ-
ence in the mean and standard deviation of the clearance values between the corrected and uncorrected values.

paediatric correction for surface area achieves
approximately the same result. Figure 4 shows the
data from the 200 clearance periods replotted on a
logarithmic scale with superimposed theoretical
lines relating clearance to plasma concentration
corresponding to rates of creatinine production of
0-5 g. per day, 1 0 g. per day, and 2-0 g. per day
respectively. It is clear from this graph that for any
given plasma level of creatinine, the higher rate of
production of creatinine will necessarily result in an
apparently higher clearance, and it is possible to
use this graph to correct an observed creatinine
clearance figure for the actual rate of production or
excretion of creatinine in a given individual. All the
data for the 180 patients have been recalculated
using this graph, and the distribution diagram,
Figure 5, shows the very much closer approximation
obtained to 'expected' values for filtration rates.

This correction is at present being applied in a
further series of patients to compare creatinine
clearance with inulin clearance and with the measure-
ment of radioactive vitamin B12 clearance, and pre-
liminary findings suggest that the corrected creatinine
clearance is a closer approximation to the glomerular
filtration rate, even in the presence of renal disease.
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Tubular reabsorption and secretion
M. D. MILNE

I think I shall restrict myself more to the proximal
tubule in this talk because many ofmy colleagues are
dealing with matters more referable to distal tubular
function.

First of all, with this audience chiefly of clinical
pathologists, I need hardly warn you that you must
beware of the parasitical physician, or more com-
monly these days the parasitical registrar. These are
individuals who instruct nurses to collect specimens,
send them to the laboratory, expect the most com-
plicated investigations to be done, and then publish
a paper saying that 'thanks are due to my colleague,
Dr. X., who carried out a few biochemical investiga-
tions'. The reason I say that is that the proximal
tubule brings out the worst in physicians. It seems
to excite people to do tests which are purely of
research interest and of no practical importance in
the management of the patient. If tests are being
done purely for research then the man who does the
work should, of course, have a predominant position
in any published work. Many things that one talks
about in the proximal tubule are frankly research
procedures and, in my opinion, in no way connected
with the usual management of renal disease.
One can say, besides the reabsorption of sodium

chloride and with it, iso-osmotically of water, that
the functions of the proximal tubule certainly include
reabsorption of glucose, amino-acids, phosphate,
and uric acid, and they include secretion of a wide
variety of organic acids and bases. Of the last, far
more is known of the organic acid secretory system,
but we do know that secretion of acids and bases are
separate processes. Probenecid, for example, will
inhibit the secretion of organic acids but will leave
unaffected the secretion of organic bases, and al-
though we use extraneous acids of no physiological
importance, such as para-aminohippurate, as test
substances, these proximal tubular functions were
probably evolved to excrete more efficiently toxic
products of bacterial action from the colon. There
are many potentially toxic organic acids and bases
produced by bacteria which are very rapidly dealt
with by the normal kidney. So effective is their
excretion that it is very difficult indeed to detect
these substances in normal blood but very easy to
detect them in urine.

This is the familiar slide (Fig. 1) relating the

amount excreted of a substance, U. . V, against the
plasma level of that substance. I have used as type
substances inulin, measuring the glomerular filtra-
tion rate, glucose, a substance which is reabsorbed
proximally, and p-aminohippurate (P.A.H.), a
foreign substance of the organic acid secretory
system which has the advantage of being very easy
to estimate chemically. As you are well aware,
glucose is a so-called threshold substance, it does not
appear until the plasma level is well above
normal, and P.A.H. has a clearance many times
higher than that of inulin, being excreted at a low
plasma concentration at the level of the renal
plasma flow, 600 mnl. per minute. There are two
functional tests using P.A.H., namely, the measure-
ment of renal plasma flow and the measurement of
Tmp.A.H, the maximum secretory capacity of the
proximal tubule for organic acids. Measurement of

500-

D

400-~~~~~~~~~~~
400-

.E300 TmG. B

E
200P.A.H. IULIN GCOE

Px. C mg. / ml.)
FIG. 1. Graphs of equations

U:r . V = Px Cin (inulin)
Ux. V = Px Cin - TmG (glucose)
Ux. V = Ps. Cin + TmP.AH. (P.A.H.)

Assumed constants are Cn= 125 l.min., TmG =
305 mg./min., and TmpAH = 79 mg./min. Point A is
'mean threshold', point E is 'appearance threshold', and
point F is 'maximal threshold' for glucose. Below plasma
levels of P.A.H. of about 016 mg./ml., the excretion of
P.A.H. is limited bvthe renalplasma flow. Actual excretion
is indicated by the broken line OH.
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M. D. Milne

renal plasma flow is the easier of the two. This must
be done with a slow infusion of this non-toxic
organic acid. It would be quite useless in such a
rapidly excreted compound, with a half-life in the
average adult of 16 minutes, to expect useful results
with any method other than a slow continuous in-
fusion. The clearance of P.A.H. will measure the
renal plasma flow, provided the kidney is reasonably
normal. This immediately restricts the method to
physiology rather than to the investigation of
disease. If the glomerular filtration rate is signi-
ficantly reduced below 70% or 80% of the average
normal, then the extraction of P.A.H. from the renal
venous blood will be incomplete and assessment of
renal plasma flow will only be accurate if a catheter
is simultaneously placed in the renal vein which, of
course, makes this a somewhat major procedure.
The method, even with renal vein catheterization, is
grossly inaccurate in cases of oliguria, and in acute
oliguric renal failure the only methods available for
measuring the renal blood flow are the radioactive
Krypton and dye methcds in which cannulae have
to be placed both in the renal artery and the renal
vein, making these procedures major research
methods and ones which I would resist very forcibly
if I were ever admitted to hospital as a conscious
case of acute oliguric renal failure. Determination of
Tmp.A.AH is purely a research procedure. One needs
here, of course, to have high plasma levels of P.A.H.
by means of a rapid infusion, and it is necessary at
the same time to measure the inulin clearance because
the amount secreted must be found by subtraction
of the amount -filtered from the total amount ex-
creted. It is, however, perhaps the most accurate
method of measuring total cellular mass in the
kidney, but a measurement that is not required in
treatment of cases of renal disease.

Glucose, perhaps, is in a more important category
because it is a physiological substance, but the only
occasions when Tmg, which is the measure of tubular
reabsorption of glucose, would have to be measured
is in research on renal glycosuria. Renal glycosuria
is now reasonably well understood from a clinical
point of view. There are two types: that due to
heterogeneity of nephrons in relation to glucose re-
absorption, in which case glucose will appear in the
urine at low plasma levels, say at 150 mg. per
100 ml., but excretion at high levels is normal, or
that due to a true reduction of Tmg, in which case
the excretion will be abnormal both at low and high
plasma levels. However, the differentiation of these
two types does not greatly matter in managing the
case and is not necessary in recognition of renal
glycosuria. In the hereditary cases. in which glucose
leak is the sole abnormality, most are due to hetero-
geneity of nephrons but some to lowering of the

Tmg, whereas in renal glycosuria associated with
more generalized diseases, such as the Fanconi
syndrome and cystinosis, the abnormality is always
due to lowering of the Tmg. In the measurement of
Tmg, a high plasma glucose level has to be main-
tained by constant infusion up to 400 mg./100 ml.,
and this causes a massive osmotic diuresis with
sodium depletion which will secondarily reduce the
Tmg so that a sodium balance must be maintained
throughout the test. It is, in my opinion, wholly a
research method and one unnecessary in the
diagnosis of proximal tubular disease.

Figure 2 gives the same data where clearance is
graphed against plasma levels. The clearances of
glucose and p-amino-hippurate are hyperbolic
curves approaching the constant value of inulin
clearance asymptotically at high plasma concentra-
tions. At normal plasma glucose values, all filtered
glucose is reabsorbed by the proximal tubule cells.

Direct recognition of renal glycosuria, of course,
is extremely important in differentiation from
diabetes, and this can be easily carried out by
analysing short collections of urine with a diuresis if
necessary and simultaneously analysing plasma
glucose. This gives a reasonable assessment of the
plasma level at which glucose is appearing in the
urine. The standard glucose tolerance test is defini-
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FIG. 2. Graphs of equations
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Assumed constants are identical with those of Figure 1.
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Tubular reabsorption and secretion

tive for the diagnosis of diabetes mellitus. The
differential diagnosis of the melliturias has been
made easier by automation analysis, by chromato-
graphy, and by special tests like the glucose oxidase
method, so I will not discuss renal glycosuria further.
From the differential diagnosis of proximal

tubular disease I personally consider that amino-acid
reabsorption is the most important test, as amino-
acids are of course absorbed by active transport and
the pattern of excretion is different in many diseases.
I would remind you of the principles of active trans-
port in the body. It occurs against a concentration
gradient, the substance passing from areas of low to
higher concentration of the compound being trans-
ported. There is considerable resemblance of chem-
ical structure in groups of substances involved in the
same transport system; presumably the active
groupings are combining with active centres in the
unknown transporting enzymes involved. There is
competitive inhibition between two substances
sharing the same transport system and the transport
is reduced non-competitively by anoxia or substances
depressing cellular energy, such as dinitrophenol and
other cellular poisons.
The study of amino-aciduria in renal disease is the

best indication that amino-acids are grouped in
cellular transport systems. The results do not
entirely agree with all the animal experiments, but I
think that in this aspect there is considerable species
difference. There are about 20 different amino-acids
derived from protein hydrolysis. They could all be
reabsorbed separately, in which case there would be
20 distinct transport systems, or they could all be
absorbed together, which is perhaps unlikely because
they are a very diverse set of chemical compounds.
Indeed not all of them are truly amino-acids, as
proline and hydroxy-proline have an imino-nitrogen
group. Alternatively, they may be divided into small
groups which share a transport system and this
appears most likely and in fact actually occurs. The
evidence is based particularly on observations in
human disease, but, in the case of glutamic and
aspartic acids, depends on infusion experiments in
the dog. There are many monoamino-mono-
carboxylic amino-acids in the largest group, which I
consider is specially involved in the defective trans-
port in Hartnup disease, a rare but physiologically
important condition. By contrast the basic amino-
acids-lysine, ornithine, arginine, and cystine-are
specifically involved in the disease cystinuria. The
imino-glycine group-proline, hydroxy-proline, and
glycine-is specifically involved in certain varieties of
hereditary nephritis. The dicarboxylic amino-acids,
glutamic and aspartic acids, have a separate transport
system and the evidence for this depends entirely on
mutual competition for their proximal tubular re-

absorption in the dog. Similar experiments have not,
to my knowledge, been performed to date in man.
We can now classify proximal tubular disease and

diseases concerned with amino-acid absorption
reasonably accurately. There has been a tremendous
amount of work done on these conditions in the last
20 years and the old classification of Dent into an
overflow and a renal amino-aciduria, although a
very fine concept, is far too simple alone to explain
all the ramifications of amino-acid excretion. The
overflow amino-acidurias are comparable to diabetes
mellitus in respect of glucose reabsorption. The
plasma level is high and the amino-acids appear in
the urine by simple saturation of proximal tubular
transport. The familiar examples are threshold
varieties, such as phenylketonuria, where phenyl-
alanine is involved; branched-chain amino-aciduria
or maple syrup urine disease, in which valine,
leucine, and iso-leucine are involved; histidinuria,
which is clinically less severe; and hyperglycinaemia,
all causing various degrees of mental deficiency.
The interesting thing to me from the physiological

point of view is why these amino-acidurias do not
saturate the transport system for mono-amino-
monocarboxylic acids and cause a generalized
amino-aciduria. I think that usually the amount in-
volved is insufficient, but it is perhaps not always
insufficient in many cases of maple syrup urine
disease. The large amounts of excreted leucine, iso-
leucine, and valine saturate the reabsorptive mech-
anism and there is also, in many cases, some
associated renal amino-aciduria due to saturation of
the proximal transport of monoamino-mono-
carboxylic acids, but this certainly does not occur in
phenylketonuria, histidinuria, and hyperglycinaemia.
There are also amino-acidurias due to the excretion
of simple non-threshold amino-acids. These are
compounds which are normally intracellular. If they
get into the plasma they are treated as foreign
substances and are excreted at the level of the
glomerular filtration rate, and therefore are very
easy to detect in urine but very difficult to detect in
plasma. Examples are the harmless anomaly of
f-amino-iso-butyric-acidaemia, arginino-succinaci-
duria causing mental deficiency and hair changes,
cystathioninuria, again causing mental deficiency,
and the excretion of phospho-ethanolamine in the
serious hereditary disease, phosphatasia.
There are amino-acidurias in which there is a

mixed overflow and renal element. Levels of amino-
acids due to a metabolic defect are high in the
plasma and are filtered at the glomerulus in sufficient
amounts to saturate the appropriate transport
system, and therefore competitively inhibit the re-
absorption of other members of the same amino-acid
transport group. A typical example is the rare
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disease citrullinaemia. where the level of citrulline is
very high in plasma, and this causes a generalized
renal amino-aciduria of the other members of the
monoamino-monocarboxylic amino-acid group. In
the dibasic group no natural example exists but the
condition is very easy to induce in any normal sub-
ject by infusion of either lysine or arginine, which
are completely non-toxic at a reasonable dose, and
this very rapidly produces a temporary defect very
similar to cystinuria. If, for example, arginine is in-
fused, large amounts of lysine, ornithine, and cystine
are excreted in the urine in addition to the arginine
infused. This is a clear example of saturation of a
natural transport system by artificially raising the
plasma concentration of a single amino-acid. Hyper-
prolinaemia occurs in some cases of hereditary
nephritis and can also be produced physiologically
by infusions of proline, which is also a relatively
non-toxic amino-acid. If proline is infused, excessive
amounts of proline, hydroxyproline, and glycine will
be excreted.

In the true renal amino-acidurias it is essential to
have a clear differentiation between the specific trans-
port defects in Hartnup disease and cystinuria and
the other members of the group. Presumably there
is a specific enzymatic defect in the tubular cells, but
unfortunately we do not know the enzymes con-
cerned. Cases of these diseases are a most instructive
experiment of Nature which cannot be duplicated by
any known poison or manipulative method. Some
unknown enzyme is deficient in these diseases and
they may, in the end, provide an important clue to
the mechanisms of amino-acid transport. In the non-
specific disorders of transport, Fanconi and Lowe's
syndromes, hepatolenticular degeneration and un-
treated galactosaemia, we can easily simulate the
disease by exogenous proximal tubular drugs or
poisons. One very good example is the use of maleic
acid. This is a sulphydryl inhibitor and has been
shown to produce a Fanconi type of renal defect in
animals. In addition there is a diminished influx of
amino-acids in kidney slices in vitro with an in-
creased efflux providing the physiological reason for
an amino-acid leak. The transport defect only occurs
when maleic acid is actually present in adequate con-
centration within the cell. As soon as the maleic acid
is removed by placing the slices in Ringer's solution,
the defect disappears. These, then, are effects due to
poisoning of the cell and can be duplicated experi-
mentally. By contrast, cystinuria and Hartnup
disease are specific hereditary enzyme deficiencies
for which we have no known method of duplication,
and are therefore unique experiments of Nature.
The major clinical feature in Hartnup disease is

hereditary pellagra. There is a typical rash of the
hands and face with erythema and scaling, and the

upper limit shows a characteristic glove and stocking
distribution.
The definitive diagnosis of Hartnup disease is the

amino-aciduria, which is unlike that of any other
renal defect. It is confined to group 1 amino-acids
and excludes proline and hydroxyproline, thus
differentiating it from the more familiar amino-
acidurias of, say, the Fanconi syndrome. There is a
specific defect in transport of the involved amino-
acids in Hartnup disease. Transport is clearly
deficient, but is active transport completely abolished
or not? I think it is probably only partially abolished.
In cases of Hartnup disease, if amino-acid re-
absorption were entirely carried out by passive
diffusion, the percentage of the amino-acid re-
absorbed would be inversely proportional to the
molecular size of the diffusing amino-acid, i.e., the
apparent molal volume. This is not the case, and it
seems that there is still some residual transport in
Hartnup disease, although that transport is defective.
The evidence suggests, therefore, that although re-
absorption is defective in Hartnup disease, the
residual transport of amino-acids is still an active
process and is not entirely occurring by simple
diffusion.
Table I shows the basic differences between a

specific transport defect and a non-specific one due
to proximal tubular damage such as can be produced

TABLE I
COMPARISON OF PURE RENAL AMINO-ACIDURIA (CYSTINURIA
AND HARTNUP DISEASE) AND RENAL AMINO-ACIDURIA DUE
TO GENERALIZED PROXIMAL TUBULAR DAMAGE (FANCONI

SYNDROME, WILSON'S DISEASE)
Pure Renal Generalized Proximal
Amino-aciduria Tubular Damage

No. Yes, unusually high
proportion of glob-
ulin

Other proximal tubular ab-
normalities (renal glyco-
suria, changes in C urate
and Ck and TmP.A.H.) No

Distal tubular abnormalities:
alterations in acidification
and concentration of urine No

Variability of pattern of
amino-acid loss between
patients and at different
times in the same patient No

More than one amino-acid
transport group involved No

Associated jejunal transport
defect Yes

Tendency to progression of
the proximal tubular defect No

Yes

Frequent

Yes

Yes

No, unless the jeju-
num has been
damaged as well

Yes

S18
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Tubular reabsorption and secretion

experimentally, say by maleic acid. Proteinuria only
occurs in the cases with tubular damage and is a

specific type with an undue proportion of urinary
globulin. Presumably the protein is produced by the
damaged tubular cells and not in the usual manner

by glomerular filtration. Other proximal tubular
abnormalities are found, such as renal glycosuria,
and changes in the clearance of urates and phosphate
and reduction in TmP.A.H.. Distal tubular abnormali-
ties, acidification and concentrating defects, occur

only in cases with generalized tubular damage. As
has been shown so elegantly by Dr. Darmady, the
lesions in the tubules in most of these cases are not
specific for one localized area of the nephron but
are diffuse, although they may be more prominent in
one area than in another. Variability of the pattern
of the amino-aciduria both in different patients and
in the same patient from year to year is usual in
cases of generalized tubular damage. The pattern in
cystinuria and Hartnup disease is constant and could
be diagnosed with far greater accuracy by the clinical
pathologist from a urine specimen received by post,
provided it had not decomposed, than by the most
eminent physician without biochemical techniques
at his disposal. More than one amino transport
group is involved in the non-specific group but the
defect is confined to a single group in cystinuria and
Hartnup disease. There is no damage to the cell
except for the specific, presumably enzymatic,
deficiency giving rise to the amino-acid transport
defect. In cystinuria and Hartnup disease there are
identical amino-acid transport defects in thejejunum,
proving either that the transport mechanism is
identical in the jejunum and renal tubule cells, or at
least an essential part of the process is the same. By
contrast, intestinal abnormalities have not been
described in cases of generalized tubular damage as

there is no obvious reason why the intestine should
be involved.

Generalized tubular defects tend to become more

severe, presumably because the unknown metabolic
abnormalities causing the tubular damage are pro-
gressive, but in Hartnup disease and cystinuria the
transport defect is fully developed at birth and does
not change throughout the life of the patient.
Admittedly, renal damage may be progressive in
cystinuria, but this is a secondary effect of the
disease due either to associated pyelonephritis or to

obstruction from renal calculi in the renal pelvis or
the ureters.

Chemical pathologists have recently had the
difficult problem of assessing the benefit and the
control of dosage in penicillamine treatment of
cystinuria. The drug forms a soluble mixed disul-
phide with cysteine and therefore reduces the
excretion of the much more insoluble cystine. Simple
biochemical methods are unfortunately inapplicable.
In the paper chromatography of cystine it is usually
oxidized first and chromatographed as cysteic acid.
Unfortunately, this acid is also produced by oxida-
tion of the mixed disulphide. The only available
reliable method is column chromatography, prefer-
ably using an automatic amino-acid analyser. Un-
fortunately, the apparatus is very expensive and the
method is time-consuming. One important point is
the recent proof that penicillamine can cause pyri-
doxine deficiency by forming a thiazolidine deriva-
tive. The available evidence suggests that D-penicil-
lamine is less toxic and equally effective if in adult
patients pyridoxine supplements of 100 mg. per day
are given simultaneously.

Hyperprolinaemia is another interesting condition
of a related but somewhat different type. There have
been three affected families described to date,
including 11 individual cases. All the cases have been
in families affected by hereditary nephritis, but most
cases of familial nephritis do not have the abnor-
mality of hyperprolinaemia. There is presumably an
unknown enzymatic defect which causes a raised
plasma proline concentration. The increased filtered
load at the glomerulus saturates the proximal tubular
reabsorptive system for the imino-glycine amino-acid
group. This causes an 'overflow' amino-aciduria in
the case of proline and a renal type in the cases of
hydroxyproline and glycine. The connexion between
hyperprolinaemia and hereditary nephritis is so far
unknown. Possibly the postulated enzymatic defect
in proline metabolism damages kidney function and
structure and leads to a progressive nephritis.

In conclusion, knowledge of this aspect of renal
function is continually advancing but admittedly is
only fragmentary and elementary at the present date.
The most fundamental problem awaiting solution is
the precise mechanism of transcellular transport of
such substances as glucose, amino-acids. and
electrolytes.
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Urinary hydrogen ion excretion
OLIVER WRONG

From the Department of Medicine, Postgraduate Medical School, London

To put this subject into proper perspective we should circulation if a rapidly fatal acidosis is not to occur.
first consider some figures. The complete metabolism Bicarbonate might be reabsorbed as such either
of the foodstuffs contained in the average diet actively or passively, but from other evidence we
produces, each day, about 20,000 millimoles of know that hydrogen ion is secreted from the tubules
carbon dioxide which are excreted by the lungs, and it seems likely that this process is responsible for
500 millimoles of urea which are excreted by the the disappearance of much of the filtered bicarbonate
kidneys, and about 60 mEq. of non-volatile acid by converting it into carbonic acid which dissociates
whidh must also be excreted by the kidneys. The to carbon dioxide and water. In this reaction the
non-volatile acid is about half sulphuric acid, which bicarbonate which returns to body fluids is not the
comes from metabolism of sulphur-containing same as that which is filtered through the glomerulus,
amino-acids, and of the remainder the major com- but the overall effect is as it would be if the filtered
ponents are phosphoric acid and various organic bicarbonate were reabsorbed.
acids which have not been completely identified. The A second, and much smaller, moiety of this sec-
anions of these acids are excreted by different renal reted hydrogen ion combines with various urinary
pathways and are not discussed in this paper. buffers, of which the divalent phosphate, HP04' is
What we are now concerned with is the renal ex- the most important, and is converted to the more
cretion of the hydrogen ion derived from these acids, acid form H2P04'. The other buffer that is important
as the efficiency of this process is what determines in urine is creatinine, and there are other buffers which
whether a patient with renal disease becomes are mainly unidentified. We can very easily discover
acidotic. how much hydrogen ion is combined with buffer by

Figure 1 shows how the kidney excretes hydrogen titrating a sample of urine back to the pH of the
ion. This is entirely a tubular process, the tubular glomerular filtrate (usually assumed to be 7 4) and
cell secreting into the lumen hydrogen ion which is this quantity is called the titratable acid.
derived within the cell from the hydration of carbon Finally, rather more important quantitatively than
dioxide. The reaction is catalyzed by carbonic titratable acid, some of the tubular hydrogen ion
andydrase but can proceed at a reduced rate even is coupled with ammonia, which is also secreted
when this enzyme is inhibited. The hydrogen ion by the tubular cell. The ammonia is derived from
secreted by the tubular cells has three fates, as shown both the amide and the amine groups of glutamine,
in Figure 1. Quantitatively the most important of is synthesized in the tubular cell, and is secreted
these is neutralization of filtered bicarbonate. About by a process of non-ionic diffusion into the tubular
5,000 mEq. of bicarbonate is filtered through the lumen. When the urine in the tubule is of low
glomerulus every day and must be returned to the pH more ammonia is trapped in the lumen by

combination with hydrogen ion and more am-
C02+ H20 monium appears in the urine.
CARBONIC ANHYDRASE Net renal excretion of hydrogen ion, which is quite

H2CO3 a different figure from total tubular secretion of
H+HCO hydrogen ion, can be derived by adding together the

IHC03+4+Hc3C2 2 NURLZTo C3excretions of ammonium and titratable acid and
HCO3 C deducting any bicarbonate which escapes reabsorp-

HPO: + H-HN2PO4 TITRATABLE ACID CTA.) tion and appears in the urine, the whole calculation
H++NH3--NH: 0 URINARY AMMONIUM being performed in milliequivalents.

H+ N NH3 I have so far not said anything about urine pH.
TOTAL H+EXCRETION=NH4+T.A.- HCO3 Healthy kidneys can produce a urine as acid as 4 6,

pH DEPENDENT which is 800 times the hydrogen ion concentration of
FIG. 1. The fate of hydrogen ion secreted by the renal extracellular fluid, but the free hydrogen ion in such
tubule. urine measures only 0 03 mEq./l, a negligible
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FIG. 2. Relationship of urine bicarbonate concentration to urine pH (from Pak Poy and Wrong, 1960).

FIG. 3. The contribution made by phosphate and creatinine buffering to urinary titratable acidity at different urine pH
values (from Wrong and Davies, 1959).

amount in terms of the need to excrete 60 mEq. of
hydrogen ion a day. All three components in the
calculation of hydrogen ion excretion are pH-
dependent, but especially the excretion of bicarbonate
and of titratable acid. The concentration of bicar-
bonate in the urine depends simply on two things,
the PCO2 of the urine and its reaction. Figure 2
shows the importance of the latter. In urines more
acid than pH 6 0 the amount of bicarbonate in the
urine is negligible. The scatter of points and the
difference between the normal subjects and patients
with various tubular disorders is almost entirely
attributable to variations in urine PCO2, but this
effect is very slight compared with the effect of the
urine pH. It can be easily seen that the ability of the
kidneys to excrete a urine more acid than pH 6-0 is
absolutely vital in neutralizing filtered bicarbonate.

Urinary titratable acid depends on the pH of the
urine, the amounts of the various buffers in the
urine, and the pK values of these buffers. Figure 3
shows certain relevant data. At pH 7 0, a relatively
alkaline urine, buffering by phosphate (pK 6-85) is
responsible for about 60% of the titratable acid in
urine; this figure falls at lower urine pH values and
creatinine (pKa 5-0) contributes up to 20% of the
titratable acid in very acid urines, although it still
contributes less than phosphate. Because phosphate

is quantitatively the most important buffer in urine
most of the available reserve of titratable acid
excretion is utilized in a urine as mildly acid as
pH 6-0, but the buffering of creatinine can only be
utilized in a urine of maximum acitity, namely,
pH 5-0 or under.
Ammonium excretion is also pH dependent, but

there are other factors which influence it markedly,
such as urine flow, the availability of glutamine
substrate in the cell, and probably the pH of the
tubular cell. Because of these other factors am-
monium excretion is not as closely related to pH
as the excretion of titratable acid or bicarbonate.
Figure 4 shows the relationship in normal subjects.
The logarithm of the rate of ammonium excretion is
linearly related to urine pH, but there is a large
scatter in the distribution, which reflects the im-
portance of factors other than urine pH in deter-
mining ammonium excretion.
Now that we have considered the complex rela-

tionship between urinepH and the three components
of hydrogen excretion, it should be clear that
measurement of the urine pH, although important,
does not give all the information required in the
investigation of disordered hydrogen ion excretion.
The figure for total hydrogen excretion (NH4 +
T.A.-HCO3) is easier to determine than it looks
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FIG. 4. The relationship ofthe
rate ofammonium excretion to
urine pH in normal subjects
(from Wrong and Davies,
1959).

because (T.A. - HCO3) can be determined in one
step, leaving only the ammonium figure to be
obtained by a separate method.

Table I gives some figures for the daily tubular
secretion of hydrogen ion and shows the magnitude
and the reserve of the three mechanisms under
consideration. It is assumed, in these figures, that
reabsorption of filtered bicarbonate is achieved
simply by tubular secretion of hydrogen ion. This
reaction utilizes most of the hydrogen ion secreted

TABLE I
FATE OF H+ SECRETED BY RENAL TUBULES'

Resting Maximum
(mEq./day) (mEq./day)

1 Neutralizes 5,000
filtered HCO,

2 Accepted by 25
urinary buffer (-T.A.)

3 Accepted by NH3 35
(--NH,)

'Net renal H+ excretion = 2 + 3 but not 1.

10,000 (respiratory
acidosis)

50 (metabolic aci-
dosis)

350 (metabolic aci-
dosis)

by the tubule, and has a considerable reserve which
becomes most apparent in respiratory acidosis,
when the amount of filtered bicarbonate neutral-
ized may be doubled. In a metabolic acidosis the
plasma bicarbonate level is reduced, and the filtered
load ofbicarbonate therefore falls, so the tubules have
less work todo in ridding the urine ofbicarbonate. The
resting figure of titratable acid excretion is about

25 mEq. a day, a very small amount compared with
amount of hydrogen ion used in neutralizing the
filtered bicarbonate, but important in achieving net
excretion of hydrogen ion. It increases in metabolic
acidosis, but this increase depends on the availa-
bility of buffer, and is much more marked in con-
ditions like diabetic acidosis in which the excretion of
urinary buffers (particularly /3-hydroxybutyrate) is
increased. In resting conditions the urine contains
slightly more ammonium than titratable acid; there
is a very considerable reserve which cannot be com-
pletely mobilized immediately, but takes five to
seven days of acidosis. The effect of chronic acidosis
in increasing urinary ammonium may be the result
of an increase in renal glutaminase, which is known
to accompany a chronic acidosis in the rat.
When one studies hydrogen ion excretion in

patients with renal disease, the choice of method
depends largely on the state of the patient. If he is
acidotic the urine can be studied and from that
deduced what is abnormal about his hydrogen ion
excretion; this is what Henderson and Palmer did
in 1915. This sort of study is not completely valid
because one cannot be certain that the abnormali-
ties revealed are the original cause of the acidosis.
Schwartz, Hall, Hays, and Relman (1959) have
used a different method: they treated the acidosis of
their patients with large amounts of sodium bicarbo-
nate and then stopped treatment and watched the
patients re-develop acidosis. This technique also
has a fallacy; the plasma bicarbonate, and hence the
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FIG. 5. The effect of a single dose ofammonium chloride
on urine pH, titratable acid, and ammonium in healthy
subjects (hatched areas) and patients with generalized
renal failure and renal tubular acidosis (from Wrong and
Davies, 1959, as redrawn by Elkinton, 1963).

filtered bicarbonate load, is sharply increased and
may be even doubled, presenting to the tubules a
load that they may not have had for months or
years. Under these circumstances they might not
immediately reveal their full capacity to neutralize
filtered bicarbonate. But these are two useful ways of
tackling the problem, neither of which is perfect.
If the patient is not acidotic or only mildly acidotic
he may be given an acid load, usually ammonium
chloride, in order to assess the renal response to an
acidosis. The acid load may be given as a single
dose (Wrong and Davies, 1959) or for five days
(Elkinton, Huth, Webster, and McCance, 1960).
The advantage of the longer test is that it stimulates
ammonium excretion to the full which the shorter
test does not, but it also means that the patient has
to come into hospital. As we are not very interested
in ammonium excretion in tubular diseases, for
reasons which I will go into later, we for the most
part use the shorter test. Figure 5 shows the response
of a group of subjects to a single dose of ammonium
chloride, 0-1 g./kg. of body weight. The hatched areas
indicate the range covered by normal individuals.
Urinary bicarbonate has not been charted separately
because it is negligible after the administration of
ammonium chloride to normal subjects. The re-
sponse to ammonium chloride is extremely rapid,
and excretion of both titratable acid and ammonium
is increased, but particularly of the latter. However,
this increase in ammonium excretion is consider-
ably less than would be seen if the ammonium
chloride were continued for several days.

Various abnormal patterns of hydrogen ion ex-

TABLE II
PATIERNS OF ABNORMAL HYDROGEN ION EXCRETION IN RENAL DISEASE

Pattern of Abnormal Excretion

A Insufficient Urinary Hydrogen Ion
Acceptor

1 Marked NH4 impairment
2 Moderate T.A. impairment

(phosphate excretion low)
3 Normal HCOS reabsorption
4 Can excrete urine of low pH.

Commonest pattern in generalized
renal disease (Henderson and Palmer, 1915).
NH4 excretion always low when general
renal function impaired-? insufficient
substrate ? insufficient nephrons.

B Diminished Hydrogen Ion Secretory
Capacity

Reduced HCO3 threshold
1 When plasma HCO3 normal or only

slightly reduced, urine contains
abundant HCO3, and is alkaline,
with low T.A. and NH4

2 When plasma HCO3 very low, urine pH
falls almost to normal lower limit,
T.A. + NH4 increase, and urine HCO3
disappears.

3 Difficult to correct acidosis with
alkalis because of HCO3 loss in urine

? Common in generalized renal disease.
Patients show acidosis disproportionate to
degree of uraemia, but not other features
of tubular disease.

C Abnormally High Lower Limit to Urine pH

This is inability to attain normal maximum
urine-plasma hydrogen ion concentration
difference.
'Renal tubular acidosis'
1 Acidotic (usually hyperchloraemic) unless on

alkali
2 Urine pH 6-7-4 despite acidosis, variable

amounts of HCO3 in urine, reduced T.A.,
normal or reduced NH,

3 Acidosis easily corrected by alkali
4 No real evidence of reduced HCO3 threshold

(HCO3 infusions)
5 No real evidence of reduced tubular ability to

secrete H+, except in face of H+ gradient
(P04 infusions)

6 K-losing
7 Little generalized renal failure

Found with obstruction; ? pyelonephritis;
hypercalcaemia; with aminoaciduria ± glycosuria
(Fanconi syndrome). Infantile renal tubular
acidosis (Lightwood, Butler), late primary renal
tubular acidosis (Albright, Elkinton)

GENERAL RENAL FAILURE

- m NH4CI
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FIG. 6. Generalized renalfailure. The relationship between
urinary ammonium and pH. The dotted lines indicate the
regression line and 95% fiducial limits obtained from
normal subjects (Fig. 4). From Wrong and Davies (1959).
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FIG. 7. The relationship of daily urinary ammonium
excretion to glomerular filtration rate (thiosulphate
clearance). The open circles relate to control days, the
closed circles to data obtained after administration of
ammonium chloride for three to six days (from Giovannetti
and Pasero, 1959).

cretion occur in renal disease. The commonest,
which is shown at the left of Table II, can be called
'insufficient hydrogen ion acceptor'. This is the
pattern seen in most patients with generalized renal
failure (Fig. 5). They have reduced amounts of
phosphate buffer in the urine, perhaps partly because
they are on a low-protein diet, and partly because
phosphate is excreted in increased amounts in the
stool; titratable acid excretion is therefore slightly
reduced. Much more important than this is their
markedly impaired ammonium excretion. They can
usually acidify their urine quite normally, so their
urinary ammonium content is low in relation to pH,
as shown in Figure 6. This failure to excrete normal
amounts of ammonium, despite prefe-vation of the
ability to lower urine pH, was clearly demonstrated
as long ago as 1915 by Henderson and Palmer.
Reduced ammonium excretion appears to be a
constant feature of renal failure. Figure 7 shows data
obtained by Giovannetti and Pasero (1959) indica-
ting that the ability to excrete ammonium in response
to an acidotic stimulus is closely related to glo-
merular filtration rate. The reason for this relation-
ship is not clear, but it may mean that ammonium
excretion in renal disease is limited by the number of
nephrons or the availability of glutamine substrate.
Both these variables are likely to be closely related
to the glomerular filtration rate. Even in patients
with known tubular disorders the ability to excrete
ammonium appears to be related to the glomerular
filtration rate, as is shown in Figure 8 from patients
studied by Davies and myself. The scatter of points
was greater than in Figure 7, perhaps because
ammonium excretion had only been stimulated by a
single dose of ammonium chloride and therefore was
not maximal.
Another pattern of disordered hydrogen ion ex-

cretion, 'bicarbonate-losing renal disease' is shown
in the middle of Table IT. It is probably quite
common, although only recently described by Sch-
wartz et al. (1959). Although these workers de-
scribed the defect as bicarbonate-losing renal disease,
it may more accurately be described as a diminished
hydrogen ion secretory capacity by the renal tubule,
which resembles the diminished glucose Tm which
can be demonstrated in some cases of renal glyco-
suria. A reduced hydrogen ion Tm would declare
itself as a bicarbonate-losing state, as neutralization
of bicarbonate is the chief fate of secreted hydrogen
ion. In this disturbance the state of the urine depends
very much on the amount of bicarbonate filtered by
the glomerulus. When the patient is not acidotic, a
state which is quite difficult to achieve, his urine
contains very large amounts of bicarbonate and is
low in titratable acid and ammonium. But when the
plasma bicarbonate is very low the urinary pH falls
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almost to the normal lower limit and the excretion
acid of titratable and ammonium increase, urine bicar-
bonate disappearing. It is difficult to correct the
acidosis of these patients completely because when
they are given alkali this spills over into the urine
as bicarbonate. We do not know how common this
type of abnormality is. Schwartz et al. (1959) ex-

amined 12 patients with generalized renal disease
and acidosis and found the phenomenon in only five.
I have studied such a patient, and the details of this
study are shown in Figure 9. The patient was ini-
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tially on a sodium bicarbonate supplement, which
was stopped to allow him to redevelop acidosis.
The plasma total CO2 fell from 23 to 16 mM/1., and
initially the urine was quite alkaline (over pH 7 0)
and contained a large amount of bicarbonate, but as

the patient became more acidotic urine pH fell to 6-2
and urine bicarbonate, which was initially 70 mEq./
day, fell progressively to a negligible quantity. If the
investigation had been continued I suspect the
patient would have entered a steady state with a

persistent acidosis and an even more acid urine.

8-0

FIG. 9. Renal bicarbonate wastage in a man aged
59 with phenacetin nephritis (endogenous creatinine
clearance 25 ml./min.). From Wrong (1962).
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The third abnormal pattern of- hydrogen ion
excretion is shown at the bottom of Table II. In this
there is an abnormally high lower limit to urine pH.
The tubules apparently cannot maintain the normal
gradient of about 800 to 1 between tubular lumen
and capillary blood, and the minimal urine pH is
fixed somewhere between 6-0 and 70 in most
patients. Although all renal acidosis is truly tubular,
it is to this condition that the term 'renal tubular
acidosis" is usually applied. Such patients are
usually acidotic when first seen, and the acidosis is
usually accompanied by hyperchloraemia. As judged
by nitrogen retention they have little renal failure
and they do not therefore tend to retain anions such
as sulphate and phosphate. There are variable
amounts of bicarbonate in the urine, as one would
expect from the urine pH (Fig. 2) and the titratable
acidity is reduced: these two factors result in a low
excretion of total hydrogen ion (NH4 + T.A.
HCO3). The amount of ammonium in the urine is
variable; in some it is normal and in others it is low,
depending apparently on the degree of generalized
renal damage (Fig. 5). The acidosis is easily corrected
by giving alkali, and if the filtered bicarbonate is
increased these patients can reabsorb normal
amounts of it provided they can do so without
lowering their urinary pH below its abnormally
high minimum. They can increase their total hydro-
gen ion excretion if their urinary buffer content is
raised by an intravenous phosphate infusion, so
there does not seem to be any limitation on hydrogen
ion secretion except that they cannot achieve the
normal gradient of 800 to 1. These patients often
lose potassium and may also develop osteomalacia.
This type of disordered acid excretion may occur
with obstructive renal disease, in pyeloriephritis, or
in hypercalcaemic renal damage. It may be found in
association with amino-aciduria or glycosuria, in
which case it is called the Fanconi syndrome. In
infants it may be associated with histological nephro-
calcinosis (Lightwood-Butler type of renal tubular
acidosis), a type of renal disease which is rarely seen
nowadays and tended to disappear with advancing
age. In older children and adults the functional
abnormality is often accompanied by gross radio-
'The expression 'renal tubular acidosis' has been applied to many
different states. In its correct etymological sense the term can be
applied to all cases of renal acidosis, as pointed out by Schwartz and
Relman (1957), for the tubules are entirely responsible for renal
excretion of hydrogen ion. In its most restricted sense the term has
been confined to patients with hyperchloraemic acidosis and an
inappropriately high urine pH, in the absence of renal glycosuria or
amino-aciduria

logical nephrocalcinosis (Albright type of renal
tubular acidosis).
The behaviour of these patients to ammonium

chloride is shown in the second part of Figure 5. The
urinary pH does not fall normally after this acidotic
stimulus, and hence the excretion of titratable acid
is reduced; some of these patients excrete ammonium
normally, but in most it is slightly reduced.
One of the chief values of a short ammonium test

is in uncovering undiagnosed cases of renal tubular
acidosis in those who have the functional defect but
happen to have no acidosis when they are first seen.
These patients may present with nephrocalcinosis or
a potassium-losing renal lesion, yet the defect in
total hydrogen ion excretion may not be sufficient
to give rise to acidosis although perfectly obvious
after the administration of ammonium chloride.
Davies and I described three such patients in 1959
and called the condition an 'incomplete form of renal
tubular acidosis'. I have studied a further five such
patients since then, all with nephrocalcinosis and two
of them with potassium depletion. Two of these
patients have since spontaneously developed acidosis
while under observation. It appears that these
patients are at first prevented from developing
acidosis by their efficient ammonium excretion, but
that this later fails as a result of general renal de-
struction (perhaps on the basis of their renal calcifi-
cation) and acidosis results. The cause of the renal
calcification in renal tubular acidosis is not certain,
but there is some evidence that reduced citrate ex-
cretion plays a part (Dedmon and Wrong, 1962).
In some cases prolonged alkali administration has
been followed by disappearance or lessening of renal
calcification. The possible improvement in prognosis
with this treatment and the benefits to be obtained
by treating osteomalacia on potassium depletion are
the chief reasons for attempting to diagnose this
form of renal disease at an early stage.
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Control of sodium metabolism
IVOR H. MILLS

From the Department of Investigative Medicine, Cambridge

The control of extracellular fluid volume is a matter
of considerable clinical interest, but a great deal of
the data to be presented are derived from animal
experiments.

For a long time the glomerular filtration rate
(G.F.R.) was talked about as if it were playing a
dominant role in the control of sodium metabolism
and I think that this concept limited our approach to
the problem for many years. Next came the work on
aldosterone, which is a powerful sodium-retaining
hormone, but that, too, is now falling into place as
a secondary factor in the control of sodium meta-
bolism. The fact that aldosterone does not have the
dominant role is shown by, for instance, the escape
from the sodium-retaining influence of steroids
(August, Nelson, and Thorn, 1958). Figure 1 shows
the results of administering 9 ox-fluoro-hydrocortisone
to a normal individual on a constant sodium intake.
When the sodium-retaining steroid was given, that
person retained sodium for a few days and then
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escaped from the sodium-retaining effects. From
this it is concluded that some other mechanism
exists for the control of sodium metabolism. Sodium
reabsorption in the proximal renal tubule, about
70% of the filtered sodium, is not under aldosterone
control. Evidence suggests that the mechanism I am
now going to describe is probably related to that
phenomenon.
The studies were carried out in dogs (de Wardener,

Mills, Clapham, and Hayter, 1961; Mills, de War-
dener, Hayter, and Clapham, 1961). I have already
said that glomerular filtration rate is not a dominant
factor and Fig. 2 shows the evidence for this. It
represents the results of a series of experiments in
dogs into which saline was infused rapidly, at 100
ml. per kg. over 90 minutes. The dogs had previously
received 1 mg. 9(x-fluorohydrocortisone per 10 kg.
body weight. In a number of the experiments the
glomerular filtration rate fell and yet the sodium
excretion in the urine rose considerably.

Figure 3 shows the data from an experiment in
which a balloon was introduced into the lower
thoracic aorta of the dog and saline was infused.

INCREASE IN Na
EXCRETION
,uEq/min./kg.

r 00

0

0

'F._L

2 4 6 8 10 12 14 lb 18
DAYS

FIG. 1. Response to S mg. 9oc-fluorohydrocortisone
(9ca-F.F.) per day in a healthy subject. Sp. gr. = greatest
specific gravity of urine after S units vasopressin tannate
intramuscularly. Endogenous-creatinine clearance in milli-
litres per minute (Mills, 1962).
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FIG. 2. The increase in sodium excretion plotted against
the change in inulin and creatinine clearance. 0 = only
infusion ofsaline. 0 = balance experiment (dog on table).
A = denervated kidney. A = intact kidney in denervated
kidney experiment. X = balloon in aorta. V = vagi cut.

(de Wardener et al., 1961.)
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Ivor H. Mills

The balloon was inflated while the saline was being
infused so that the pressure to the kidney, that is,
in the lower aorta, was always below the control
blood pressure. Under these circumstances the
filtration rate usually fell but the dog had a sodium
diuresis. The pressure to the kidney, therefore, is
not directly a controlling factor and the G.F.R. is
again shown not to be dominant.

If you take an isolated kidney and connect it to a
dog which is subsequently given a saline infusion
important information on the mechanism which is
operating (Fig. 4) can be obtained. When saline was
administered to the dog which was perfusing the
isolated kidney, the sodium excretion rose sharply in
the isolated kidney despite the fact that the renal
blood flow was falling. Since the isolated kidney has
no nerve supply, nervous impulses are not essential
for the mechanism to occur. There is, of course,
dilution of the blood, lowering the haematocrit and
lowering the plasma protein concentration, which
might produce the sodium diuresis.

Cross-circulation experiments were carried out to
investigate these other factors, as shown in Figure 5.
One dog was on one side of a beam balance and
another dog was on a table: they were connected,
femoral artery to femoral vein, so that cross-
circulation occurred and screw clamps controlled
the amount of blood going in each direction. The
dog on the table subsequently received the saline
infusion. He would then give dilute blood to the
balance dog and receive concentrated blood in re-
turn. As a result there would be a tendency for the
blood volume of the dog to contract as the dilute
blood allowed salt and water to pass out of the
circulation. Water was dripped on to the opposite
side of the balance at a calculated rate such that the
blood volume of the balance dog was kept constant
throughout. Under these circumstances at the end
of 90 minutes' infusion of saline into the table dog,
the concentration of sodium and potassium, the
haematocrit, and the plasma protein concentration
were exactly the same in the two dogs.
The sodium excretion in the two dogs is shown in

Figure 6. The dog which received the saline had a
good sodium diuresis but the dog which was on the
balance had only a very small sodium diuresis.
Taking this in conjunction with the isolated kidney
experiment we think that the changes in sodium
concentration, haematocrit, and plasma protein con-
centration are not the operative factors here. We
explain the divergence between the two experiments
by the assumption that some substance is changing
its concentration in plasma under the influence of
the saline infusion and that this substance must have
a relatively short half-life so that both dogs do not have
the same plasma concentration of it. These are the

50-
V)UJE1

,,, ., 50
ss 2 -

> O4001
s 300-

5E 200-
° 1001

lo
E7 5 -

E 50-

I '- 200-

< E 150-
U E 10 {-

0 30
TIME (min.)

/ //~~~~~~~47

= ~~~~
_783

Ig
I

60 90 120

FIG. 3. The pressure in the lower aorta, urine volume,
sodium excretion, and inulin and p-aminohippuric acid
clearances before and during the administration of intra-
venous saline (between arrows). During the saline infusion
the lower aortic pressure was lowered by inflating a balloon
in the thoracic aorta (de Wardener et al., 1961).
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FIG. 4. Isolated kidney experiment. Urine volume,
sodium excretion, inulin clearance, and direct renal blood
flow of the isolated kidney and the blood pressure of the
dog perfusing the kidney. Saline was administered between
the arrows (de Wardener et al., 1961).
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Control of sodium mzetabolisin
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characteristics of a hormone and it seems, therefore,
that the sodium diuresis is produced by the change
in concentration of a hormone. Whether it is a
sodium-retaining or sodium-excreting hormone can-
not be concluded from these experiments.

In Fig. 7 is shown the relationship between the
rise in sodium excretion per minute per kilogram of
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FIG. 6. Cross circulation experiment. The urine volume,
sodium excretion and clearances of creatinine and P.A.H.
Saline was administered between arrows. = dog on

table receiving saline, = dog on balance. Table
dog = 15 kg.; Balance dog = 12 kg. (de Wardener et al.,
1961).
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dog and the rise in venous pressure. Some of the
animals had an infusion of dextran in saline and the
venous pressure then rose much more. As the
venous pressure rose, less sodium was excreted.
When 6% dextran in saline was infused, there was

virtually no increase in sodium excretion but the
venous pressure rose. It was never allowed to go

above 20 cm. This suggests the relationship that
occurs in heart failure; the more severe the heart
failure, the higher the venous pressure, the less the
sodium excretion. This may be of some importance
from the point of view of trying to work out how the
mechanism operates.
The efferent mechanism seems to be a circulating

hormone but the afferent or monitoring system is not
shown in these experiments. Another series of ex-

periments has thrown light on this. We have divided
the vagus, the depressor nerves which carry the
barorceptor impulses from the aortic arch and we

have cut the upper four thoracic sympathetic rami
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FIG. 7. The increase in sodium excretion plotted against
the change in venous pressure (Mills et al., 1961).
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Ivor H. Mills

which carry afferent impulses from inside the chest.
We have also, as mentioned above, put a balloon in
the lower thoracic aorta. All these experiments,
which interfere with the arterial side of the tree,
have little effect on the sodium excretion and from
them it is concluded that the arterial side is not the
monitoring system. We have constricted the brachio-
cephalic artery while saline is being infused, thereby
reducing the cerebral blood flow. This also has no
effect upon the sodium excretion. Anything which
tends to raise venous pressure depresses sodium
output and does not increase it, and it seems most
likely, therefore, that the systemic venous system is
not the monitoring system. This leaves thepulmonary
circulation: anything which interferes with the pul-
monary circulation usually has a considerable effect
upon the sodium diuresis. Davis, Hyatt, and Howell
(1955) showed that constriction of the main pulmon-
ary artery causes sodium retention. It seems most
probable that the monitoring side of this system is
somewhere in the pulmonary circulation. Where the
hormone comes from we have no idea.
The effect of changing the pH of the infusion of

saline and of differing depths of anaesthesia has
been studied (Mills, de Bono, Semple, and Robson,
1965). In dogs which are relatively deeply anaes-
thetized and have a high pCO2, the sodium excretion
was almost abolished, whereas in a few dogs which
were hyperventilating and lowering their PCO2 a
greater response than normal was recorded.
The P value for the fitted regression line to these

SALINE INFUSION IOmI!min.
110 ,

70

D 12 Left kidney
2- Renal artery denervated

caIO0 Right kidney----

0.A

E 2-

FIG. 8

findings is very highly significant. If the PCO2 was
30, then the average sodium excretion was 82,uEq.
per minute per kilogram, but if the PCO2 rose to 60,
then the sodium excretion was only 30 pEq. per
minute per kilogram.
The arterial pH can be influenced not only by

depth of anaesthesia but also by the pH of the
solution that we are infusing. With acidosis, the
sodium excretion was almost abolished; with
alkalosis, the sodium excretion was potentiated. This
system can be influenced by changing the PCO2 and
the arterial pH. This correlates well with the fact that
patients with cor pulmonale retain salt and water.
Although the blood pressure is not the main

factor controlling sodium excretion, it does influence
the response. In the experiment shown in Fig. 8,
one renal artery was denervated, the other was not.
The filtration rate was not greatly different in the
two kidneys. A slow saline infusion was given
(10 ml. a minute to a dog of 65 lb.). The sodium
excretion rose much more rapidly in the denervated
kidney than it did on the side with the nerves intact.
Data obtained by Gill, Mason, and Bartter (1964)

are shown in Figure 9. Saline was infused before
and during the administration of guanethidine, and
the sodium excretion was much higher while guane-
thidine was being given. However, the filtration rate
rose significantly when saline was infused and
guanethidine given.

Bradykinin was infused into one renal artery by
Barraclough and Mills (1965). This caused a sharp

NORMAL SALINE INFUSION
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FIG. 8. The sodium excretion and creatinine clearance from the left kidney (after denervation) and right kidney (nerves
intact) during saline infusion.
FIG. 9. Changes in sodium and potassium excretion and inulin and P.A.H. clearances before and during treatment
with guanethidine. UNaV = sodium excretion. UP.A.H. = P.A.H. clearance (Gill et al., 1964).
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Control of sodium metabolism

rise in sodium excretion, whereas on the other side
there was no change (Fig. 10). We might sum up this
series of experiments by saying that anything which
changes the blood pressure acting on the kidney is
going to have an effect on the sodium excretion and
this has been shown more clearly by the recent
experiments of de Wardener and MacDonald (1965).
They perfused an isolated kidney by the blood of a
dog which subsequently received saline. The per-
fusion pressure to the kidney was fixed throughout
each experiment by means of a clip on the inflow
line. The amount of sodium excretion from the
isolated kidney when the donor dog received saline
depended upon the perfusion pressure to the iso-
lated kidney. When it was as low as 90 mm. of
mercury, no increase in sodium excretion occurred
but as the pressure was raised, there was a greater
response from the isolated kidney. Selkurt (1951)
originally showed this relationship between blood
pressure and sodium excretion. The mechanism by
which this operates is largely unknown. We might
speculate that the kidney has an inborn mechanism
for controlling sodium excretion and since this
appears to be a pressure-sensitive system, it is likely
that it is in the juxtaglomerular apparatus. The
juxtaglomerular cells are at the distal end of the
afferent arteriole, and anything which changes the
tone in the proximal part of the afferent arteriole
will influence the amount of the systemic blood
pressure which is sensed by these cells. If the arteriole
is dilated by sympathectomy, by guanethidine, or
by bradykinin a greater amount of pressure reaches
these cells. That may be why the sodium excretion
goes up. These cells, in addition to being connected
with renin production, may well produce a sub-
stance which goes to the proximal tubule of the same
nephron directly and controls the sodium reabsorp-
tion in the tubule. This is speculation but it fits in
with the data obtained so far.
Another factor which influences sodium handling

is a permeability factor. In the experiments with dogs
when saline was infused the blood volume was
measured before and afterwards by chromium-
tagged red cells and 131I-labelled albumin. From the
protein concentration and the plasma volume the
total albumin pool and the total globulin pool can
be calculated. After saline infusion there was a fall
of nearly 30%, and the globulin pool fell by about
37%. This was a reproducible phenomenon so that
when saline was infused into the dog not only salt
and water escaped from the vascular channels but
proteins also. In the majority of cases the total blood
volume at the end was very near that at the begin-
ning: yet salt, water, and protein were escaping from
the circulation. This can be explained by a change
in permeability of the vasculature. This was a
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FIG. 10. Changes in bloodpressure, urineflow, osmolarity,
and sodium excretion during infusion ofbradykinin into the
renal artery at 1-58 pg./min. (solid bar) and into the
femoral vein at 15J8 ,ug./min. (hatched bar). Vasopressin
was administered from the ninth period onwards (Barra-
clough and Mills, 1965).
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FIG. 1l. Suggested scheme for the control of sodium
excretion which is not under the control of aldosterone.
JG = juxtaglomerular apparatus.

hypothesis until Asscher and Anson (1963) pub-
lished their data on the effect of a substance ex-
tracted from the kidney which had a direct effect
on vascular permeability. Figure 11 sums up the
present position. Although the G.F.R. and aldo-
sterone play a big part in sodium control, this other
mechanism plays a much bigger part. The moni-
toring system is probably somewhere in the chest and
a hormone is produced which is possibly a diuretic
hormone acting on a built-in sodium-controlling
mechanism in the kidney itself. This sodium-
controlling mechanism is sensitive to blood pressure
but the amount of the blood pressure being sensed
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532 Ivor H. Mills

by the kidney is going to be influenced by the tone
on the afferent arteriole. This mechanism is influ-
enced by pH and pCO9. Sodium control is a very
complex process, and it is perhaps not surprising,
therefore, that patients with oedema fall into many
different categories.
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Cellular mode of action of antidiuretic hormone1
JACK ORLOFF AND JOSEPH S. HANDLER

From the Laboratory of Kidney and Electrolyte Metabolism, National Heart Institute,
Bethesda, Maryland, U.S.A.

The role of antidiuretic hormone in the regulation of
water balance in the mammal is now generally
appreciated. Water conservation is effected by a
vasopressin-induced reduction in urine flow and an
increase in urine osmolality. These effects and the
osmotic nature of the stimulus for the release of
antidiuretic hormone from the pituitary were clearly
defined by Verney in the 1940s (Verney, 1947).
Subsequent to these studies, Smith and associates
(Smith, 1951; Wesson and Anslow, 1952) proposed
that vasopressin reduces urine flow by increasing the
permeability of the distal nephron to water, thereby
permitting osmotic flow of water into the sur-
rounding renal interstitium. The mechanism of the
elaboration of urine more concentrated than
plasma, not understood at the time, has since been
clarified by Wirz, Hargitay, and Kuhn (1951). Their
thesis, together with the extensive contributions of
Gottschalk (1961), Ullrich, Kramer, and Boylan
(1961), Berliner, Levinsky, Davidson, and Eden
(1958), has been discussed elsewhere. The present
paper will be concerned with a summary of the
current knowledge of the cellular mode of action of
antidiuretic hormone in the renal tubule and respon-
sive amphibian epithelial structures: skin and urinary
bladder.
For the purposes of this discussion, vasopressin

will serve as the prototype for all the neurohypo-
physeal hormones, including oxytocin. Although the
renal tubule in man is considerably more responsive
to arginine vasopressin, the naturally occurring
antidiuretic hormone, and is virtually unresponsive
to oxytocin, the amphibian bladder and skin are
less discriminating and respond to many of the
octapeptide analogues (Sawyer, 1961; Rasmussen,
Schwartz, Young, and Marc-Aurele, 1963). The
quantitative differences in potency which do exist
are of no consequence to the current discussion. The
reader interested in a detailed analysis of the
structural requirements for hormone action, which
will not be discussed in this paper, as well as in the
wealth of information concerning the nature of the
species-specific cctapeptides, is referred to the
'Reprinted from The American Journal of Medicine by permission of
the Editor and Publishers, 466 Lexington Avenue, New York, N.Y.

excellent reviews by Sawyer (1961) and Boissonnas,
Guttmann, Berde, and Konzett (1961).

EFFECT OF ANTIDIURETIC HORMONE
ON PERMEABILITY TO WATER

The view that vasopressin increases the permeability
of the distal nephron to water derives mainly from
studies utilizing amphibian skin and bladder. Much
of the early information stems from the work of
Ussing and his collaborators (1960) on amphibian
skin. Their conclusions concerning the action of
vasopressin have been confirmed and extended in
recent years by Bentley (1958; 1960), Sawyer (1961),
and Leaf (1960) on the basis of similar studies
on amphibian bladder. Although the two tissues
differ anatomically, in that amphibian skin is a
multilayered epithelial structure containing several
cell types whereas toad bladder is thought to
be composed of a single layer of relatively uniform
epithelial cells, they may be considered to be similar
from a functional standpoint. In fact, a model for
frog skin proposed by Keofoed-Johnsen and Ussing
(1958) is sufficiently general to serve as a prototype
for both the simpler bladder and the more complex
distal tubule, and will be so considered in this
review.
The maintenance of the steady state concentration

of electrolytes and other constituents within the
interior of all living cells is dependent upon the
precise relationship between diffusional processes
which tend to eliminate the concentration gradient
between cells and their environment, and active
transport systems which oppose this tendency. The
epithelial cells of skin, bladder, and tubule, although
similar to non-secretory cells in this regard, in
addition have the capacity to transfer sodium
chloride and water across the entire tissue. There-
fore, unlike the red cell, for example, they are not
surrounded by a homogeneous or uniform plasma
membrane, but instead possess at the very least two
distinct diffusion barriers, one at each surface. An
outer barrier separates the cell interior from the
outside environment, which is the air or the pond in
the case of skin, and urine in the case of bladder and
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tubule. The inner barrier, which is analogous to the
plasma membrane of non-secretory cells, separates
the cell interior from the extracellular fluid. The
differing properties of these membranous barriers
provide the cell with a mechanism both for the
maintenance of the steady state concentration of
intracellular constituents and for the net transfer of
salt and water across the tissue.

Perhaps the first observation that posterior
pituitary hormones affect the rate of movement of
water across a tissue was made by Brunn in 1921.
He reported that an injection of posterior pituitary
extract given to the intact frog resulted in a marked
acceleration of water uptake through the skin. The
phenomenon was subsequently re-examined in
detail by Ussing and his co-workers (1960), who
systematically studied the physiological character-
istics of isolated amphibian skin. Utilizing a
technique in which a segment of skin is supported
between two halves of a chamber containing appro-
priate solutions, they demonstrated unequivocally
that the addition of neurohypophyseal hormone to
the solution bathing the inner or blood surface of
isolated skin elicits two characteristic responses:
(1) an increase in the permeability to water, as
manifested by an acceleration in the net flow of
water along an osmotic gradient, and (2) an increase
in the net inward transport of sodium. Similar
observations have been made in amphibian bladder
(Bentley, 1958 and 1960; Leaf, 1960; Sawyer, 1961;
Orloff and Handler, 1962).
The augmentation in water movement afforded by

vasopressin is illustrated in Table 1. In this study the
isolated toad bladder sac was used according to the
method of Bentley (1958). After removal from the

TABLE I
NET FLOW OF WATER SIMULTANEOUSLY IN SACS A AND B

Solution Flow (gl./min.)

Sac A
Ringer's 0-8
Vasopressin (100 mU./ml.) 18-0
Ringer's 0-5

Sac B
Ringer's 0-6
Insulin (1 unit/ml.) 0-3
Ringer's 0 7

Outer solution 40 mOsm., per kg. H2O (urine side). Inner solution
200 mOsm. per kg. H20 (blood side). Hormone added to inner
solution only.

toad, the bilobed bladder is divided into two sacs,
into each of which dilute Ringer's solution is
introduced. In order to examine water flow along an
osmotic gradient, the sac is inserted into a beaker
containing isotonic Ringer's solution. Net water
movement along the osmotic gradient is then
estimated by measuring the weight loss of the sac at

appropriate intervals. In the control period, when
no hormone is present, net water movement is
negligible despite the osmotic gradient. In contrast,
the addition of vasopressin to the solution bathing
the blood surface of the bladder results in a rapid
increase in the net flow of water. The effect is
reversible, and is not elicited by addition of vaso-
pressin to the urinary surface of the tissue. These
changes are analogous to those observed in skin and
are presumed to be similar to those elicited by the
hormone in both the distal convolution and collect-
ing duct of the renal tubule.
The mechanism of the increase in osmotic

permeability has been extensively investigated by
Koefoed-Johnsen and Ussing (1953) by Hays and
Leaf (1962), and by Leaf and Hays (1962). Koefed-
Johnsen and Ussing (1953) measured the diffusional
permeability of frog skin to water with D20 and
observed that the simultaneously determined net
flow along an osmotic gradient in the presence of
antidiuretic hormone was considerably greater than
that predicted were water moving by diffusion alone
across the tissue. A similar discrepancy between
predicted diffusional net flow and the observed
osmotic net flow without hormone in the intact frog
had been reported by Hevesy, Hofer. and Krogh
(1935). This was difficult to explain on the basis of
the information available at the time. It had been
assumed that water crosses living membranes by
random movement of the particles, that is by simple
diffusion, in accordance with Fick's law. Con-
sequently, it was expected that the unidirectional
flux of water would be proportional to the activity
of water on the side of origin and the opposing flux
across the membrane would be proportional to the
activity of water on that side, and therefore that the
ratio of the two fluxes would be equal to the ratio of
the corresponding activities. The experimental
observations are not consistent with this prediction,
since the flux ratio for water greatly exceeds the
activity ratio. Thus, as already indicated, the
observed net movement of water along an osmotic
gradient is considerably greater than that calculated
on the basis of free diffusion from the observed
unidirectional flux and the known activities of water
on both sides of the membrane. Hays and Leaf (1962)
subsequently excluded the possible involvement of
an active transport system for water to account for
the discrepant finding. They noted that net flow of
water across the toad bladder was directly pro-
portional to the imposed osmotic gradient, indica-
tive of the passive nature of the process. Keofoed-
Johnsen and Ussing (1953) concluded, as did Hays
and Leaf (1962), that the assumption of random
diffusional movement as the mechanism of osmotic
flow of water across the skin and bladder is in-
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correct and that under these circumstances water
must move in large part by a non-diffusional process.
The former investigators suggested that this is
most probably accomplished by hydrodynamic or
bulk flow through aqueous channels or pores in the
membrane. It is their view, concurred in by Hays and
Leaf (1962) and Sawyer and Schisgall (1956), that
antidiuretic hormone either enlarges the radius of
existing pores or creates new ones within the
membrane, an alteration which will account for the
observed acceleration in bulk laminar flow which
occurs without an appreciable change in diffusional
permeability. According to Poiseuille's law, laminar
flow through a cylindrical pore is a function of the
fourth power of the radius of the pore, whereas
diffusion is dependent upon the area or the radius
squared. Thus, an alteration in pore radius will
exert a greater influence on bulk flow than on
diffusion. Further evidence consistent with the pore
hypothesis was presented by Andersen and Ussing
(1957). These investigators demonstrated that when
equal concentrations of permeant substances, such
as acetamide or thiourea, are placed on both sides
of frog skin, the addition of vasopressin and the
imposition of an osmotic gradient results in a greater
acceleration of the flux of acetamide and thiourea
in the direction of net water movement than in the
reverse direction. This phenomenon of 'solvent drag',
which occurs in the absence of a significant chemical
gradient for the permeating solute, is most readily
explicable on the basis of interaction between
solvent and solute such as would occur with bulk
flow of solution through aqueous channels or pores.
Although the inequality of the flux and activity

ratios for water and the phenomenon of solvent drag
are presumed to be unequivocal evidence for the
presence of a porous barrier separating the two bulk
solutions, this need not be the case. Sidel and
Hoffman (1961) have demonstrated that these
criteria can be satisfied when two aqueous solutions
of different osmolalities are separated by a non-
porous liquid membrane, mesityl oxide. In the
mcdel studied by them, tritiated water moved
considerably more rapidly down an osmotic gradient
through the non-porous barrier than could be
accounted for on the basis of diffusion alone, and
furthermore solvent drag for urea was demonstrable.
Although it would be premature to reject the pore
hypothesis for living membranes on the basis of
these preliminary results, it is conceivable that bulk
flow may occur in some other as yet unknown
fashion. The important concept to be retained is
that flow along an osmotic gradient across living
membranes is predominantly non-diffusional. The
aqueous channel thesis affords the most reasonable
explanation for the process to date.

An increase in the permeability of frog skin. toad
bladder, and the distal nephron to small molecules
other than water has also been reported. In toad
bladder, for example, the hormone markedly
augments the permeability to urea and acetamide as
well as to certain other small molecular species
(Maffly, Hays, Lamdin, and Leaf, 1960; Leaf and
Hays, 1962). The remarkable specificity of the
permeability effect is noteworthy. Thiourea readily
penetrates frog skin in association with vasopressin-
induced increase in the permeability to water, but
does not permeate the toad bladder under similar
circumstances. Furthermore, a number of other
solutes which, on the basis of size alone, should
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FIG. 1. Schematic representation of the vasopressin-
sensitive outer border of toad bladder based on the views of
Leaf and Hays (1962) and Anderson and Ussing (1957). 1
and II refer to the bladder in the absence and presence of
vasopressin, respectively; A and B to two permeability
barriers in series located at the outer surface of the cell.
A, the outermost barrier, is unaffected by vasopressin. It is
highly permeable to water, urea, and other substances whose
overall rate ofpenetration through the tissue is accelerated
by vasopressin. It is relatively impermeable to thiourea,
choline, and those substances whosepermeance is unaffected
by vasopressin. Barrier B is responsive to vasopressin.
Although porous, it restricts the movement of water, urea,
etc., in the absence of vasopressin. However, when vaso-
pressin is added to the blood surface of the cell, as in II,
an increase in pore radius occurs, which permits those
substances which readily penetrate A, namely, water and
urea, to movefreely into and across the entire cell. Although
not illustrated, Leaf and Hays (1962) have suggested that
the inner surface of the cell may also consist oftwo barriers
in series; a selective one similar to A which serves to
'preserve the cellular content of essential small solutes in
the presence of large transcellular net movement of water',
and a second barrier, which although unresponsive to vaso-
pressin, contains fixed pores of the dimensions of those in
B after the latter has responded to hormone. There is no
a priori basisfor determining which ofthe barriers, A or B,
is outermost. Either sequence is consistent with the observa-
tions. Furthermore, it should be emphasized that the model
is hypothetical.
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readily pass through pores of the dimensions
calculated to be present in toad bladder following
vasopressin (Leaf and Hays, 1962), are restricted in
their movement through the tissue. In order to
circumvent the apparent paradox of a porous
barrier capable of limiting the flux of certain small
molecules, while permeable to molecules of similar
size and to water, Andersen and Ussing (1957)
postulated that the outer membrane in skin may
consist of at least two separate diffusion barriers. A
modified version of this theoretical model based on
their studies and those of Leaf and Hays (1962) is
illustrated in Figure 1. The fixed permeability of an
outermost homogeneous barrier determines which
molecules reach the second. The second barrier is
assumed to be the variably porous one and, in the
bladder, although relatively impermeable to water
and solutes such as urea, in the absence of hormone,
peimits these molecules to penetrate readily when
the pores are enlarged by vasopressin. The perti-
nence of these observations in amphibian tissues to
the mammalian renal tubule and to the role of urea
in the concentrating mechanism is evident (Maffly
et al., 1960; Jaenike, 1961).
As noted, vasopressin is effective only when

added to the solution bathing the inner surface of the
skin or bladder. However, the hypothetical increase
in pore size is thought to occur only at the outer
border. Direct evidence in support of this locus of
action of the hormone has been presented by
MacRobbie and Ussing (1961) and Hays and Leaf
(1962). The former workers noted that the epithelial
cells of frog skin act as an osmometer, both in the
absence and presence of vasopressin, when solutions
of varying tonicity are placed on the inner surface,
attesting to the free permeability of this membrane
to water. In contrast, the cells do not swell or act as
an osmometer when hypotonic fluid bathes the
outer surface unless vasopressin is first added to the
solution bathing the inner surface. Similar con-
clusions regarding the site of the permeability change
were reached by Hays and Leaf (1962). These
investigators added T20 to the urinary surface of the
toad bladder and determined the extent of accumu-
lation of tritiated water within the tissue after 15 to
30 minutes, both with and without hormone. They
observed greater tissue labelling in hormone-treated
bladders than in the paired controls and interpreted
this as indicating that the major increase in perme-
ability to water had occurred at the urinary surface
of the bladder. Had addition of hormone to the
inner side increased the permeability of this surface
of the cell to water, they would have expected the
opposite result, that is, less labelling of the tissue in
the presence of hormone than without it. Similar
results were obtained with labelled urea (Maffly et

al., 1960), providing further evidence that the rate
limiting diffusion barrier responsive to antidiuretic
hormone is localized at the external surface or
urinary side of the bladder and, by analogy, of the
renal tubule.

EFFECT OF ANTIDIURETIC HORMONE
ON SODIUM TRANSPORT

The capacity of anuran skin to transport sodium
chloride into the blood from a vanishingly low
concentration in the external medium was demon-
strated in the intact frog. by Krogh (1937) Since
then numerous investigators, using an electrical
technique devised by Ussing and Zerahn (1951) in
which net sodium transport is estimated by measur-
ing the so-called short-circuit current, have confirmed
this observation in both isolated amphibian skin and
urinary bladder. A similar capacity for active sodium
transport (movement against an electrochemical
gradient) is undoubtedly present in the distal
convolution and collecting duct. Kcefoed-Johnsen
and Ussing (1958) have proposed a model for frog
skin which is an adequate description of the process.
A modified version of their model is illustrated in
Figure 2. They noted that the polarity of the

OUTSIDE CELL INSIDE

FIG. 2. Schematic representation of anuran skin and
urinary bladder based on the views ofKoefoed-Johnsen and
Ussing (1958), Bricker et al. (1963), and Frazier et al.
(1962). I = 'facilitated diffusion' step. II = active sodium
ion transport pump. III = active potassium ion transport
pump. According to Koefoed-Johnsen and Ussing (1958)
sodium ion and potassium ion transport across the inner
border are linked. In their view only a single pump which
ejects sodium ion in exchange for potassium ion is present
at the inner border. In contrast, Bricker et al. (1963) and
Frazier et al. (1962) consider II to be an electrogenic pump
which does not require potassium ion as the counter ion.
Therefore potassium ion may conceivably be pumped into
the cells on a separate carrier (III) if it is not passively
distributed according to the potential.
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Cellular mode of action of antidiuretic hormonie

electrical potential across skin (subsequently found
to be similar in bladder and tubule) is such that the
blood surface is positive with respect to the external
environment. Furthermore, the external membrane
is freely permeable to sodium but not to potassium,
whereas the reverse is true for the inner membrane.
In their view, the potential difference across the
skin is the sum of two diffusion potentials, the one
for sodium across the outer surface and the other
for potassium across the inner surface of the cell.
They have postulated that the active transport
pump necessary to account for the uphill move-
ment of sodium ion into the extracellular fluid is
localized in or near the inner membrane and is an
electrically neutral system which ejects sodium ion
from the cell only in exchange for potassium ion.
Recently, Bricker, Biber, and Ussing (1963) and
Frazier and Leaf (1963) have challenged this concept.
They have suggested that the pump is electrogenic
and therefore capable of transporting sodium
actively across the membrane without the inter-
position of potassium ion as a counter ion. Although
the validity of their conclusion is not established,
the consequences of their hypothesis with respect
to vasopressin action do not differ appreciably from
that of Koefoed-Johnsen and Ussing (1958).
According to the last authors, net sodium ion
transport is accomplished by the passive penetration
of sodium ion down its electrochemical gradient into
the cell and its subsequent ejection by the pump
across the inner border. The accompanying anion,
chloride, is thought to move passively through the
entire tissue. Similar considerations apply to toad
bladder and perhaps to renal tubule, although the
situation is considerably more complex in the latter
tissue.
As noted earlier, vasopressin characteristically

increases the rate of net sodium ion transport across
amphibian skin and urinary bladder. A similar
effect has not been demonstrated unequivocally in
the renal tubule, although Jard and Morel (1963)
consider that this may occur in Rana esculenta. The
hormone, on the basis of the model illustrated in
Fig. 2, could stimulate sodium ion transport by
acting at either of two sites. It could accelerate net
transport (1) by directly stimulating the active
transport pump, or (2) by permitting more rapid
entry of sodium ion into the cell by increasing the
permeability to sodium ion of the outward facing
border. In the latter case the delivery of more sodium
ion to an unsaturated pump would result in an
acceleration of net transport. Ussing (Ussing et al.,
1960) considers that the first possibility has been
excluded in frog skin on the basis of electrical
measurements in which the so-called driving force
for sodium ion was found to be unaltered by hormone

despite the augmentation in net flux, whereas the
internal resistance to sodium ion fell markedly
(Ussing and Zerahn, 1951). He concluded that vaso-
pressin must affect the permeability of the outer
border to sodium ion. This unitary hypothesis
limits the site of action of vasopressin to the outer
border wherein an increase in pore size alone could
conceivably account for the characteristic alteration
in water, urea, and sodium ion movement. However,
the necessity for postulating a path for the pene-
tration of sodium ion through the outer border,
distinct from the aqueous channels through which
water and non-electrolytes move, is evident from
the studies of Frazier, Dempsey, and Leaf (1962).
In agreement with Ussing, they consider the rate-
limiting step in sodium ion transport to be the
penetration of sodium ion through the outer border.
However, this penetration, although down an
electrochemical gradient and therefore passive,
appears to have, in toad bladder, at least one of the
characteristics of a carrier-mediated process. Thus,
they have shown that the process is saturable with
respect to sodium ion penetration both in the
presence and absence of antidiuretic hormone. It is
apparent that a simple increase in the size of aqueous
channels, while sufficient to account for the alter-
ations in water and urea movement, may not be
adequate to account for the accelerated penetration
of sodium ion through the same border. It is
conceivable that the hormone has a separate effect
on a carrier system at the outer surface which moves
sodium ion down its electrochemical gradient into
the cell through a path distinct from that followed
by water and urea. More recently Frazier and
Hammer (1963) have offered further support for the
view that vasopressin affects the rate of penetration
of sodium ion across the outer border of the cell,
and does not stimulate the inner membrane pump.
They reported that vasopressin increased the rate of
washout of isotopic sodium ion from pre-labelled
toad bladder only across the outer border. The
absence of augmentation in the rate of washout of
isotopic sodium across the inner border in their
studies appears to exclude an effect of the hormone
on the energy-requiring active transport step.

Despite this evidence, the situation is still unsettled,
and a number of investigators subscribe to the view
that 'things are not so simple' (Orloff and Handler,
1964). The experiments are difficult to perform, and
the inherent variability in the responsiveness of these
tissues to experimental manipulations requires
caution before final acceptance of the results and
conclusions of any of the studies. Bourguet and
Maetz (1961), for example, have questioned the
observations of Ussing and Zerahn (1951) regarding
the absence of an effect of vasopressin on the active
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sodium ion transport pump. In contrast, they report
an increase in the driving force for sodium ion in
frog skin in response to neurohypophyseal hormone,
evidence which they consider consistent with a direct
stimulatory effect of the hormone on the sodium ion
pump. They have also stated that certain analogues
of vasopressin, although yielding equal effects on
water movement across frog skin, have unequal
effects on net sodium ion transport. Bourguet and
Maetz (1961) consider these observations consistent
with two effects of the hormone, one on water and
the other on the activation of the inner transport
pump. This is not necessarily correct since similar
results would occur were the hormone to affect the
facilitated diffusion step separately rather than the
active transport process. In any event the results of
their studies are somewhat equivocal since measure-
ments of sodium ion and water movement were not
made simultaneously or in the same tissues.
A definite separation of the effects of the

hormone on sodium ion and water movement in toad
bladder can be elicited by increasing the concen-
tration of calcium in the inner bathing solution. As
first reported by Bentley (1959), this manipulation
prevents the increase in permeability to water
produced by the hormone, but does not interfere
with the stimulation of sodium ion transport. These
results have been confirmed and extended by
Petersen and Edelman (1963), who in addition
observed that elevation of the calcium concentration
in the bathing medium does not separate the effects
on sodium and water movement of another agent
which mimics antidiuretic hormone in toad bladder,
namely, adenosine 3',5'-monophosphate. They
concluded that vasopressin has two independent
effects, one on sodium ion and the other on water,
a view which also requires two separate sites of
action of the polypeptide.

It is of importance to note that the increase in
water permeability produced by the hormone is not
dependent upon the presence of sodium in the inner
or outer bathing solution. Substitution of choline
for sodium does not eliminate the water permeability
effect of the hormone in toad bladder, although it is
somewhat attenuated. The absence of potassium ion
in the inner bathing solution (Bentley, 1959) also
dissociates the effect of vasopressin on sodium and
water movement. Removal of potassium ion virtually
eliminates both basal sodium ion transport and its
acceleration by vasopressin. Whether this is indica-
tive ofan obligatory requirement ofthe active sodium
ion transport pump for potassium ion, or is a
consequence of a potassium ion mediated decrease
in the permeability of the outer facing border to
sodium ion, which would limit its transcellular
penetration, as suggested by Essig and Leaf (1963),

is not yet established. In contrast to the effect on
sodium transport, potassium ion removal does not
eliminate the water permeability response to vaso-
pressin in toad bladder (Hays and Leaf, 1961; Finn
and Orloff, unpublished observations), at a time
when no stimulation in short circuit current is
observable. Similarly, cardiac glycosides, although
they interfere with the capacity of the membrane to
transport sodium ion (MacRobbie and Ussing, 1961;
Finn and Orloff, unpublished observations), both
with and without hormone, presumably owing to
specific inhibition of the active transport system, do
not diminish the vasopressin-induced augmentation
in net water flow.
The functional significance of the acceleration in

sodium ion transport elicited by vasopressin across
amphibian skin and bladder is reasonably clear in
that it may serve a role in sodium ion conservation.
An increase in the renal tubular reabsorption of
sodium ion in Rana esculenta following hormone
injection has been reported on the basis of clearance
measurements by Jard and Morel (1963). Similar
effects of the hormone on tubular transport have not
been observed in other amphibian species, nor is
there any direct evidence that vasopressin enhances
sodium ion reabsorption in the mammalian kidney.
Were an increase in sodium ion reabsorption a
feature of vasopressin action in the mammalian
tubule, as some have suggested on the basis of
analogy alone, it is not clear how this would
facilitate urinary concentration. In order for it to
do so, it would be necessary to separate spatially
the vasopressin effect on water and salt. An increase in
sodium ion transport without an associated increase
in water permeability in the ascending limb would,
of course, increase interstitial osmolality, in conse-
quence of which a more concentrated urine could be
elaborated in the collecting duct. If, on the other
hand, vasopressin acted in the tubule as in bladder
and skin, that is, simultaneously stimulating sodium
ion and water movement, no increase in interstitial
osmolality would be achieved. Recently, Clapp,
Watson, and Berliner (1963) have presented evidence
that the hormone does enhance proximal reabsorp-
tion of salt and water in the dog. The significance of
their findings is as yet unclear, particularly in view of
the fact that net sodium ion excretion in the dog is
generally not diminished by the administration of
antidiuretic hormone.

THE CELLULAR MODE OF ACTION OF
ANTIDIURETIC HORMONE

Although most investigators agree that vasopressin
exerts its permeability effect by increasing either the
size or number of aqueous channels in responsive
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membranes, this is merely a conjecture and the true

nature of the structural alterations is unknown. The
hormone undoubtedly reacts with some receptor

site in the membrane or cell, or in some other fashion
initiates a chain of chemical and physical reactions
which ultimately result in a rearrangement of the
structure of the cell so as to permit more rapid
penetration of solvent and solute. How this occurs

or what kind of a process is involved is not under-
stood. There are, however, currently at least three
hypotheses regarding the cellular mode of action of
vasopressin. The first is attributable to Ginetzinsky
(1961), who suggested that vasopressin stimulates
the secretion of a depolymerizing enzyme, hyaluroni-
dase, by the renal tube. The second, that of Schwartz,
Fong, Rasmussen, and their associates (Fong,
Silver, Christman, and Schwartz, 1960; Rasmussen,
Schwartz, Schoessler, and Hochster, 1960; Schwartz,
Rasmussen, Schoessler, Silver, and Fong, 1960),
involves a mechanical system, non-metabolic in
nature, in which interaction of vasopressin with
specific tissue receptors directly initiates structural
changes within the membranes. The third, proposed
by us (Orloff and Handler, 1962) involves an

intracellular intermediate, adenosine 3',5'-mono-
phosphate (cyclic 3 ',5'-AMP), which is thought to be
the agent responsible for the permeability changes;
the concentration of this compound in the receptor
tissues is regulated by antidiuretic hormone. These
theories will be discussed separately.

According to Ginetzinsky (1961) antidiuretic
hormone has no direct effect on the permeability of
the tubule cells, but instead stimulates the secretion
by these cells of hyaluronidase into urine. Sub-
sequent depolymerization of mucopolysaccharide
complexes of the intercellular spaces and basement
membrane by the enzyme is thought to result in the
characteristic increase in the permeability of the
collecting duct to water. The following evidence has
been presented in support of the theory (Ginetzinsky,
1961). Hyaluronidase activity in urine is constant
and independent of urine flow in osmotic diuresis in
the rat at a time when antidiuretic hormone secretion
is assumed to be maximal, but this is not the case in
the animal undergoing water diuresis. In the latter
situation, when antidiuretic hormone secretion is in
abeyance, urinary hyaluronidase activity is inversely
related to urine flow. This is as would be expected
if the development of antidiuresis requires secretion
of the depolymerizing enzyme. Furthermore, on the
basis of histochemical studies, Ginetzinsky reported
that a marked reduction in mucopolysaccharide
material occurs in the papilla of rats in antidiuresis
as compared to that in the papilla of animals follow-
ing 20 to 60 minutes of water diuresis. Finally,
changes in the size and shape of collecting duct cells

which were attributed to antidiuretic hormone were
said to be compatible with apocrine secretory
activity. Additional support for the theory was
supplied by Dicker and Eggleton (1960) who, in
agreement with Ginetzinsky's animal studies,
reported that the rate of excretion of hyaluronidase
in urine of human subjects undergoing water
diuresis varied inversely with urine flow. They were
unable to detect hyaluronidase activity in the urine
of patients with diabetes insipidus.
The hyaluronidase theory has been severely

criticized by Berlyne (1960). The reliability and
specificity of the hyaluronidase assay used by
Ginetzinsky have been questioned, and when
Berlyne used an assay which he considered superior
he was unable to find any relationship between the
rate of excretion of the enzyme and urine flow either
in water diuresis or in osmotic diuresis. He also
disagrees with Ginetzinsky's analysis of data. On
replotting the original observations of Ginetzinsky,
Berlyne found that the rate of secretion of the
hyaluronidase-like material in urine was constant
in water diuresis, and rose linearly with flow in
osmotic diuresis. Similar criticisms may be directed
at some of the data of Dicker and Eggleton (1960).
The histochemical observations were not confirmed
by Breddy, Cooper, and Boss (1961) who suggested
that the pattern observed by Ginetzinsky in rat
papilla may have been the result of sampling at
different depths of the medulla in diuretic and non-
diuretic animals. Also, although Thorn, Knudsen,
and Koefoed (1961) reported that the injection of
large amounts of hyaluronidase reduced urine flow
and increased urine osmolality in alcohol-anaesthet-
ized rats undergoing water diuresis, an effect similar
to that of antidiuretic hormone, their results were
not convincing. As Thorn himself pointed out, it
was not possible to ascribe the effect with certainty
to a direct tubular action of the enzyme since
filtration rate was not measured in these studies.
Furthermore, the urinary response was delayed for
approximately 20 minutes after the injection of
hyaluronidase, whereas that evoked by exogenous
hormones is virtually immediate. Rosenfeld, Hirata,
and Brest (1963) were unable to demonstrate any
effect of the injection of testicular hyaluronidase
into the renal artery of the dog which could not be
ascribed to concurrent changes in haemodynamics.
Finally, neither Leaf (1960) nor Bentley (1962)
observed any effect of hyaluronidase on the per-
meability to water of toad or frog urinary bladder.
It now seems reasonable to disregard the hyaluroni-
dase thesis since none of the data marshalled in its
support has withstood critical evaluation.

In 1960 Fong, Rasmussen, and Schwartz and their
colleagues proposed that vasopressin binds to toad
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bladder and kidney at a minimum of two sites, the
most important of which involves a covalent linkage
between the disulphide bridge of the octapeptide and
free sulphhydryl groups on the membrane. They
made the interesting suggestion that the hormone-
induced increase in permeability is initiated by a
series of disulphide-sulph-hydryl interchanges which
induce 'separation of fibrillar elements in a protein
diffusion barrier' (Rasmussen et al, 1960) or in
some other fashion mechanically opens aqueous
channels through which water may flow. They
initially excluded a metabolic basis for the effect,
since they found that none of a series of potent
metabolic inhibitors, including incubation in nitro-
gen, eliminated the water permeability response of
the toad bladder to hormone.
The thesis is based largely on the experimental

observation that tritiated vasopressin binds to
kidney and toad bladder, as evidenced by accumula-
tion of radioactivity within kidney and bladder
tissue and its partial release from fixed tissue
preparations by cysteine. The latter is a sulph-
hydryl-containing compound which presumably
ruptures the disulphide bond between the hormone
and tissue. The extent of binding was said to be
related to the physiological response, since the
degree of accumulation of radioactivity in kidney
protein in antidiuretic rats was greater than in rats
excreting larger volumes of urine during recovery
from the effects of the hormone. Similarly. manipu-
lations which theoretically may alter either the
postulated sulphhydryl receptor site in the tissue or
the disulphide bridge of the hormone reduce both
the permeability effect of vasopressin and the
degree of accumulation of the radioactivity. Thus,
acidification of the inner bathing solution, which
Bentley (1958) first demonstrated eliminates the
permeability response of toad bladder to hormone,
also reduces the accumulation of radioactivity in the
tissue. This is consistent with their hypothesis,
since depression of the dissociation of sulphhydryl
groups by added hydrogen ion should reduce the
affinity of the tissue receptor sites for the octa-
peptide. They also reported that certain sulphhydryl
inhibitors, such as n-ethyl maleimide and para-
chlormercuribenzoate, interfere with both the
binding of the hormone and its physiological effect.
Although the foregoing hypothesis is attractive in

that it affords an explanation for the cellular action
of vasopressin consistent with the pore hypothesis,
none of the observations are necessarily germane to
the main thesis. The results, of interest with respect
to the possible nature of a linkage between vaso-
pressin and a receptor, provide no information
concerning the proposed structural alterations within
the tissue which are said to be responsible for the

hormone-induced permeability effects. The reported
effects of n-ethyl maleimide are not necessarily
pertinent. Simple incubation of the intact bladder
with this agent alone is followed by progressive
deterioration of the tissue, as evidenced by a decline
in net sodium transport and oxygen consumption,
as well as unresponsiveness to other agents, such as
theophylline and adenosine-3,5'phosphate- (cyclic
3 ',5'-AMP) (Orloff and Handler, 1962). These latter
compounds, although not containing disulphide
bridges, effectively mimic vasopressin in toad
bladder. It is of interest in this regard that both
cysteine and thioglycollate, which have been
assumed to interfere with the action of vasopressin
by reducing the so-called critical disulphide bond of
the hormone, also interfere with the permeability
effects of theophylline but not with that of cyclic
3',5'-AMP (Handler and Orloff, 1964). The inhibit-
ory action of acidification on the permeability
process, while consistent with their hypothesis, is
equally consistent with an alternative explanation
which will be discussed later. Finally, in contrast to
Rasmussen et al. (1960), who found no effect of
metabolic inhibitors on the vasopressin-mediated
acceleration in water movement, both Bentley (1958)
and Petersen and Orloff (unpublished observations)
observed that dinitrophenol, iodoacetamide, and
other metabolic poisons interferedwiththischaracter-
istic response of toad bladder to vasopressin. The
latter have also demonstrated that vasopressin is
without effect on water movement in toad bladders
maintained in an atmosphere of nitrogen.

In view of all of these arguments, discussed in detail
elsewhere (Orloff and Handler, 1964), it would
seem more reasonable to view the results of Fong,
Schwartz, and Rasmussen (1960) as providing inform-
ation concerning the nature of a possible linkage
between the hormone and its receptor, rather than
to accept the data as evidence for the proposed
mechanism for the opening of aqueous channels.

Regardless of the details of the reaction between
vasopressin and cell, there is now a considerable
body of evidence in support of the proposal (Orloff
and Handler, 1962) that (1) this reaction results in
an increase in the rate of production of cyclic
3',5'-AMP by pertinent epithelial cells and (2) that
cyclic 3',5'-AMP is the intracellular mediator of the

VASOPRESSIN THEOPHYLLINE

ATP CYCLIC 3 5 -AMP 5'- AMP
ADENYL
CYCLASE DIESTERASE

PERMEABILITY
CHANGE

FIG. 3. Role of cyclic 3',5'-AMP in the action of vaso-
pressin.

540

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jcp.bm

j.com
/

J C
lin P

athol: first published as 10.1136/jcp.18.4.491 on 1 July 1965. D
ow

nloaded from
 

http://jcp.bmj.com/


Cellular mode of action of antidiuretic hormone

previously noted permeability response to vaso-
pressin. The hypothesis is illustrated in Fig. 3, and is
based on a comparable scheme for the role of this
cyclic nucleotide in the action of certain other
hormones in their specific receptor tissues, as
developed by Sutherland and Rall (1960). The
conversion of adenosine triphosphate to cyclic
3 ',5'-AMP is catalyzed by the enzyme adenyl
cyclase, which is probably located in the cell
membrane (Davoren and Sutherland, 1963). The
rate of this reaction, and therefore the concentration
of cyclic 3',5'-AMP in kidney and in toad bladder,
is increased by antidiuretic hormone. Furthermore,
cyclic 3',5'-AMP is inactivated by conversion to
5'-AMP, a reaction catalyzed by cyclic nucleotide
phosphodiesterase and inhibited by methyl xanthines
(Butcher and Sutherland, 1962) such as theophylline.
The suggestion that cyclic 3',5'-AMP is the cellular
intermediate responsible for the unique permeability
effects of vasopressin was based initially on the
observation that the nucleotide mimics vasopressin
(Table II). The response of the toad bladder to

TABLE II
NET FLOW OF WATER SIMULTANEOUSLY IN SACS A AND B

Solution Flow (Ml./min.)

Sac A
Ringer's
Ringer's
Ringer's
Sac B
Cyclic-3',5'-AMP (10 ,uM per ml.)
Theophylline (20 MM per ml.)
Vasopressin (100 mU. per ml.)

1 0

06
0-8

26-7
18 2
26-5

Outer solution 40 mOsm. per kg. H,O (urine side). Inner solution
200 mOsm. per kg. H.O (blocd side). Agents added to inner
solution only.

cyclic 3',5'-AMP has all the characteiistics of the
vasopressin effect. It occurs only when the agent is
added to the inner bathing solution, is reversible,
and associated with an increase in net sodium
transport. Furthermore, it is specific in that neither
adenosine triphosphate not 5'-AMP has such effects.
A similar hormone-like response is elicited by
theophylline which, within the context of the present
hypothesis, does so by inhibiting the inactivation of
endogenously-formed cyclic 3',5'-AMP. As noted
earlier, acidification of the inner bathing solution
eliminates the permeability effects of vasopressin in
toad bladder. Similarly, the response to theophylline
is prevented by acidification, whereas that to
exogenous cyclic 3',5'-AMP is not. These results
are consistent with the foregoing hypothesis, since
the rate of conversion of adenosine triphosphate to
cyclic 3',5'-AMP is markedly reduced in an acid

solution (Sutherland, Rall, and Menon, 1962). Thus,
neither vasopressin nor theophylline would be
expected to alter permeability. This interpretation of
the effect of acidification differs from, but does not
necessarily exclude, that offered by Rasmussen et al.
(1960).
The hypothesis concerning the regulation by

vasopressin of the concentration of cyclic 3 ',5'-AMP
gained additional support when it was observed that
vasopressin increased the rate of prcduction of cyclic
3',5'-AMP by particles of dog kidney (Brown,
Clarke, Roux, and Sherman, 1963) and that incu-
bation of the intact urinary bladder of the toad with
the hormone or with theophylline resulted in a
marked increase in the concentration of the cyclic
nucleotide in this tissue (Handler, Butcher, Suther-
land, and Orloff, unpublished observations). Further-
more, as would be predicted, vasopressin and
theophylline have a synergistic effect on the con-
centration of cyclic 3',5'-AMP in the bladder.
The major problem at this time is how cyclic

3 ',5 '-AMP elicits the permeability changes character-
istic of the response to vasopressin. Cyclic 3 ',5 '-AMP
is known to alter the activity of a number of enzyme
systems (Sutherland and Rall, 1960). Although
certain of these may be involved in the permeability
response, at present there is inadequate information
regarding the structural changes and the chemical
pathways involved to permit reasonable speculation
concerning their role. With the exception of the
aforementioned stimulation of cyclic 3',5'-AMP
production, the known metabolic effects of vaso-
pressin include an increase in oxygen consumption
and glycogen breakdown (Leaf and Dempsey, 1960).
These changes are not evident when the bladder is
incubated in a solution free of sodium, although the
hormone is still capable of eliciting the characteristic
effect on water movement under these circumstances.
It is apparent that the stimulation of oxygen con-
sumption and glycogenolysis reflects the metabolic
requirement for sodium ion transport (Leaf and
Dempsey, 1960). The effects of cyclic 3',5'-AMP on
oxygen consumption and glycogenolysis resemble
those of vasopressin and are similarly dependent on
the presence of sodium ion in the bathing medium
(Handler, 1964).

Cyclic 3',5'-AMP has also been shown to activate
phosphofructokinase in certain tissues (Mansour
and Mansour, 1962) in which this enzyme is rate-
limiting in glycogenolysis. Vasopressin has no effect
on phosphofructokinase activity in toad bladder,
although cyclic 3',5'-AMP in concentrations below
those needed to affect the permeability of the bladder
does increase the activity of the enzyme (Handler,
Petersen, and Orloff, unpublished observations).
However, the same concentration of 5'-AMP
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produces similar activation, and each nucleotide has
this effect in a tissue homogenate. Since 5'-AMP
does not mimic vasopressin, it is possible that cyclic
3 ',5'-AMP does not exert its metabolic effects on
this tissue by activating phosphofructokinase.

Phosphorylase activity in toad bladder and
kidney is also increased by vasopressin (Handler
and Orloff, 1963). This enzyme, which catalyzes the
conversion of glycogen to glucose-l-phosphate, is
also activated by cyclic 3',5'-AMP. Furthermore, it
is activated in other tissues by each of the diverse
hormones known to stimulate cyclic 3,'5'-AMP
production in their specific receptor tissues (Suther-
land and Rall, 1960). In view of this, the results of
the kidney and bladder studies add further support
to the concept that cyclic 3',5'-AMP is involved in
the vasopressin-induced response to toad bladder
and kidney. However, an increase in phosphorylase
activity is observed in toad bladder incubated in
choline (sodium-free) Ringer's solution, a situation
in which vasopressin has no observed effect on
glycogenolysis, although it does alter the permea-
bility to water of the tissue. Consequently, it is
unlikely that phosphorylase has an important role in
the regulation of glycogenolysis in this tissue.
Furthermore, although phosphorylase activation
parallels the water permeability response of toad
bladder to hormone, its function, if any, in the
permeability process in unknown.

In the light of the evidence, it may be concluded
that the role of cyclic 3',5'-AMP as an intracellular
intermediate in the action of vasopressin has been
established with reasonable certainty. The important
problem, that is, the nature of the chemical and
physical transformation which must occur in the
tissue in order to account for the unique changes in
permeability elicited by vasopressin, remains un-
solved.
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Value and limitations of renal function tests

D. A. K. BLACK

Other papers in this symposium deal in reasonable
detail with the performance and interpretation of
individual renal function tests. In this communica-
tion, I shall limit myself to two more general
objectives: the broad grouping of renal function
tests, and the clinical situations in which the testing
of renal function may be helpful.

CATEGORIES OF RENAL FUNCTION TESTS

While functional inferences can be made from the
appearance of the urinary deposit, or of renal tissue
obtained at biopsy, it is conventional to limit the
term 'renal function tests' to the appraisal of the
biochemical performance of the kidneys. This may
be examined under natural conditions; it may be put
under stress, as by water deprivation; or foreign
substances, such as inulin or p-aminohippurate, may
be administered to allow the measurement of filtra-
tion rate or renal plasma flow. I must admit to a
certain inclination, in clinical practice at least,
towards the more 'natural' tests, which may be more
relevant to the patient's normal situation, and which
make no assumption that the diseased kidney will
handle a foreign substance in the same way as does
the healthy kidney. In saying this, I do not under-
estimate the contribution which the deployment of
the so-called 'discrete tests of renal function' has
made to our understanding of renal disease; but our
patients can often reap the benefit of this under-
standing, without having themselves to undergo the
exacting tests on which it is based.

It is convenient to divide renal function tests into
those which assess excretory function, and those
which assess homeostatic function. This important
distinction, originally made by W. B. Cannon, is
certainly familiar to you as applied physiologists;
but it does not seem invariably to inform the practice
of what we may call the occasional nephrologist. It
may be suggested that the assessment of excretory
function tells us how far away the patient is from
terminal uraemia, and so is even more useful in
prognosis than in diagnosis, whereas study of the
homeostatic function of the kidneys can be critical
in diagnosis, e.g., the tubular syndromes, and can
also point to important lines of substitution therapy.
Another possible generalization is that the excretory
function depends very much on glomerular filtration

(or on the blood-flow underlying it), whereas homeo-
static function is very largely dependent on the
efficiency of the tubules in modifying the composition
of the glomerular filtrate.

ASSESSMENT OF EXCRETORY FUNCTION The most
commonly applied test of excretory function is an
indirect one, the level of the blood urea. The con-
venience of this simple test ensures that any labora-
tory undertaking clinical chemistry has plenty of
experience in this estimation, and the result is likely
to be accurate. The subsequent interpretation may
be more difficult. The level of blood urea depends on
the balance between the renal excretion of urea and
the production of urea from the breakdown of
protein; the precise level of blood urea is also a
function of the total body water, but variation in this
is seldom great enough to make any material
difference to the blood-urea level. It is pretty
generally appreciated now that excretory function
must be severely impaired before the blood urea is
unequivocally raised, and also that excessive break-
down of body protein can cause a misleading in-
crease in blood urea. It is well realized that inade-
quate blood supply to the kidneys can impair their
excretory function without producing organic renal
damage. Not quite so much attention seems to have
been paid to the effect on urea production of either
increased anabolism or a low protein intake. The
mother building up the tissues of the womb and
foetus, and later on the infant building up his own
tissues, have both got low rates of net urea produc-
tion, and consequently low levels of blood urea and
of urea excretion. The effect of a low-protein diet in
lowering the blood urea has been strikingly shown
by Giovannetti and Maggiore (1964); in patients
whose urea clearance was lower than 5 ml./min.,
they were able to reduce the blood urea from levels
uniformly above 200 mg./100 ml. to levels as low as
60 mg./100 ml. by the use of a diet containing 20 g.
of protein per day.
By relating blood urea level to the rate of urea

excretion, the urea clearance test of Van Slyke is a
more precise measure of the excretory powers of the
kidney. In spite of this obvious advantage, I have
the impression that it is less used than it was 10 years
ago: the result depends very much on accurate urine
collection, and the use of catheters to this end is
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certainly not justified. For detecting gross renal
failure, the blood urea level is sufficient, while in
assessing minor degrees of excretory impairment, the
endogenous creatinine clearance is more specific, and
approximates more closely to the glomerular filtra-
tion rate. For measurement of the glomerular filtra-
tion rate in special investigations, the clearance of
inulin, thiosulphate, allantoin, amylase, and B12 can

be used, with some of the difficulties of analysis
obviated by isotope methods.

ASSESSMENT OF HOMEOSTATIC FUNCTION Among the
properties of body fluid which are conserved within
quite narrow limits by the kidneys are the volume,
hydrion concentration, and osmolality. In renal
disease, homeostatic failure is perhaps detected more
commonly by clinical observation of the oedematous
or of the dehydrated patient than by the application
of formal tests, but these have their place in defining
tubular lesions, both qualitatively and quantitatively.
The proximal tubular syndromes are sometimes re-

vealed by the detection of glycosuria and/or amino-
aciduria; in either case it is important to confirm that
the site of abnormality is in the kidneys, by showing
that the plasma level of glucose or amino-acids is
normal or reduced. The extent of proximal tubule
impairment can be assessed quantitatively by
measuring the tubular maxima for glucose re-

absorption or secretion of p-aminohippurate. Re-
absorption of important organic substances in the
proximal tubule is associated with a considerable
reabsorption of water and electrolyte, the transport
of sodium being the active process, closely linked
with oxygen consumption. There is, however, little
selectivity in this reabsorption, so far as water and
electrolytes are concerned; the fluid leaving the
proximal tubule is probably very like glomerular
filtrate, but there is only about one-sixth of the
amount. The final adjustments of volume, acidity,
and osmolality are made in the distal nephron, partly
in the hyperosmolar zone of the medulla, partly by
reabsorption or secretion of individual electrolytes.
Much of our knowledge of these processes has
accrued from clearance techniques, and more recently
from micro-puncture, tissue-slice, and stop-flow
studies; but in clinical work these refined methods
cannot be applied, and we can only study the overall
performance, often after the application of some

stress, e.g., water deprivation or vasopressin, in the
assessment of concentrating power (de Wardener,
1956); or ammonium chloride in assessing the
excretion of ammonium and titratable acidity
(Wrong and Davies, 1959).
Although the distinction between excretory and

homeostatic function is worth making, it has to be
recognized that excretory impairment due to loss of

nephrons can greatly modify the homeostatic per-
formance of the remaining functioning nephrons. In
many patients with renal failure, we need not
postulate any specific tubular impairment, as the
loss of homeostatic adaptability is the consequence
of sustained osmotic diuresis in the residual intact
nephrons (Platt, 1952). In other patients, however,
the defect in urinary concentrating and acidifying
capacity is out of proportion to the degree of
excretory impairment, e.g., the comparison by Brod
(1962) of maximal urinary concentration in nephro-
sclerosis, glomerulonephritis, and pyelonephritis.

CLINICAL APPLICATION OF RENAL FUNCTION TESTS

In exemplifying the clinical situations in which tests
can be helpful, I deliberately exclude the investiga-
Eion of polyuria, of renal acidosis, of other renal
tubular disorders, of primary disorders of body
fluid, of urinary infection, renal calcification, and
renal ischaemia, which are the subjects of separate
papers. This will allow me to concentrate my
remarks on the functional investigation of acute and
chronic renal failure, of symptomless proteinuria,
and of the nephrotic syndrome.

RENAL FAILURE Here we are concerned above all
with prognosis. This in turn depends on a distinction
between acute and chronic renal failure, and on the
detection of any reversible cause; the clinical
evidence is paramount, and a single evaluation of
renal excretory function tells us only that there is
gross impairment, not how things are going. Serial
observations can be much more helpful in assessing
both the natural prognosis, and the effect of any
specific treatment. These patients should generally
be on a controlled diet, and intercurrent infection or
dehydration should be recorded, so that the blood
urea is often a sufficient guide to progress. Daily
estimation of the blood urea in acute renal failure
gives more practical help than less fiequent estima-
tion of urea or creatinine clearance, even if urine is
being formed. In chronic renal failure, less frequent
estimation of the blood urea can draw attention to
extrarenal factors, as well as to the slow progression
of the intrinsic renal damage. I need hardly stress the
importance of the serum sodium level as a measure
of hydration, and of the serum potassium level as a
warning of hyperkalaemic toxicity.

SYMPTOMLESS PROTEINURA The clinical problem
here is again very largely one of prognosis, and it
seems to me legitimate to approach it with a strong
bias towards finding justification for reassurance.
Biopsy studies suggest that when there is a renal
lesion it is a progressive glomerulonephritis, not
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likely to be influenced by any treatment. The amount
and if possible the intermittency of proteinuria
should be measured. But it is not possible to admit
all these patients, and measuring the blood urea can
be used to exclude renal failure, not, of course, the
same thing as renal disease, while the serum proteins
give indirect evidence as to whether the proteinuria
is scanty or massive. Scanty proteinuria can signify
renal damage, but at least it will not lead to the
nephrotic syndrome. The urea clearance provides a
figure for insurance purposes, but the blood urea
sometimes makes better reading, and the solvency of
insurance companies is scarcely a paramount part of
our responsibility to our patients. I am much more
concerned, in young people at least, to establish
either the cause or the innocence of proteinuria, and
urinary cell counts, pyelography, or biopsy may all
be useful.

MASSIVE RENAL OEDEMA (NEPHROTIC SYNDROME,
PROTEIN-LOSING NEPHRITIS) Tests of renal function
do not distinguish between the various causes of this
syndrome, although the nature of the proteins lost
in the urine may contribute (Blainey, Brewer,
Hardwicke, and Soothill, 1960). The results of tests
of excretory function, such as urea clearance, may

even be above normal in the early stages of
glomerulonephritis, especially in children, and may
reflect increased glomerular permeability. In the
later stages, the blood urea level and serum proteins
are useful guides to prognosis.

These clinical examples may have brought out
the limitations rather than the value of renal function
tests; this view is perhaps not unacceptable to
practising clinical biochemists faced with over-
whelming requests. Before accepting it too hastily,
however, we must remember that the more specific
applications of renal function tests have been
excluded from this general survey.
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Detection of renal insufficiency in children
J. A. BLACK

From the Children's Hospital, Sheffield

Renal insufficiency in children frequently goes un-
detected, and just as often is wrongly suspected. The
reasons for this are as follows: first it is often
difficult to obtain adequate and reliable specimens of
blood and urine; secondly there may be errors in the
interpretation of the results because of the differences
in renal function at different ages; and thirdly
because the presenting symptoms of renal insuffi-
ciency and early childhood are very different from
those in the older child or adult.

URINE SPECIMENS

If the child can pass urine voluntarily there are few
difficulties in obtaining specimens of urine if one is
prepared to be patient. Catheterization should never
be used routinely, and for bacteriological purposes
a mid-stream specimen can be obtained from
boys and girls if care and gentleness are used. The
troubles arise with the infants and toddlers; at this
age it is necessary to use some form of collecting
apparatus attached to or around the genitalia. Small
infants can, if necessary, be immobilized quite
easily for this purpose, but the toddler resents any
restraint intensely and therefore the best form of
collecting apparatus is one which can be kept on
when the child is walking about. Probably the most
successful of such collecting bags (Baldwin, Clayton,
Jenkins, Mitchell, and Renwick, 1962) is that de-
signed at The Hospital for Sick Children, London,
which has an adhesive area which fits over the geni-
talia. When urine has been passed, the bag is
emptied by aspiration through a catheter inserted
through a small hole in the upper part of the bag.
These plastic bags are not sterilized by the manu-
facturers but culture from their interior seldom
produces a significant growth of bacteria. The big-
gest difficulty is contamination from the skin and
genitalia and this can be minimized by aspirating the
urine as soon as it has been passed. This type of bag
can also be used for 24-hour collections.

BLOOD SPECIMENS

Micro or ultramicro methods should be used. For
routine estimation of the plasma electrolytes and

urea 1 ml. of blood should be sufficient if micro
methods are used, and 0-15 ml. will be adequate if
ultramicro methods are employed. Any hospital
with children's beds should use micro methods for
all patients, to avoid the confusion of two sets of
normal ranges. Not to use micro methods in a burns
unit is indefensible.

SOME COMMON ERRORS IN INTERPRETATION

THE BLOOD UREA Perhaps the commonest mistake
in interpreting the significance of a raised blood urea
level is a failure to appreciate its extreme lability in
infancy, and to consider a level of 70 to 100 mg.% as
indicating a serious degree of renal insufficiency. It
is easy for the clinician inexperienced with children
to overlook a moderate degree of dehydration in an
infant especially if there is also wasting. In certain
disorders associated with anorexia and vomiting,
or with polyuria, the blood urea level is often
raised due to dehydration but returns to normal
when an adequate fluid intake is achieved and the
electrolyte disturbance is rectified. A good example
of this situation is the infant with nephrogenic
diabetes insipidus; in these babies there is consi-
derable dehydration and wasting, with a raised blood
urea and a high serum sodium (150 mEq. per litre or
more). When adequate fluid is given the urea
returns to normal and a normal glomerular filtration
rate can easily be demonstrated by clearance tests.
Other conditions in which one finds a temporary
elevation of the blood urea level are untreated cases
of the adrenogenital syndrome, the early stages of
cystinosis (cystine storage disease), idiopathic hyper-
calcaemia, and infantile renal acidosis. In a second
group of cases renal function is entirely normal and
there is no demonstrable biochemical disorder in the
blood apart from a raised blood urea; this is some-
times seen when an infant is given a high-protein
diet (Barnett and Vesterdal, 1953) and also in
certain types of dwarfism without any demonstrable
endocrine abnormality. It appears that in both these
examples the amino-acids not incorporated into new
tissue are converted into urea.

PROTEINURIA In dehydration, proteinuria is often
present but usually disappears when the patient
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Detection of renal insufficiency in children

returns to normal. However, in the recovery phase of
severe gastroenteritis proteinuria is sometimes found
(Black, 1959) and this indicates some degree of renal
tubular necrosis: it is important to realize that up to
800 mg.0% protein may be present in the urine in
these cases and that this does not indicate irrever-
sible renal disease. In idiopathic hypercalcaemia and
in infantile renal acidosis proteinuria is often present
in the untreated state of chronic dehydration and
wasting: it is a serious error to dismiss such children
as having a chronic renal insufficiency without more
detailed investigation.

CELLS IN THE URINE The presence of renal epithelial
cells in the urine may be evidence of temporary
damage to the tubules, as in renal tubular necrosis.
If the cellular deposit is not examined carefully the
small tubular epithelial cells may be reported as pus
cells and a diagnosis of pyelonephritis will be made.
Tubular epithelial cells may also be found in any
condition in which nephrocalcinosis is present, as in
idiopathic hypercalcaemia, infantile renal acidosis,
and chronic vitamin D poisoning. These cells
probably indicate the shedding of epithelium dam-
aged by the deposition of calcium salts in the lumen
of the tubule.

RENAL FUNCTION TESTS

It would be wrong to lay down any set order for
doing renal function tests, but it is generally best to
do the simplest test first and then, if necessary, pro-
ceed to the more complicated, and often the more
unpleasant investigations.

weighed and blood is taken for sodium and urea
estimations. The urine is collected as it is passed in
separate containers and the volume and specific
gravity are determined. In the normal child there will
be a negligible loss of weight and no change in the
serum sodium and urea. In, for example, nephro-
genic diabetes insipidus the urinary output will
remain high and there will be a rise in the serum
sodium and marked loss in weight, sometimes as
much as 8 oz. (250g.) (Luder and Burnett, 1954). It
is worth pointing out that in this condition urine
with a specific gravity as high as 1010 may occasion-
ally be found when dehydration is very severe.

THE PITRESSIN TEST The fluid deprivation test will
not distinguish between pitressin-resistant and pit-
ressin-sensitive diabetes insipidus, and it is therefore
sometimes necessary to use the pitressin test. This
test can be done with the long-acting pitressin
tannate or with the ordinary water-soluble pitressin.
The results are generally easier to interpret if the
water-soluble pitressin is used, provided a sufficient
number of urine specimens can be obtained during
the three hours when the pitressin is active. The
dosage scale is as follows:

Age Pitressin
Dosage (units)

Under 3 months 1-2
3 months = 1 year 2
1 year = 3 years 3
3 years = 6 years 4
6 years = 8 years 5
8 years = Il years 6
11 years = 13 years 8
Adult 10

(Dosage scale from Royer, Habib, and Mathieu, 1963)

THE WATER DEPRIVATION TEST In children under 1
year of age the period of deprivation should not
exceed 12 hours; if the test is carried out overnight
from 8 p.m. till 8 a.m. there is little upset in the
feeding routine. The normal response, excluding
the newborn, is a specific gravity of 1025 or 900
m. osmols per litre. In older children the same type of
test can be used, but at any age it is unwise to do an
overnight fluid deprivation test if a severe defect of
tubular water reabsorption is suspected, as extreme
dehydration and collapse may occur which may not
be recognized during the night. The conditions in
which special precautions are necessary are nephro-
genic diabetes insipidus, cystinosis, certain cases of
idiopathic hypercalcaemia, and in the polyuric
phase of renal tubular necrosis. Instead, a four-hour
deprivation test may be used which can be stopped
at any time if required. It is of course necessary
to ensure an adequate fluid intake until the begin-
ning of the test which should begin after the bladder
has been emptied spontaneously; the infant is then
14

An alternative method, using water deprivation and
pitressin tannate in oil, is described by Winberg
(1959a).

It is unusual to obtain values for specific gravity
with the pitressin test as high as are obtained with
fluid deprivation, and a value of 1020 would be
considered a normal response to pitressin.

GLOMERULAR FILTRATION RATE The choice here lies
between the use of inulin, urea, and creatinine. An
inulin clearance, if performed with an intravenous
infusion, is probably the best method for research
purposes but the discomfort produced by the in-
fusion may cause a reduction in glomerular filtration
rate, particularly in small babies (Vesterdal and
Tudvad, 1949). An alternative method, using a
subcutaneous injection of inulin, is quite practicable
(Vesterdal, 1949); but it is difficult to obtain a
constant inulin level in the blood. The urea clearance
is the simplest to perform but perhaps the most
difficult to interpret, even when adjustment has been
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made for surface area (as is necessary in all clearance
studies in children); in small infants the alterations
in urea clearance in relation to flow of urine are
much greater than they are in adults. Whereas in the
adult a plateau for urea clearance values is reached
at flows of over 1 ml./min./sq. m., this useful rela-
tionship does not hold in the infant (Barnett and
Vesterdal, 1953).
The endogenous creatinine clearance appears to

be the most satisfactory way of estimating the
glomerular filtration rate in children. This method
has the advantage that the level of creatinine in the
blood changes very little over the course of 24 hours,
thiat only one blood sample is required, and that no
additional creatinine need be given. The true crea-
tinine must be measured, otherwise clearance values
will be too low. Winberg's (1959b) results are pro-
bibly the most satisfactory available, and his paper
should be consulted for the actual figures for different
ages, with correction for surface area. The figures for
glomerular filtration rates in children only reach
adult levels between the ages of 2 and 3 years; for
example, Winberg gives a value of 40 ml./min. per
1 73 sq. m. at the age of 10 days and 60 ml./min. per
1 73 sq. m. at 3 months.

SOME SPECIAL PROBLEMS IN INFANTS

It is helpful to be aware of those conditions in the
newborn which are likely to be associated with renal
abnormalities. In the mother oligohydramnios,
particularly when associated with amnion nodosum,
is likely to be associated with agenesis of the kidneys
in the infant (Bourne, 1962). A single umbilical artery
is often found with abnormal kidneys or occasionally
a kidney is absent on one side (Feingold, Fine, and
Ingall, 1964; McKay and Smith, 1964). Lastly in
that curious condition, deficiency of the abdominal
musculature ('prune-skin abdomen'), there is usually
an obstructive condition of the urinary tract con-
sisting of an enlarged bladder with or without
hydroureter and hydronephrosis (Mathieu, Goldow-
sky, Chaset, and Mathieu, 1953). The actual sym-
toms of renal insufficiency in infancy are easily con-
fused with those of gastrointestinal disorders such as
pyloric stenosis. There is reluctance to feed, failure
to gain weight, and often persistent and forcible
vomiting. Particularly in severe lower obstructive
renal disease in the newborn, the forcing of fluids
such as glucose water may cause fits from water in-
toxication. In this condition the serum sodium is
usually in the region of 120 mEq. per litre, but the
serum potassium level may be slightly raised (by
adult standards) giving a picture similar to that in
acute adrenal failure. However, these infants are

usually overhydrated and oedematous with palpably
enlarged bladder and kidneys, while the infant with
adrenal failure is collapsed and dehydrated.
The urine in the newborn may present difficulties

in interpretation. There is the question of proteinuria
in the newborn; this was finally dealt with by Doxia-
dis, Goldfinch, and Cole (1952) who showed that
protein is not normally present in the urine of the
newborn infant, and that previous observations had
been based upon an artefact due to the presence of
urates. Nevertheless even the presence of urates can
cause alarm if the salmon-pink deposit on the napkin
in the first few days after birth is mistaken for blood:
if the deposit is examined on a slide the distinction
is obvious. During the first week of life, the number
of red cells and epithelial cells in the urine is slightly
in excess of the usual normal values (Lawson and
Hewstone, 1964).
The level of blood urea in the newborn needs care

in its interpretation. The ability of urea to diffuse
readily across biological membranes means that the
levels of urea in maternal and foetal blood are likely
to be the same (McKay and Kilpatrick, 1964);
therefore any factor, such as chronic renal disease,
or prolonged labour, which raises the mother's blood
urea level, will cause a similar rise in that of the
foetus, and high levels may also be found in the
newborn baby. Also, McCance and Widdowson
(1954) have shown that a difficult delivery may cause
the level of blood urea in the infant to rise. In the
premature baby, dehydration and acidosis from
prolonged starvation may produce a transient rise
in the blood urea.

SOME PROBLEMS IN THE FIRST YEAR

In the second half of the first year many types of
renal disease become apparent. The development of
symptoms of renal insufficiency between the ages of
6 months and 9 months is common to a number of
conditions; it seems possible that renal insufficiency
is exacerbated by increases in electrolyte load such
as occur on changing from human to cows' milk or
to mixed feeding, or by the reduction in fluid intake
which is common when mixed feeding is fully es-
tablished. Renal insufficiency at this age is usually
precipitated by dehydration, due to polyuria or to
inadequate fluid intake or both. Polyuria is not
usually observed because the child is in napkins,
and an inadequate intake is not suspected because the
infant, though thirsty, is unable to state its wants.
The dehydrated infant may actually refuse milk
feeds and solids though it will take water or glucose
water avidly if this is offered. As the child becomes
progressively more dehydrated the amount of water

548 J. A. Black

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jcp.bm

j.com
/

J C
lin P

athol: first published as 10.1136/jcp.18.4.491 on 1 July 1965. D
ow

nloaded from
 

http://jcp.bmj.com/


Detection of renal insufficiency in children

absorbed from the faeces by the large intestine
increases, and results in the infrequent passage of the
small hard 'rabbitty' pellets so characteristic of
water lack in the infant. Finally, as dehydration
progresses and renal function deteriorates the elec-
trolyte disturbances become more marked and
vomiting occurs. In this manner the symptoms of
renal insufficiency in late infancy develop: anorexia,
vomiting, constipation, and failure to thrive. The
conditions which are likely to present with these
symptoms are chronic obstructive renal disease
affecting both kidneys, chronic pyelonephritis,
bilateral hypoplastic kidneys, cystic renal disease,
idiopathic hypercalcaemia, infantile renal acidosis,
cystinosis, and nephrogenic diabetes insipidus.

There are of course many other aspects of renal
insufficiency in children which could be discussed,
but this paper has been largely concerned with an

attempt to elucidate some of the difficulties which
confront those who have to assess renal function in
children.
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Urinary cell counts and their value
W. BRUMFITT

From Edgware General Hospital, Edgware, Middlesex, and the Wright-Fleming Institute,
St. Mary's Hospital, London

Bacteria and leucocytes are the two varieties of cell
commonly counted in the urine. The presence of
significant numbers of bacteria results from their
active multiplication in the urine and therefore
points to infection. On the other hand, an increase
in the rate of white cell excretion results from
inflammation of tissue within the urinary tract and
this need not necessarily result from active infection.
It is therefore logical to consider bacteriuria and
white cell excretion separately.
The value of a cell count is of course related

directly to the care with which the urine specimen
is collected. It is obvious that bacterial and leucocyte
counts carried out on badly contaminated urine are
worthless.

BACTERIURIA

The diagnosis of urinary tract infection on clinical
grounds is unreliable since not only is urinary tract
infection frequently asymptomatic but about half of
those patients with symptoms suggesting urinary
tract infection prove not to have significant bacteri-
uria when the urine is examined bacteriologically
(Mond, Percival, Williams, and Brumfitt, 1965).
Therefore for accurate diagnosis bacteriological
examination of the urine is essential. When bacteria
are actively multiplying in the bladder urine the
bacterial count will exceed 105 per ml.
The reason for regarding 105 bacteria per ml. as

indicating infection of the bladder urine is not
arbitrary. If bacterial counts are carried out on a
large number of hospital patients a bimodal distri-
bution is seen (Fig. 1). When counts of 105 per ml.
or more are found in two midstream specimens the
likelihood that this indicates true infection exceeds
95 %. Similarly a single count below 3,000 per ml.
virtually excludes infection and a further urine
examination almost invariably confirms this result.
However, when the count is in the range 3,000 to
105 bacteria per ml. the situation is different, for if
further specimens are obtained from these patients
the count will be found to have either fallen below
3,000 per ml. or risen above 105 per ml. in the great
majority. Counts between 3,000 and 104 per ml.

practically always fall below 3,000 when repeated.
However, within the range 104 to 105 per ml. if the
organism is a Gram-negative bacillus, a count on a
further specimen of urine falls to below 3,000
bacteria per ml. in 620% of cases and rises above 105
per ml. in 38% (Williams, Leigh, Rosser, and
Brumfitt, 1965).

It therefore becomes clear that urine bacterial
counts above 105 per ml. indicate infection and those
below 3,000 per ml. exclude it. Counts between
3,000 and 105 per ml. are most commonly due to
contamination and when repeated fall below 3,000
per ml. A smaller but significant proportion of counts
within the range 104 to l05 per ml. are associated with
true infection and these rise above 105 per ml. when
the examination is repeated on a further specimen.
Because of this finding, urinary infection should not
be diagnosed until counts exceeding 105 per ml.
urine have been obtained.
Not only can a count of 105 per ml. be regarded as

indicating infection on practical and statistical
grounds but it is also to be expected on a theoretical
basis. Once bacteria enter the bladder and the local
defence mechanisms are overcome bacteria multiply
in the bladder urine. Urine varies considerably in
composition but it usually supports well the growth
of these bacteria which are urinary pathogens. A
continuous supply of culture medium enters the
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FIG. 1. Results of quantitative tests on urine specimens
carried out on a large number of hospital patients.
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Urinary cell counts and their value

bladder from the ureters and the tendency for this to
dilute the bacteria is compensated by the rapid
bacterial multiplication. Cox and Hinman (1961)
have demonstrated by ingenious but simple experi-
ments in vitro that under such circumstances counts
exceeding 105 bacteria per ml. do in fact occur. Thus
the bacterial count which proves infection of the
bladder urine is 105 per ml. or more.

Occasionally lower counts can be associated with
active infection but this must only be diagnosed
when the same organism is isolated repeatedly from
adequately taken specimens. Counts below 105 per
ml. can occur, for example, where an indwelling
catheter provides continuous drainage of bladder
urine so preventing build-up of the bacterial popula-
tion which would occur if bladder emptying took
place only at three-hourly intervals. Low bacterial
counts may also be found when the patient has a
diuresis accompanied by increased frequency of
micturition and when antibacterial substances are
present in the urine, e.g., during chemotherapy.

METHODS OF COUNTING BACTERIA

Since infection can be defined precisely in terms of
the bacterial count it is obviously desirable that
enumeration of bacteria should be carried out
routinely. Quantitative counting by making serial
10-fold urine dilutions followed by surface viable
counts is accurate but expensive both in materials
and time. In our laboratory we use the filter paper
strip procedure (Leigh and Williams, 1964) for
routine counting. This involves dipping a sterilized
absorbent blotting paper of standard size into the
urine and then laying a measured area of the paper
on a MacConkey agar plate (Fig. 2). Duplicate
examinations are made on each urine specimen.
Eight urine specimens can be tested on a single
plate and 50 specimens can be examined in less than
30 minutes. By direct comparison with the dilution
method it is shown that 30 colonies or more cor-
respond to 100,000 or more bacteria per ml. and
five to 29 colonies correspond to counts between
10,000 and 100,000 per ml. Thus not only can those
patients with definite infections be diagnosed but
also those requiring examination of a further urine
specimen. An example of the results obtained with
the blotting paper test and their interpretation is
shown in Figure 2.

SUITABLE SPECIMENS

The bacterial count should be carried out on bladder
urine. This can be obtained by catheterization or by
suprapubic aspiration but for routine purposes mid-
stream specimens are obviously preferred. If mid-

2
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FIG. 2. Results obtained on eight urines examined by the
blotting paper strip technique. Duplicate impressions have
been made from each specimen and the plate incubated
overnight. The results are as follows: Urines 1, 5, 7, and 8,
less than 1,000 organisms per ml. (not infected); urine 3,
between 10,000 and 100,000 organisms per ml. (equivocal);
urines 2, 4, and 6, over 100,000 organisms per ml. (infected).

stream specimens are used contamination must be
reduced to a minimum and we have previously
described a procedure for collection (Brumfitt and
Percival, 1964). After collection the urine should be
processed immediately or stored at 4°C.

If the specimens are satisfactory about 1% of
counts lie within the doubtful range (104 to 105 per
ml.). In primary infections most of the infecting
organisms are Esch. coli or Proteus mirabilis, and
the finding of substantial numbers of Staph. albus
and other Gram-positive organisms as a cause of
infections or doubtful infections means that the
collection technique for mid-stream specimens is
unsatisfactory (Williams et al., 1965).

WHITE CELL COUNTS

The most accurate method of estimating white cells
in the urine is to determine the white cell excretion
rate. We use a three-hour urine collection and the
white cells in this specimen are counted in a haema-
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tological counting chamber. Since three-hour urine
collections are more liable to contamination than
are mid-stream specimens, especially in women with
vaginal discharge, collection must be carefully
supervised. An excretion of 400,000 W.B.C. per hour
has been suggested as the upper limit of normal
(Hutt, Chalmers, MacDonald, and de Wardener,
1961; Little, 1962) and in fact this level represents
only a small concentration of white cells in the urine.
A concentration of 10 W.B.C. per c.mm. urine is
always associated with a white cell excretion rate in
excess of 400,000 per hr.; 3-10 W.B.C. per c.mm.
may or may not be associated with a raised white cell
excretion rate but where there are less than 3 W.B.C.
per c.mm. the white cell excretion rate is always
within normal limits (Little, 1964).

THE DIAGNOSTIC VALUE OF PYURIA

ACUTE SYMPTOMATIC INFECTIONS Taking 10 white
cells per c.mm. as a definite indication of an increased
white cell excretion, we found that 45 patients from
general practice with symptoms of acute urinary
tract infection and significant bacteriuria all had an
increased excretion of white cells (Mond et al., 1965).
However, 47% of a further 45 patients with similar
symptoms but without significant bacteriuria also
had increased white cell excretion (Table I). This was

TABLE I
URINARY WHITE CELL CONCENTRATION IN

MID-STREAM URINE SPECIMENS FROM 90 PATIENTS
WITH SYMPTOMS OF URINARY TRACT INFECTION

White Cells Infection Confirmed Infection Not Present
(per c.mm.) (> 105 bacteria per ml.) (<106 bacteria per ml.)

TABLE II
CORRELATION BETWEEN WHITE CELL AND BACTERIAL
COUNTS ON MID-STREAM URINE SPECIMENS FROM 56 PATIENTS
WITH SYMPTOMS OF URINARY TRACT INFECTION BUT WITH-

OUT SIGNIFICANT BACTERIURIA

Bacterial Count

W.B.C.
per c.mm.

Above 50
10-50
Below 10

Below 1,000
per ml.

4
3

29

Above 1,000
per ml.

15
5
2

neously and the urinary white cell concentration
returns to normal.

ASYMPTOMATIC BACTERIURIA In bacteriuria of preg-
nancy we found that at the time the bacteriuria was
first detected only 49% of patients had a urinary
white cell concentration exceeding 10 per c.mm. and
of the remainder 41 % had counts below 5 per c.mm.
(Williams et al., 1965). Thus only 49% had an
excretion definitely in excess of 400,000 per ml.

OTHER CAUSES Pyuria without significant bacteria
is found in association with a number of conditions,
including tuberculosis, stone, following operations
on the urinary tract, for some days after successful
chemotherapy of urinary tract infection, and in a
proportion of post-partum women (Brumfitt, Davies,
and Rosser, 1961). These causes of pyuria will not be
dealt with in detail here.

THE DIAGNOSTIC VALUE OF PYURIA AND WHITE CELL

PROVOCATION TESTS IN THE ABSENCE OF SIGNIFICANT
BACTERIURIA

Above 10
Below 10

45 (100%)
0

21 (47%)
24 (53%)

not due to poor collection technique since vaginitis
was excluded and 94% of a control group of 53
patients without urinary symptoms had normal
white cell excretion. We considered that the ab-
normal white cell excretion was due to a urethritis
which also accounted for the patients' symptoms.
When the urinary white cell concentration was
correlated with bacterial counts above and below
1,000 bacteria per ml. of urine (Table II) a definite
relation was found between bacterial counts of
above 1,000 per ml. and pyuria. These findings
suggest that many women seen in general practice
with symptoms of urinary tract infection have
urethritis without infection of the bladder urine. By
withholding treatment in such patients and carrying
out daily examination of the urine it can be observed
that significant bacteriuria develops in some cases
whereas in others the symptoms disappear sponta-

It has already been stressed that white cell excretion
gives an indication of inflammation within the urin-
ary tract. From the preceding section it is clear that
bacteria multiplying in the urine without tissue
invasion may not be associated with pyuria, whereas
inflammation of the urinary tract without infection
of the bladder urine can be associated with pyuria.
The finding of an abnormal white cell excretion

rate in the absence of significant bacteriuria is
evidence of inflammation within the urinary tract and
demands investigation. However, in chronic renal
disease the urine is frequently sterile and the white
cell excretion rate is within normal limits. Pears and
Houghton (1959) studied the effect of administra-
tion of bacterial cell wall lipo-polysaccharide (bac-
terial pyrogen) to such patients and found that those
with chronic pyelonephritis showed a significant in-
crease in white cell excretion whereas those with other
chronic renal diseases, as well as normal subjects,
did not respond in this way. Further investigations

552 W. Brumfitt

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jcp.bm

j.com
/

J C
lin P

athol: first published as 10.1136/jcp.18.4.491 on 1 July 1965. D
ow

nloaded from
 

http://jcp.bmj.com/


Urinary cell counts and their value

by Hutt et al. (1961) and Leather, Wills, and Gault
(1963) showed that only about half the patients with
definite evidence of chronic pyelonephritis gave a
positive result and furthermore, a smaller proportion
of patients with glomerulonephritis also gave a
positive result.

Injection of bacterial lipo-polysaccharide leads to
an increase in the level of circulating corticosteroids
(Melby, Egdahl, and Spink, 1960) and this may occur
as a result of pituitary stimulation (Conn, Fajans,
Louis, Seltzer, and Kaine, 1954; Wexler, 1957;
Wexler, Doglin, and Tryczynski, 1957). The finding
that corticosteroids given parenterally were them-
selves able to stimulate the excretion of cells in the
urine of pyelonephritic dogs and humans (Katz,
Bourdo, and Moore, 1962) suggested that lipo-
polysaccharide might produce its action by this
pathway and in any case had the important advan-
tage of not causing the unpleasant side effects which
follow the injection of lipo-polysaccharide. When
the lipo-polysaccharide and prednisolone stimu-
lation tests were carried out sequentially in the same
group of patients a somewhat higher incidence of
positive tests was found with prednisolone. The
provocation of urinary cell excretion by injected
steroids has, therefore, been used as a diagnostic
measure for pyelonephritis (Katz, Valasquez, and
Bourdo, 1962; Little and de Wardener, 1962).
Hutt et al. (1961) also used the lipo-polysaccha-

ride stimulation test in patients who had suffered
from upper urinary tract infection but where treat-
ment had made the urine sterile and the white cell
excretion had returned to normal. They considered
that a significant rise in white cell excretion following
pyrogen reveals that inflammation is persisting and
is an indication for further chemotherapy.
We carried out the prednisolone stimulation test

on the three groups of patients shown in Table III.

TABLE III
RESULTS OF THE PREDNISOLONE STIMULATION TEST

IN VARIOUS GROUPS OF PATIENTS

Diagnosis Number Studied Test Positive

Chronic pyelonephritis 50
Following apparently
successful treatment of
acute pyelonephritis 26
Chronic glomerulonephritis 7

20 (40%)

8 (30%)
2

In patients with chronic pyelonephritis the test was
positive in 40 / of the patients but of seven patients
with glomerulonephritis positive tests were obtained
in two (29 %). Following apparently successful
antibiotic therapy for acute pyelonephritis the test
was positive in 30%. These patients were not given
further treatment and urine specimens were ex-
amined over the next two years but none of these

patients have shown relapse due to the same or-
ganism.
We conclude from these findings that in patients

with chronic renal disease a positive stimulation test
gives support to the diagnosis of chronic pyelo-
nephritis but it must be remembered that positive
tests can also occur in chronic glomerulonephritis.
Tests carried out after treatment of acute pyeloneph-
ritis must be interpreted with considerable caution
since positive results may be obtained in the absence
of a progressive or chronic lesion as judged by the
absence of recurrent bacteriuria or subsequent
clinical findings. In such patients we were unable to
find evidence that a positive stimulation test indi-
cated foci of infection within the renal substance.
The appearance of bacteria in the urine in associa-
tion with a positive stimulation test is very unusual.
Where unilateral chronic pyelonephritis is present

individual specimens collected by ureteric cathe-
terization show a positive stimulation test on the side
of the lesion.
The use of stimulation tests to differentiate

between pyelonephritis and infection confined to the
lower urinary tract has not been explored.

LOCALIZATION OF THE SITE OF INFECTION WITHIN THE
URINARY TRACT

It must be stressed that the finding of significant
bacteriuria in a mid-stream specimen of urine
provides proof that bacteria are actively multiplying
in the bladder urine but gives no information about
the upper urinary tract. Similarly, the presence of
an abnormal white cell excretion reflects inflam-
mation within the urinary tract but gives no indica-
tion of its location or its aetiology. Because of the
presence of a valve mechanism at the lower end of
the ureters and the peristaltic action of the ureters,
infection of the bladder urine may be prevented from
involving the upper urinary tract. Unfortunately
it is becoming increasingly clear that the absence
of upper urinary tract symptoms is no guarantee
against renal involvement. In the individual patient
with significant bacteriuria it would be valuable to
decide whether or not there is such renal involve-
ment. We have approached this problem by meas-
uring the serum antibody response to the infecting
organism and have shown that patients with titres
above the normal range can regularly be shown to
have infection of the upper urinary tract (Brumfitt
and Percival, 1963; Percival, Brumfitt, and de
Louvois, 1964).
An alternative method of demonstrating involve-

ment of the upper urinary tract is by means of
ureteric catheterization. Cystoscopy is carried out
during diuresis and a specimen of bladder urine

553

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jcp.bm

j.com
/

J C
lin P

athol: first published as 10.1136/jcp.18.4.491 on 1 July 1965. D
ow

nloaded from
 

http://jcp.bmj.com/


W. Brumfitt

TABLE IV
INFORMATION GAINED FROM STUDY OF INDIVIDUAL URETERIC SPECIMENS OF URINE

Bladder Urine Ureteric Urine Conclusion

Left Right

Bacteria W.B.C. Bacteria W.B.C. Bacteria W.B.C.
(per c.mm.) (per c.mm.) (per c.mm.)

CASE I Mrs. B. H. age 50
Recurrent urinary tract infection
Antibody titre not raised (1:80)
T.V.P. normal. No reflux

CASE 2 Mrs R. T. age 30
Pyelonephritis of pregnancy.
Persistent bacteriuria.
Antibody titre raised (1: 1,280).
I.V.P.-chronic pyelonephritis
of the left kidney.

CASE 3 Mrs. B. C. age 42
Recurrent episodes of urinary
tract infection and loin pain.
I.V.P.-dilated R. lower calyx.
Renal outline normal. Antibody
titre raised (1:640)

CASE 4 Mrs. R. F. age 28 5
Two attacks of acute pyelo- (07
nephritis, last 8 months
previously (Esch. coli 04). Recurrence
of bacteriuria following treatment.
I.V.P. normal. Antibody titre not
raised (1:80) (Subsequent prednisolone
stimulation test negative)

CASE S Mr. E. M. age 64 4,
Persistent bacteriuria due to same (06
Esch. coli serotype and resistant to
treatment. Renal calculus 2 years
previously (passed spontaneously).
I.V.P. normal. Antibody titre
normal (1:160).

6 x 106
(00)1

5-8 x 105
(0w)

3 x 105
(0,)

x 106
s)

86 6 1 1 0 No renal involvement
Infection confined
to the bladder

154

10

4-2 x 10r
(04)

0

170 3-8 x 105 163
(04)

8 x 103 15
(02)

260 50
(075)

x 105 165
6)

A. 9 x I04 102
(06)
B. 10 I

0

Active infection both
kidneys

Active infection R.
kidney. No infection
L. kidney

0 Infection confined to bladder

Specimen A (taken immediately
after insertion ofcatheter)
contaminated from bladder
urine. Specimen B (taken
after 30 min.) shows absence
of infection. This patient had
a large diverticulum of bladder.

'Esch. coli serotype

collected. The bladder is then washed out and
ureteric catheters inserted. At least two separate
specimens should be collected from each ureter and
quantitative bacterial and white cell counts are
carried out on bladder and ureteric urine specimens.
When the infecting organism is Esch. coli serotyping
is used to demonstrate that the same organism is
responsible for ureteric and bladder infection.
The findings in five illustrative cases are shown in

Table IV. Case 1 shows typical findings when in-
fection is confined to the bladder and case 2 the
findings when infection involves the upper urinary
tract. The latter investigation was important since
the antibody titre indicated urinary tract involve-
ment and the pyelogram showed unilateral disease.
However, both left and right ureteric specimens
revealed bacteriuria and pyuria proving the presence
of bilateral renal involvement. Case 3 demon-
strates a patient with unilateral renal infection but
it makes the important point that, because of the
continuous flow system present in the ureter,
bacterial counts can be much lower than in the

bladder where there is a static culture system. A
count of 8,000 bacteria from successive specimens
is highly significant. In contrast, the white cell count
in the right ureteric urine is higher than in the bladder
urine because the bladder urine has been diluted by
urine from the left kidney which shows a normal
white cell excretion. Case 4 is included because of
a bacterial count of 50 organisms per ml. from the
left ureter. It can be seen that the white cell ex-
cretion in the left ureteric urine was normal and it was
decided to regard the result as indicating infection
confined to the bladder. Since this count was present
in two different specimens the possibility that small
numbers of bacteria were persisting in the left upper
urinary tract without tissue involvement could not
be excluded. However, non-invasive infections in a
normal upper urinary tract do not cause a special
therapeutic problem (Brumfitt, Percival, and
Williams, 1964) and therefore the diagnosis is not
vital. Case 5 demonstrates that, even after washing
out the bladder, contamination of the first ureteric
specimen can occur when there is an important

Case
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Urinary cell counts and their value

source of infection in the bladder (in this case a
diverticulum). This danger is overcome if more than
a single specimen is collected.

CONCLUSIONS

To diagnose urinary tract infection quantitative
bacterial counting is essential. The method chosen
must be accurate but sufficiently simple and cheap to
allow it to be applied to routine examination of all
urine specimens. Significant bacteriuria is evidence of
infection in the bladder urine and other techniques
are required for localization of infection within the
urinary tract.
An increased white cell excretion rate is evidence

of inflammation at some point within the urinary
tract. Increased white cell excretion may be found in
the absence of significant bacteriuria and normal
white cell excretion when significant bacteriuria is
present.

Pyuria and bacteriuria in a mid-stream specimen
of urine can occur when infection is confined to the
bladder but it must be stressed that the absence of
pyuria in no way excludes involvement of the kidney.
Finally in advanced chronic renal disease, including
pyelonephritis, the urine is frequently sterile and
the white cell excretion normal.
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Diagnostic criteria of pyelonephritis
P. J. LITTLE

From the Department of Medicine, Charing Cross Hospital Medical School,
Fulham Hospital, London

It is said that the commonest cause of death from
renal failure is pyelonephritis (Keuhnelian, Bartone,
and Marshall, 1964). However, of all instances of
pyelonephritis found at necropsy only one third
have been diagnosed during life (Neumann and
Pryles, 1962; Kass, 1962). This implies that the
clinical criteria by which we diagnose pyelonephritis
are inadequate. It is important therefore that the
information which is obtained from the urine about
infection of the urinary tract should be as accurate as
possible, for it is this information which draws
attention to the renal tract as a source of disease
even in the absence of symptoms.
The extent to which accurate quantitative infor-

mation may assist in the diagnosis of pyelone-
phritis is illustrated by the following patient.
CASE 1 A 24-year-old woman, 16 weeks pregnant, was
admitted complaining of shivering and vomiting three
days previously. She had been treat-d for two days with
tetracycline. She had suffered from acute glomerular
nephritis eight years previously. On examination no
abnormality was found. The blood urea was 100 mg.%
and the creatinine clearance 30 ml./min. There was
proteinuria, the urinary white cell excretion rate was
below 200,000 cells/hr. on three occasions, and the urine
was sterile. After an injection of prednisolone phosphate
the urine contained over 1 million white cells/hr. and a
renal biopsy showed changes of acute pyelonephritis
with normal glomeruli. Recovery was complete following
treatment with antibiotics and a subsequent pregnancy
was uncomplicated.

To establish a diagnosis of pyelonephritis in such
a patient one relies heavily on information given by
the bacteriologist. The finding of a 'few pus cells'
and 'scanty growth of E. coli' is quite inadequate.
Such findings will be regarded as confirmation of a
diagnosis only if it fits the clinical picture and dis-
missed as due to contamination if it does not.

If accurate information about the urine is to be
obtained the first responsibility falls on the clinician
to deliver carefully collected and fresh specimens of
urine to the laboratory. It is not justifiable to use a
catheter to obtain urine for diagnostic purposes
(Beeson, 1958). Some form of mid-stream sampling
must be employed. Inevitably such samples will be

slightly contaminated, especially when collected from
women. Contamination can be reduced by careful
cleaning of the perineum and by making the col-
lection directly into a sterile wide-mouthed container.
If there is a delay before the urine is delivered to the
laboratory the specimen should be stored in a re-
frigerator or an iced thermos flask so that contamina-
ting organisms will not multiply and reach significant
numbers. Urinary pathogen counts will not change
more than twofold in 48 hours in urines stored at
40C.
The urine must be examined to detect the presence

of inflammation as well as infection.
The presence of inflammation is manifest by the

release of leucocytes into the urine. Normal urine
contains some leucocytes and so an upper limit of
normal urinary white cell excretion measured by any
technique must be established. Previous workers
(Hamburger, Mathd, and de Verbizier, 1950; Hough-
ton and Pears, 1957) have shown that the white cell
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FIG. 1. Urinary white cell excretion rates in normal
subjects. * = convalescent patients; 0 = nurses. The
broken line is at 400,000 cells per hour (Lancet, 1962).

556

- - - - - w w w w

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jcp.bm

j.com
/

J C
lin P

athol: first published as 10.1136/jcp.18.4.491 on 1 July 1965. D
ow

nloaded from
 

http://jcp.bmj.com/


Diagnostic criteria ofpyelonephritis

excretion rate as measured in a timed urine sample
is remarkably constant in normal subjects when the
urine is collected with a catheter. Figure 1 shows the
urinary white cell excretion rates of 67 normal
subjects from whom urine was collected by a 'clean
catch' technique into two sterile containers (Little,
1962). In all but two the urinary white cell excretion
rate was below 400,000 cells per hour and this we
have accepted as our upper limit of normal. It has
been the custom in some laboratories to report the
number of cells in the urine as 'cells per high-power
field'. The inherent defect of this method is that there
is no upper limit of normal and its inaccuracy is
demonstrated by Figure 2. The white cell excretion
rate is compared with the number of cells seen per
high-power field in 304 urines. In 42 of the 155
urines containing less than five cells per high-power
field the white cell excretion rate is abnormal. When
the urinary white cell concentration in uncentrifuged
urine is measured in a Fuchs Rosenthal counting
chamber this simple technique gives a fairly close
correlation with the white cell excretion rate (Fig. 3).
When there are more than 10 cells per c.mm. the
the white cell excretion rate is abnormally high,
whereas if there are less than 3 cells per c.mm. the
white cell excretion rate is normal (Little, 1964).

In some patients with pyelonephritis there is not a
constant pyuria. A convenient method of showing
the presence of urinary tract inflammation in some of
these patients is to examine the urine one-and-a-half,
three, and 24 hours after an intravenous injection of
40 mg. of prednisolone phosphate (Little and de
Wardener, 1962). Figure 4 shows the effect of such
an injection on the urinary white cell excretion rate
in 25 patients with previously normal white cell
excretion rates and uninfected urine. In 12 the
urinary white cell excretion rate rose to abnormal
levels, demonstrating that there is some inflammation
in the tissues adjoining the urinary tract.

Infection in the urinary tract may be accompanied
by evidence of inflammation. That this is not always
true is demonstrated in Figure 5. There are 29
patients shown, all of whom had asymptomatic
bacteriuria, that is, their urine contained more than
100,000 organisms per millilitre on two or more
consecutive examinations, although they had no
symptoms of urinary tract infection. Fifteen had a
normal white cell excretion rate. Two points may be
made from this. The first is that the absence of
pyuria does not absolve one from carrying out a
urine culture, and secondly there is a group of
patients with no pyuria or symptoms who neverthe-
less have an infected urine. These patients are especi-
ally liable to develop pyelonephritis and have a high
incidence of renal tract abnormalities (Kincaid-
Smith and Bullen, 1965). They can only be detected
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FIG. 4. White cell excretion rates before and after the
administration of prednisolone phosphate to 25 patients
with chronic pyelonephritis.
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The diagnosis of urinary tract infection carries
serious implications and necessitates careful study
and follow-up of the patient.
Although the full natural history of the disease

has not been adequately studied, it is evident that if
infection can be detected and eradicated, and any
structural abnormalities contributing to the renal
damage corrected, the progress of the disease can be
slowed or even arrested. In some patients worthwhile
improvement in renal function can be attained, as for
example in the following patient.

CASE 2 A 45-year-old woman was admitted in oliguric

3 9 15 21 S 7 q
DAYS WEEKS

FIG. 6. Reduction in blood urea and increase in creatinine
clearance obtained during treatment.

renal failure. Both kidneys felt enlarged and tender. Her
urine contained no excess of white cells but more than
35 million E. coli/ml. and a trace of protein. She had no
fever but her blood contained 50,000 W.B.C./c.mm. There
was no evidence of renal tract obstruction, and a renal
biopsy showed the changes of acute pyelonephritis.
Figure 6 shows the improvement in creatinine clearance
and blood urea which occurred after treatment with
antibiotics. Clinical recovery was complete, and an
intravenous pyelogram two years after the attack showed
no obvious abnormality.

REFERENCES

Beeson, P. B. (1958). Amer. J. Med., 24, 1.
Hamburger, J., MathM, G., and Verbizier, J. de (1950). Ann. Biol.

clin., 8, 627.
Houghton, B. J., and Pears, M. A. (1957). Brit. med. J., 1, 622.
Kass, E. H. (1962). Ann. intern. Med., 56, 46.
Keuhnelian, J. G., Bartone, F., and Marshall, V. F. (1964). J. Urol.

(Baltimore), 91, 467.
Kincaid-Smith, P., and Bullen, M. (1965). Lancet, 1, 395.
Little, P. J. (1962). Ibid., 1, 1149.

(1964). Brit. J. Urol., 36, 360.
- and de Wardener, H. E. (1962). Lancet, 1, 1145.
Neumann, C. G., and Pryles, C. V. (1962). Amer. J. Dis. Child., 104,

215.

E

8
E

uJ

W-

8
in

* *~

E0 L-~~~

u

0

1.000,)IOOPOO.000
100.000 0.C00:000

W.B.C. / hour
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white cell excretion rate in 29 patients with asymptomatic
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if some form of quantitative culture is carried out on
all urine specimens submitted for examination.

This quantitation does not need to be elaborate as
long as some care is taken in the method used and
thought given to the significance of the results
obtained. Because some contamination of the urine
is inevitable when a clean-catch technique is used a
single positive culture is not diagnostic of urinary
tract infection (Kass, 1962). The collection and
culture must be repeated two or even three times
according to the limitations of the methods used.
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Significance of quantitative and qualitative
analysis of the proteinuria in the nephrotic syndrome

J. HARDWICKE

From the Department of Experimental Pathology, Birmingham University Medical School

The nephrotic syndrome can be defined as prolonged
severe proteinuria associated with oedema and
hypoalbuminaemia, and also included as a criterion
is the requirement of a serum albumin level of less
than 2 g./100 ml., because this is the level at which
oedema is likely on a normal salt intake and without
diuretics (Hardwicke and Squire, 1955).

In over 90% of cases the serum albumin can be
shown to be inversely related to the albumin loss in
the urine, or more simply to the total protein losses,
since even at very low serum albumin levels the
proportion of albumin in the urine is seldom less
than 50%. The critical level of proteinuria to give a
serum level of 2 g./100 ml. is 0-2-0-25 g./kg./day, or
14-17 g./day for a 70 kg. man (Fig. 1).

It must not be forgotten that proteinuria is only
one sign of renal disease and that proteinuria heavy
enough to lead to the nephrotic syndrome is only
a severe form of the proteinuria that is almost
invariably associated with renal disease. However,

0.5s

since it is the prime cause of the nephrotic syndrome
it is relevant in this talk to concentrate on this aspect
and to view other functional abnormalities in the
light of this major sign.
Although there would appear to be a prima facie

case, on the basis of our knowledge of renal physio-
logy, for regarding proteinuria as evidence for an
increase in glomerular permeability to serum protein,
it has taken many years for the evidence to accumu-
late sufficiently to substantiate this hypothesis. I now
feel that there is at least a 95% probability that it is
true. That tubular reabsorption of protein does occur
has been shown by ourselves (Hardwicke and Squire,
1955) and others (Lambert, Gregoire, Malmendier,
Vanderveiken, and Gueritte, 1957), but it is unlikely
that the failure of this factor ever plays more than a
contributory role in heavy proteinuria. Tubular
secretion or leak of protein remains to date only an
interesting speculation based on scanty histological
evidence.

EVIDENCE FOR GLOMERULAR LOSS

x

0

.

CASE 12
7
b

x \

\x

N
\

10 2-0 3-0 40
SERUM ALBUMIN Cg./ lOOml.)

FIG. 1. Relationship between urine protein loss and serum

albumin in three patients with the nephrotic syndrome.
Survival in nephrotic syndrome ('primarily renal').

To summarize the evidence for glomerular loss:
1 The direct examination of the proximal tubular
fluid of normal dogs, using highly sensitive im-
munological techniques, shows a maximum albumin
concentration of 2 to 5 mg./100 ml.; although failure
of reabsorption of this protein could result in a loss of
3 to 10 g. of albumin a day in a 70 kg. man, it is not
unusual to find losses of 15 to 20 g./day in patients
with the nephrotic syndrome and with glomeruli
which appear normal to light microscopy, i.e., those
patients in whom tubular failure is most likely to be
a potent factor (Dirks, Clapp, and Berliner, 1964).
2 Practically the whole of the loss is serum protein,
implying a glomerular leak (Squire, Hardwicke, and
Soothill, 1962).
3 The loss of any one serum protein, with minor
reservations consequent upon tubular reabsorption,
is proportional to the serum level of that protein,
a fact only readily explicable by a 'leaky filter' (Hard-
wicke and Squire, 1955).
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J. Hardwicke

4 In biopsy material coagulated protein is not
uncommonly found in Bowman's space.
5 The proteinuria associated with known proximal
tubular disease is quite different in quantity and
quality. Only proteins of lower molecular weight
than albumin are found.
The permeability (Pm) of the kidney to any one

protein can be expressed as a ratio of its clearance to
the glomerular filtration ratc, so that

UV

albumin albuminPm albumin = as % of G.F.R.

Reduction in the excretion of this protein could
result from (1) a fall in G.F.R., (2) a fall in the serum
level of the protein, or (3) a true reduction in the
renal permeability to the protein.

Older textbooks constantly relate improvement in
the nephrotic syndrome to the fall in proteinuria with
failing renal function (or a fall in filtration rate).
Obviously therapeutic efforts must be directed to
reduce the permeability to protein without affecting
the filtration rate. Steroid therapy has been found
empirically to reduce the albumin permeability in
some patients with the nephrotic syndrome, and
more recently nitrogen mustards and hydroxychloro-
quine have also produced encouraging results. All
these are dangerous drugs and it is obviously desir-
able to define as closely as possible those cases most
likely to respond to such therapy.

MEASURING THE RESPONSE TO STEROID THERAPY

It has become increasingly recognized that the syn-
drome is of multiple aetiology, as indeed might be
expected from a symptom complex resulting mainly
from the gross quantity of protein lost into the urine.
Clinically we have divided our patients into those
with systemic disease and those in whom the major
target organ can be presumed to be the kidney.
While the response to steroids has been very en-
couraging in this latter group, it is apparent that
even in this restricted group the success is not
uniform. In Fig. 2 the crude survival rate of a group
of patients not treated with steroids (1955) is com-
pared with that of two other later series of patients
treated with steroids (1958 and 1960).

Since 1955 renal biopsy has enabled us to examine
the histological change during life, and we have
classified our primarily renal group on this basis into
four subdivisions (Table I). We make no serious
claim that these groups form separate aetiological
entities, but they are reproducibly recognizable by
two independent pathologists (Blainey, Brewer,
Hardwicke, and Soothill, 1960).
The difference in response to steroid therapy in

100-

so-

40-

20

10

10 i-

6

MONTHS
FIG. 2. 1955

1958
19601

Membranous
glomerulonephritis

Atypical membranous
glomerulonephritis

Proliferative
glomerulonephritis

Minimal changes

Total

11

2

16

9

38

these groups is quite striking. Of some 30 'minimal
change' patients treated with steroids only one has
died of intercurrent infection, half have lost the
proteinuria and now have normal renal function,
and the remainder have all shown reduction in
proteinuria with symptomatic improvement and
maintenance of renal function. No patient out of
about 20 with membranous lesions has responded
with a reduction in proteinuria, and most have
shown steadily declining renal function. More
recently some encouraging results have been ob-
tained with hydroxychloroquine in this group. In the
proliferative glomerulonephritis group about half
the 70 patients have shown a slow response.
With this striking difference in response we have

examined a number of functional data to see if these
will differentiate these patients.

( n=23)

(n=13 )

12 18 24 36 42

no steroid treatment.

with steroid treatment.

TABLE I
HISTOLOGICAL CLASSIFICATION OF PATIENTS

Diagnosis Number
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P-lipo

10 100 1,000 10,000
MOLECULAR WEIGHT C x 10-3)

FIG. 3. Protein permeability 'profiles' in the nephrotic
syndrome. M = Membranous glomerulonephritis; P =

Proliferitic glomerulonephritis; 0 = Minimal change;
A = Albumin; Y = y-globulin (Igg); C = Complement
(P¢); a2 = a2 macroglobin; , lipo- = lipoprotein.
Mean points for a number ofpatients are plotted.
Patient D.C. Membranous glomerulonephritis.

SERUM PROTEINS These have been determined by
paper electrophoresis and have shown no clear
diagnostic features.

ADDIS COUNTS These have been of some value, as
they were lower in the minimal group, but have not
been helpful in the other patients.

DIFFERENTIAL PROTEIN CLEARANCES These have been
by far the most helpful chemical analyses in separa-

ting the different groups. As performed on electro-
phoretic separations these were only suggestive, but
using the more specific immunochemical technique
a clear differentiation is found. Urine/plasma ratios
have been obtained for six different serum proteins
with a wide range of molecular weights. The ob-
served ratios have then been expressed as a per-
centage of the ratio for one of the proteins and
plotted against the molecular weight to give a per-
meability 'profile'. These profiles (Fig. 3) are very
closely related both to the histology and to the
success of treatment (Hardwicke and Soothill, 1961).
More recently serum and urine proteins have been
separated on the basis of molecular weight on
Sephadex G 200. Calculated urine/plasma ratios for
each molecular weight fraction show a close agree-
ment with the immunological method (Fig. 4).
Calculation of the slope of the regression (Table II)
of log u/p ratio on tube number gives a numerical
value for the 'permeability' and the slope of this
regression is again related to the response (Hard-
wicke, 1965). A steep slope (high number) indicates
that permeability is 'selective.'

Recently Cameron and Becker (1965), using the
immunological technique with commercial antisera,
have confirmed the correlation of selectivity with
response to steroids. They, however, found a number
of patients with membranous lesions who had both a
selective proteinuria and a good response to treat-
ment. I think that this is the result of a difference in
interpretation of the biopsy material and re-empha-
sizes the relative subjectivity of this method using the
techniques currently available. Repeated analyses in
their and our hands have shown a remarkable
consistency in the permeability both during a single
episode and during relapses after many months.

It is of interest that these results are paralleled in

FIG. 4. Permeability
Sephadex G.200.
Alb. = albumin
Sid. = siderophilin
Y = y-globulin (Ig}
K = complement
a2 = a2 macroglob

'profile' estimated on
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J. Hardwicke

TABLE II
SLOPE OF REGRESSION IN NEPHROTICS

Diagnosis Patient

Minimal change 1
2

4
PFoliferative
glomerulonephritis 5

6

7
8

Membranous
glomerulonephritis 9

Slope

7-28
6-96
6-64
11-05
771

(i) 4-02
(ii) 3-91
(iii) 6-15
(i) 4-46
(ii) 5-51

5-76
(iii) 5-28

5-72
(i) 1-64
(ii) 2-52
(iii) 2-91

2-91

3.99

experimental nephritis in rats. We have investigated
two forms of nephrotic syndrome in this species.
The first is the result of injection of the aminonucleo-
side derived from puromycin, and the second is
caused by the injection of a rabbit antiserum to rat
kidney. The first of these is analogous to the minimal
change lesion in man in that the only histological

lesion on electron microscopy is in the podocytes,
whereas the second shows the lesion of proliferative
glomerulonephritis. In both types the degree of
proteinuria was comparable at 200 to 400 mg./day/
rat, but analysis of serum and urine on Sephadex
shows differences in selectivity directly comparable
with those in humans (Fig. 5).

OTHER FACTORS

Most workers regard at least some forms of glo-
merulonephritis as immunologically based disorders,
and using fluorescent staining techniques an excess
of y-globulin has been demonstrated in the glomeruli
in a high proportion of biopsies. Moreover the serum
complement is low in a proportion of patients,
particularly those with acute glomerulonephritis and
those with some forms of proliferative glomerulo-
nephrititis. Ellis and Walton (1958) reported that the
serum level of haemolytic complement, even when
not actually reduced below the statistical lower
limit of normal at 1 unit/ml., could be shown to rise
and fall with remission and relapse. When the level
is low a rise may be a useful guide to the effectiveness
of therapy (Fig. 6).

C-reactive protein is usually not present in the sera

ANTI SERUM

x

X
x

XX
x,

X o

AM INONUCLEOS IDE
Ix~

FIG. 5. G.200 'pro-
files' for two forms
ofglomerulonephritis
in rats.
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SERUM COMPLEMENT (u./mi.)

_~~~ ~~~~_-^ ______

SERUM ALBUMIN (q./1ooml.)

2-

PROTEINURIA (q./day)

I0- _

XLLe roi4,parent that careful follow-up is essential even after
the disease is suppressed and certainly when therapy
is discontinued in a remission. It is not my intention
to give details of the after-care which we apply in our
clinics, but I would like to conclude with a table

bsummarizing those tests which we find are of
greatest value, and which we attempt to apply to
each patient (Table III).

TABLE III
STANDARD RENAL FUNCTION TESTS

Test

Performed Once for Diagnosis
Differential protein clearances (a) Immunolcgical

(b) Sephadex G.200
Renal biopsy

CREATININE CLEARANCE (ml./min.) Performed Serially

Total serum protein
Serum albumin

IOO- i t Urine protein loss (g./day) Q on four-hour and

Creatinine clearance (ml./min.) f 24-hour samples
Addis count (106/24 hours)

196bO 6'1 'b2 6tz3 6tz4 P.C.V.
Serum complement

FIG. 6. Variation in serum haemolvtic complement Serum cholesterol
associated with relapses and remissions in a patient with Plasma fibrinogen
the nephrotic syndrome.

Electrophoretic globulin fractions

of patients with the nephrotic syndrome, and when
found it is very suggestive of superadded infection,
to which these patients are particularly liable (Crock-
son, 1964). Unfortunately pyelonephritis, which is
one of the commonest complications of renal
parenchymal disease, and often the cause of rapid
decline in renal function, seldom produces a positive
reaction. This complication is most readily detected
by an increase in the number of white blood cells in
the Addis count.
From these remarks and from the fact that therapy

is only suppressive in these patients, it will be ap-
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Functional renal disorders in primary vascular disease
W. S. PEART

From St. Mary's Hospital, Paddington, London

What I wish to discuss initially is the ability to distin-
guish disorders in the kidney induced by blocks in
major or relatively minor renal arteries, how one
sets about it, and the limitations of the methods.
Arteriography may show a typical atheromatous
block in the renal artery, and the difficulty is that we
cannot say in every case, for obvious reasons,
whether this is a primary cause of hypertension or is
secondary to hypertension. This is the starting point.
What are the consequences of interfering with the
main arterial pressure in the renal artery? These
have been studied experimentally by a number of
people, and Selkurt (1951) made the first definitive
studies on the subject. His conclusions were that
when the arterial pressure to the kidney is reduced,
water reabsorption increases as the glomerular fil-
tration rate (G.F.R.) goes down. This is the first
point on which I want to concentrate, i.e., the
increased water reabsorption from a reduced glo-
merular filtrate. This has certain consequences, as
shown in the Table, which represents periods of
urine collection from both kidneys by ureteric
catheter, and, as far as I am concerned, there is only
one real way of detecting an obstruction to blood
flow in a main renal artery and that is by collecting
the urine from the two kidneys separately. All other
methods are approximate and not so good. In period
11, with urine collections for equivalent time from the
two kidneys, the urine flow was 9-2 ml. a minute on
the right as opposed to 2-7 ml. a minute on the op-
posite side. What I wish to discuss in this paper are
those substances such as creatinine or inulin which
enter at the glomerulus and are neither added to
nor subtracted in their passage down the tubule.
In period lIthe inulin concentrations were 130 mg.
per 100 ml. on the right as opposed to 375 mg.
per 100 ml. on the left with the reduction in
urine flow; in other words, with increased water
reabsorption, the concentration of inulin goes up,
as in this period. When p-amino hippuric acid
(P.A.H.) is considered, and this, at these sort of
concentrations, is excreted by the tubules, it can be
seen that this substance was also concentrated to
133 mg. per 100 ml. as opposed to 44 mg. per 100
ml. It will also be noted that the inulin clearance on
the affected side, the left side, was 38 ml. a minute as

opposed to 45 ml. a minute. It is very uncommon
as long as there is an intact kidney beyond the
stenosis, not to find a reduced clearance. If the
clearances on the two sides are the same, then
usually the opposite kidney is damaged by some
process, e.g., hypertensive vascular disease. And it is
very important to keep this principle in mind because
various workers have concentrated on indices: the
taking of a variety of figures, multiplying them, then
dividing by another set of figures derived from the
opposite kidney, and thus producing an index. Such
indices tend to obscure as much as they reveal, and
I prefer to look at the figures set out and contem-
plate what may be happening in the kidney. Thus
you can readily detect that both of the kidneys are
diseased and not just one.
One of the ways in which this is brought out is

in the pyelogram where there is a difference between
the two kidneys due to the fact that the density of
dye on one side is greater than on the other. Dyes
used in pyelography are excreted with the glomerular
filtrate. They behave like creatinine or inulin and
therefore the figures for these substances will apply
to the pyelogram and the density of the iodinated
substance used (sodium acetrizoate) is similarly
increased.
The Table shows a relatively easy situation to

diagnose with current techniques, including the
biochemical studies of the urine. Just to stress the
difficulty of diagnosis by arteriography, this in-
vestigation sometimes only shows tiny abnormalities
which would often be overlooked if the arteriography
were not good but divided renal function studies will
often show the presence of an obstruction in this
type of case.

Other difficulties also arise where the stenosed
artery is only supplying about a third of the kidney.
How is this diagnosed? If there is a balanced ob-
struction of the two sides, as sometimes occurs,
then whatever method is used, the diagnosis is
difficult, except by arteriography and demonstration
of the pressure drop across the artery at operation.
When there is a small area of the kidney involved,
divided renal function studies will usually reveal a
difference if about one-third of one kidney is in-
volved. By doing repeated periods of collection,
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Functional renal disorders in primary vascular disease

T A B L E
RESULTS OF TESTS FOR STENOSIS OF LEFT MAIN RENAL

ARTERY

Period

Urine volume (ml./min.)

Sodium (mEq./l.)

Chloride (mEq./1).

Urine P.A.H. concentration
(mg./100 ml.)

Urine inulin concentration
(mg./100 ml.)

P.A.H. clearance (ml./min.)

Inulin clearance (ml./min.)

11
12
13

11
12
13

11
12
13

11
12
13

11
12
13

11
12
13

11
12
13

Left

2-7
20
2-1

10-0
90
6-0

3-6
3.5
0-14

Right

9-2
9 0
8-0

300
300
22 5

27-5
29-4
27-5

1330 440
138-0 39 0
153-0 45 0

375 0 130 0
586-0 121 0
420-0 134 0

153-0 172-0
118-0 148-0
137-0 154-0

38-0
400
330

45 0
41-0
400

confidence is gained by finding that the water
reabsorption on an affected side is increased. It is
because of these difficulties, however, that other
ways of assessing renal function by external means
have been introduced, for example, by external
renography, which basically is achieved by admin-
istering to the patient I131 hippuran which is concen-
trated in the kidney and is excreted just like P.A.H.
Scanning the kidney externally registers the radio-
activity from both kidneys, giving differently shaped
curves according to the concentration in the kidneys.
This is a relatively crude technique. Different
techniques are necessary and they are being develo-
ped. They depend on scanning the whole of the
kidney area, picking up the radiation from various
substances. For example, radioactive mercury or
iodinated hippuran are now used, but the present
scanning equipment does not give simultaneous
scanning. There are, of course, the 'gamma cameras'
for picking up gamma irradiation, where simultan-
eous scans of both kidneys are possible, and it seems
obvious to me that external functional studies by
this means are going to replace our present rather
ponderous studies.

If we turn back again from water reabsorption to
some of the other aspects, it will be noticed in the
Table, period 11, that the urine flow was 2-7 ml. per
minute as opposed to 9-2 ml. per minute on the
normal side, but the sodium concentration was 10
mEq. per litre as opposed to 30 mEq. per litre. One

of the effects of diminution in blood supply to the
kidney was discussed by Howard, Berthrong, Gould,
and Yendt (1954) and by Connor, Berthrong,
Thomas, and Howard (1957), based on the work of
Selkurt (1951), who showed that with reduced blood
pressure in the renal artery, the sodium concentra-
tion went down. Notice again from the Table that
the inulin concentration was 375 mg. per 100 ml. as
opposed to 130 mg. per 100 ml., the P.A.H. 133
mg. per 100 ml. as opposed to 44 mg. per 100 ml.,
and the sodium concentration, even despite this
vast reabsorption of water, was lower on that side.
Sodium reabsorption was therefore increased. This
is helpful as it is usual to have a lower sodium on the
side where there is high creatinine or inulin and
P.A.H. concentration.
Turning from these functional studies of what

happens to external function of the kidney, I would
like to refer next to the enzyme renin, which is known
to be released from the kidney under various cir-
cumstances in the body, for it is important to
recognize that there is more than one controlling
mechanism for renin release from the kidney. The
assay of renin is based on the method which was
developed by Lever, Robertson, and Tree (1964) at
St. Mary's Hospital; I do not propose to discuss the
various modifications, but the method will work in
various animals, including man.
Renin is absorbed on to diethyl-amino-ethyl

cellulose out of plasma, and then eluted with in-
increased molarity and decreased pH. It is treated
in various ways to destroy the other things that
accompany it which are undesirable. For example,
to assay an enzyme, which renin is, it is necessary to
isolate it and let it act on its substrate to produce the
active end product. Renin extracted from the plasma
must be free of substrate and of angiotensinase
because naturally they govern the rate of reaction.
The standard substrate must also be free of renin and
angiotensinase. Obviously a substrate which can be
incubated to produce its own angiotensin because of
the presence of renin is undesirable. It also must be
free of angiotensinase.

Finally, a method of assaying the final product is
essential, and with renin the best assay method at the
present time is the study ofenzyme velocity reaction.
The renin extracted from the plasma is incubated
with the standard substrate and the velocity of
production of angiotensin is measured by taking
timed aliquots out of the incubation mixture and
assaying them by the rat blood pressure method.
This gives a rate expressed as micrograms of angio-
tensin produced per minute.

Using standard renin and standard substrate, a
calibration curve relating the amount of standard
human renin to rate of angiotensin production is
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drawn. With the unknown, having calculated the
rate of production, the equivalent amounts of
standard human renin are read off the curve. As
there is no uniform standard throughout the world as
yet, this is then related to the standard used in our
own laboratory, and we can compare one situation
or change with another. Using this technique, Brown,
Davies, Doak, Lever, and Roberton (1963), Brown,
Davies, Lever, Parker, and Roberton (1965a),
Brown, Davies, Lever, and Robertson (1964),
Brown, Davies, Lever, Robertson, and Skinner,
(1965b) have described a number of things about
the controlling mechanisms for renin level in plasma.
The method is sensitive to about 1/10 of the lower
limit of normal, so measurements below normal
levels are possible. This is important because renin
levels in plasma are often below normal.
The situation in renal vascular disease will always

be somewhat complex because of the various factors
which control the output of renin from the kidney.
With any decrease of renal artery pressure, there is
reasonable evidence that renal receptor is stimulated
which leads to increased output of renin. We call
this sensitive complex the juxtaglomerular apparatus.
It is highly likely that one receptor site in the kidney
is in the afferent arteriole. We know from the work
of various groups of people (Gross, 1958, 1960;
Davis, 1961; Laragh, Angers, Kelly, and Lieber-
mann, 1960; Mulrow and Ganong, 1961; Genest,
Nowacznyski, Koiw, Sandor, and Biron, 1960) that
angiotensin will stimulate the production of aldo-
sterone, which acts on renal tubules, leading to
initial sodium retention.
From the renin assays in man, it is also known that

sodium depletion causes an increased plasma level of
renin. The receptor site here may be in the distal
tubule because one of the controlling mechanisms
might be the molality or the sodium concentration
in the distal convoluted tubule, therefore affecting
the macula densa. Decrease of renal artery pressure,
leading to alteration of glomerular filtration rate,
increases water and sodium reabsorption, alters
urine molality and the sodium concentration in the
distal convoluted tubule, and it may well be that
apart from acting as a direct stimulus to the afferent
arteriole, the effect could be on the composition of
the urine as well.
Renin plasma level rises in normal subjects when

sodium is restricted so that urinary sodium falls
markedly. Again in Addison's disease, with sodium
depletion the renin level is markedly increased. This
incidentally is very much higher than anything
usually seen in hypertension and renal vascular
disease. Patients who show clearly evidence of secon-
dary aldosteronism with cirrhosis of the liver and
ascites, have a renin level increased well above

normal. Sodium retention is a distinct feature,
those without ascites usually do not retain sodium
and the renin levels then are close to normal or
normal.

In hypertension, in patients who have renal arterial
stenosis, and by that I mean those patients in whom
divided renal function studies have shown the
changes consistent with arterial obstruction, there is
a scatter of values, many falling within the normal
range. Those without renal arterial stenosis fall
usually within the normal range. With malignant
hypertension, the amount of renin in the peripheral
blood usually rises. It is obvious that renin levels will
not be a simple straightforward test of renal vascular
disease as such. Many factors must be considered.

Patients with renal artery stenosis and hyperten-
sion, who have a plasma potassium level below 3 1
mEq. per litre, frequently are increased aldosterone
secretion and there is no simple relation: some have
high but others low renin levels.
Some of these variable factors and the reason for

this variation will show in three patients. One,
who was in the care of Dr. Barraclough at St.
Thomas's Hospital, had a normal blood pressure
in December 1963. He became abruptly hypertensive
and presented signs of malignant hypertension with
a blood pressure of 260/160 mm. Hg. His plasma
sodium level, as in many of these patients, was rather
low, but of even greater interest was that his plasma
potassium level was 2 5 mEq. per litre. His aldo-
sterone secretion rate was 2,000 ,tg. per 24 hours.
The plasma renin was 200 times normal. A tight
renal artery stenosis was discovered, a reconstruc-
tive operation was performed with success, and the
blood pressure came down to 140/90 mm. Hg. The
plasma sodium rose, the plasma potassium rose, and
the aldosterone secretion rate went down to normal,
as did the plasma renin. That is a clear-cut demon-
stration at first sight of the effect on plasma renin
level of obstructing the renal artery. It must be
pointed out that as sodium depletion is a cause of a
rise in renin, this must be taken into account as well,
and it is not as straightforward as it looks. The angio-
tensin produced by the renin might then be respon-
sible for a large part of the aldosterone secretion.
Another patient presented with quite severe

hypertension, low plasma potassium and total ex-
changeable potassium, high exchangeable sodium
and aldosterone secretion rate over 100,0 /tg.
per 24 hours, with the plasma renin below normal.
He was treated with Aldactone and the plasma
potassium rose promptly, the blood pressure came
down slowly to normal, and after a time the renin
level rose to the top level of normal; the aldosterone
secretion rate went on unabated showing that
aldosterone in the blood alone is not sufficient to

W. S. Peart566
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Functional renal disorders in primary vascular disease

depress renin; the exchangeable sodium and potas-
sium levels returned to normal. Here, therefore, is a
good example of the fact that if the effects of aldo-
sterone are antagonised, then the output of renin
into the blood is increased. This patient was cured
by removal of a Conn's tumour.
The last patient had a combination of effects

showing that if there is suprarenal activity sufficient
to affect sodium and potassium balance, it is quite
likely that the effects of a renal artery stenosis can be
reversed, because this patient had a renal artery
stenosis which was operated upon successfully. She
had been known to have high blood pressure for 15
years; her plasma potassium level had been known
to be low for a large part of that time and after the
reconstructive operation it stayed below normal. At
this point we put her on Aldactone, corrected the
potassium deficit and brought her blood pressure
down to normal, where it has remained for
two years. The plasma renin rose from its subnormal
level and it has stayed up within or near normal
range ever since. The significance is this. It was
shown very definitely on functional studies that
this was an effective renal artery stenosis and at opera-
tion a pressure gradient across it, but if, as is likely,
this patient has a Conn's tumour in the supra-
renal cortex, the effect of aldosterone on sodium and
electrolyte balance is capable of overcoming the
effects of renal artery stenosis which would, on the
whole, be tending to increase the renin level.
To summarize, one can say that the major factors,

as far as we know at present, affecting renin

plasma levels, are interference with blood pressure,
at any rate in the renal artery, and also, but very
markedly so, effects on sodium balance in the body.
Whether they operate through changing urine osmo-
lality or sodium, particularly in the distal convoluted
tubule, or not is a subject which is being studied
intensively at the present time, and it seems as if this
stimulus might be more potent under certain circum-
stances than obstruction to blood flow.

Thanks are due to Blackwell Scientific Publications for
permission to reproduce the Table.
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Investigation of nephrocalcinosis and nephrolithiasis
PAUL FOURMAN

From the Leeds General Infirmary

The problem of stone has always intrigued people.
If you travel down the Roman road in the valley of
the Tauber in Franconia you encounter the wood
carvings of Tilman Riemenschneider. One, in Bam-
berg, on the tomb of Wilhelm II of Bavaria, shows
St. Benedict holding a large stone taken from the
king's bladder. (The attending physician is asleep.)
A stone of that size is quite likely to have
been a cystine stone, cystine being so named because
it was first isolated from bladder stones. I do not
think surgeons always exclude cystinuria in cases of
stone but this is easily done by a nitroprusside test.
Cystine stones are the only organic ones that are
opaque to x rays. Uric acid stones and the rare
xanthine stones are not.
Most stones are calcium stones, and nephro-

calcinosis always means a deposition of calcium in
the kidney. Nephrocalcinosis producing a radio-
logical shadow is rare. As a necropsy finding it is
common (Pyrah and Hodgkinson, 1960).

Table I lists some of the causes, and it will be seen
that the classification is not a satisfying one. Apart

TABLE I
CONDMONS ASSOCIATED WITH NEPHROCALCINOSIS

Hypercalcaemia or
Hypercalciuria

The microradiograph (Fig. 1) shows the resulting
calcification of the cortex.
Calcium deposited in a renal infarct may be seen

on radiographs.
Renal tubular acidosis may be familial or it can be

acquired, as in one of a pair of identical twins under
my care; infantile renal acidosis does not produce
radiological calcification. This condition, like in-
fantile hypercalcaemia, was common 10 or 15 years
ago but is uncommon since the intake of vitamin D
in infants has been more rigidly controlled. These
facts are not necessarily related.
A rare cause of clinical nephrocalcinosis is oxalo-

sis, a failure in the metabolism of glycolic acid when
oxalic acid builds up and is excreted in abnormally
large amounts. Calcium deposits from other causes
are likely to be in the form of oxalate, for example,
in uraemia. Indeed not all calcium in the kidney is
necessarily oxalate or phosphate; much of it may be
carbonate. Renal acidosis and hyperparathyroidism
are the main causes of radiological nephrocalcinosis.

Alkaline Urine? Kidney Cell Damage

Hyperparathyroidism Alkalosis Magnesium
Vitamin D poisoning Renal tubular aci- deficiency

Infantile hypercalcaemia dosis Heavy metal
Sarcoidosis poisoning

also beryllium poisoning
Carcinoma
Idiopathic hypercalciuria

from metastatic calcification in the kidney from
hypercalcaemia, there is a group, which probably
includes hyperparathyroidism and calciferol poison-
ing and perhaps renal tubular acidosis, in which the
deposition of calcium may reflect alterations in the
renal connective tissue, perhaps in the basement
membrane. Finally any form of cell damage may
lead to dystrophic calcification. Of this I have
encountered an unusual example. We kept the
patient alive for six weeks by haemodialysis after
she had post-partum cortical necrosis of the kidneys.

4

FIG. 1. Microradiograph showing cortical necrosis of
the kidneys.
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Investigation of nephrocalcinosis and nephrolithiasis

Most forms of nephrocalcinosis are complicated by
the formation of renal stones.

Stone formation is a complex phenomenon
(Hodgkinson, 1964). The urine is ordinarily super-
saturated with calcium; precipitation is inhibited by
magnesium, amino-acids, and other substances.
There are specific inhibitors which have been known
to physical chemists for many years, in particular
pyrophosphates. The normal excretion of pyrophos-
phates is 2mg. daily or thereabouts but in persons

with stones the excretion might be smaller. The
work of Dr. H. Fleisch in Davos (Fleisch and Bisaz,
1962) and of Dr. G. G. Russell in Leeds has shown
that this is an important and promising line of attack,
but pyrophosphates are not easily measured.
Two things will favour the precipitation of calcium

in the urine. One is obviously a high excretion of
calcium, from whatever cause-a failure of calcium
reabsorption from the tubules, excessive absorption
from the gut, or loss of bone (Table II). Another is

TABLE Il
SOME CAUSES OF HYPERCALCIURIA

I Unexplained
2 Excessive intestinal absorption of calcium:

(a) Excessive intake of vitamin D and calcium
(b) Sarcoidosis
(c) Unexplained

3 Bone atrophy (including Cushing's syndrome)

4 Hypercalcaemia (this always implies a failure of the regulation
of the bone blood equilibrium); examples are:-

Malignant disease
Sarcoidosis
Vitamin D poisoning
Myeloma
Milk and alkali excess

Hyperparathyroidisnm

5 Renal tubular acidosis.

the presence of substances that can provide nuclei
for the formation of crystals, 'nucleation centres.'
Stones always include a protein matrix; this led to
the suggestion that the excretion of an abnormal
protein or mucoprotein was the basis for the for-
mation of stones where the cause was not otherwise
obvious, as it usually is not. It now seems more
likely that the protein in stones is the result of
coprecipitation of protein with calcium rather than
that the protein itself initiates crystal formation. And
at present we cannot satisfactorily explain 80% of
cases of stone. We know a little about the remainder,
and in particular that hyperparathyroidism may
present with kidney stones and accounts for some
5% of cases.

Hyperparathyroidism is not simply the result of
excretion of a large amount of calcium; in fact
as often as not the excretion of calcium is no more
than the normal. One may go further than this and

say that a normal excretion of calcium in a patient
with hypercalcaemia favours the diagnosis of hyper-
parathyroidism. The reason is that the direct effect
of the parathyroid hormone on the kidney is to en-
hance the reabsorption of calcium, but this effect is
often swamped by the rise in the serum calcium
which presents the tubules with a greater filtered load
of calcium. The deposition of calcium in and around
the tubules in hyperparathyroidism ultimately leads
to general renal failure accompanied by hyper-
tension; unfortunately this course is often not
affected by the removal of a parathyroid adenoma,
done at a stage when irreversible changes in the
kidney have already taken place.

Hyperparathyroidism has other interesting effects
on tubular function. One is on the reabsorption of
water. During a mannitol diuresis normal persons
increase their flow of urine with the increased
osmotic load, but the concentration of the urine,
while it approaches plasma osmolality, does not fall
below it. In patients with a failure of water reabsorp-
tion, for instance in diabetes insipidus and in renal
diabetes insipidus, the osmolar concentration of the
urine may fall below that of the plasma. This is what
happens in hyperparathyroidism. The maximum
tubular reabsorption of water, normally + 6ml./min.
becomes a negative quantity, that is, a water loss.
This defect of function has little diagnostic value,
for not all persons with hyperparathyroidism have it;
moreover it does not disappear immediately after
operation, so that it is not a direct effect of the
hormone on the kidney but probably the result of
deposition of calcium around the renal tubules.

Epstein, Rivera, and Carone (1958) investigated
this effect of calcium in the kidney. They gave large
doses of vitamin D to rats to produce nephrocal-
cinosis, and measured the concentration of sodium
in the cortex, medulla, and papilla of these kidneys.
The concentration normally increases from the
cortex to the medulla and the high concentration of
sodium in the medulla is responsible for the counter-
current mechanism of urine concentration. The rats
poisoned with vitamin D could not achieve a high
concentration of sodium in the medulla and their
maximum urine concentration was much less than
in the normal rats.
The defect in water reabsorption in hyperpara-

thyroidism is usually mild, but, as I have said, not
immediately reversed by operation. It may occasion-
ally be severe and the condition may then simulate
diabetes insipidus. It does not, of course, respond to
pitressin. This severe defect is reversed by the
removal of a parathyroid adenoma and I suspect
that it is a direct result of the hypercalcaemia. A
patient investigated with Professor H. E. de Ward-
ener (Cohen, Fitzgerald, Fourman, Griffiths, and
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de Wardener, 1957) presented with thirst and
polyuria. He had neither kidney stones nor bone
lesions. He was cured by the removal of a para-
thyroid adenoma. In other renal disorders defects
in water reabsorption are linked with defects in
hydrogen-ion excretion, for instance, in the Fanconi
syndrome and in renal tubular acidosis. This led us
to examine the hydrogen-ion excretion in certain
patients with hyperparathyroidism. Our patients
with hyperparathyroidism and renal stones were not
able to achieve a normal excretion of lhydrogen ion
after ammonium chloride, and those without stones
excreted hydrogen ion normally. Therefore the
failure to excrete hydrogen-ion is not a specific effect
of the parathyroid hormone but it may contribute
to the formation of stones (Fourman, McConkey,
and Smith, 1960). It is interesting that Wills
and McGowan (1964) in Bristol have comsistently
found a mild hyperchloraemic acidosis in hyper-
parathyroidism. This acidosis may help to distinguish
hyperparathyroidism from other causes of hyper-
calcaemia which generally produce a mild alkalosis
with an excessive excretion of hydrogen ion in the
urine.
The essential step in determining whether a

patient with calcium containing renal stones has
hyperparathyroidism is to establish whether he has
a raised serum calcium level. The rise may be small
and the standards of accuracy must therefore be
high. This is a difficult thing to achieve in the hurly-
burly of routine work with the classical method of
Shohl and Pedley, especially if the analysis is not
undertaken very frequently. A variety of complexi-
metric methods now make it possible to do the
analysis reliably and with the minimum expenditure
of time in routine laboratories. Results are satis-
factory with the E.E.L. machine. Flame photometric
methods require more supervision and the values in
normals by this method are larger than by other
methods, possibly leading to difficulties in inter-
pretation.
The normal range by compleximetric methods is

9-1 to 10 7 mg./100 ml; a lot may depend on small
deviations round about 10-7 mg./100 ml., a value
which a few years ago would probably have been
accepted as normal. Some patients may have an
abnormal value at one time and not at another
according to the variation in their parathyroid acti-
vity. It is important to avoid venous stasis when
taking blood and to correct the serum calcium for
the plasma albumin content.
The serum calcium measures one effect of the

parathyroid hormone, its property of releasing cal-
cium from the bone. Because of the difficulties in
diagnosis by this method many people have tried to
take advantage of the second effect of the hormone,

an increase in the urinary excretion of phosphorus,
to establish parathyroid overactivity. The enhanced
excretion of phosphorus is not obvious in the steady
state of a patient on a normal diet. Normal persons,
patients with hyperparathyroidism, with uraemia,
with refractory rickets, and with renal stones from
other causes all excrete similar amounts of phos-
phosphorus on normal diets and this is not surprising
as they must excrete what they absorb.

But is is possible of course that the kidney ex-
cretes this amount of phosphorus at a lower blood
level in persons with parathyroid overactivity. So
people have tried to estimate the clearance of
phosphorus in hyperparathyroidism. With normal
diets the clearance does not differ consistently
between normal persons and patients with hyper-
parathyroidism but the clearances spread out better
if the intake of phosphorus is held low before and
during the test. The clearance of phosphorus is
supposed to be calculateJ by the usual clearance

UV
formula C - where C is the clearance, U is the

P

concentration, V the urine volume, and P the plasma
concentration. Rewritten this is CP = UV, and C is
the slope of the straight line relating P to UV; it is a
constant independent of P. But Milne, Stanbury, and
Thomson (1952) showed that C for phosphorus, far
from being constant, increased as P, the serum
concentration of phosphorus, increased. A clearance
for phosphorus cannot be calculated without de-
fining the conditions so narrowly that the word loses
its original meaning.

Milne et al. (1952) investigated the clearance of
phosphorus in relation to the plasma level of phos-
phorus which they varied by infusing phosphate.
These results, derived from an acute experiment,
are not directly applicable to the study of a patient
in a steady state.

In an effort to circumvent these problems other
workers have resorted to looking at the tubular
reabsorption of phosphate, i.e., the proportion of
filtered phosphate which is reabsorbed by the tubules
(T.R.P.). The phosphorus presented for reabsorption
is the filtered phosphorus, i.e., plasma inorganic
phosphorus (mg. per ml.) x glomerular filtration rate
(ml. per min.) or Pp x G.F.R. This assumes (wrongly)
that all the plasma inorganic phosphorus is filterable.
Then the proportion of filtered P reabsorbed is

TRP Pp x GFR - P,V
Pp x GFR

PuV
Pp x GFR

where Pu is the concentration of phosphorus in the
urine (mg. per ml.) and V is the urine volume (ml. per
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Investigation of nephrocalcinosis and nephrolithiasis

min.). The glomeruler filtration rate is usually mea-

sured as the creatinine clearance, Cru

and (1) becomes

_ Pu x Crp
Pp x Cru

the term for volume cancelling out, which is con-
venient as the minute volume is difficult to measure.
The term

Pu x Crp
Pp x Cru

is in fact the ratio of clearances of phosphorus and
cp

creatinine C
Ccr

_c-px-x v in other wordsCcr Pp Cru x V

TRP=I1-cp
cr

This fact is perhaps disguised when TRP is expressed
as a percentage as is often done:

%TRP I )p x 0
cp.~ ~ ~ ~ ~ c

C P is usually less than 0 2. The variations are wide.
Ccr
The results are easier to interpret if the measure-
ments are always made at the same time of the day
to overcome the effect of the diurnal rhythm and if
the intake of phosphorus is standardized. Yamahiro
and Reynolds (1962) used a daily intake of 600 mg.
The T.R.P. is reduced in hyperparathyroidism and
also in osteomalacia, Cushing's syndrome, K-defici-
ency, sarcoid, malignant disease (with and without
hypercalcaemia), multiple myeloma, cirrhosis, renal
tubular acidosis, and renal lithiasis.
The main point is that you are really looking at

the same thing when you are considering the tubular
reabsorption ofphosphorus or the ratio of phosphate
clearance to creatinine clearance. One is a simple
function of the other and if the result of calculating

values for T.R.P. is not helpful, the result for C will
Ccr

not be useful either.
Nordin and Fraser (1956) related the ratio of the

clearances of phosphorus and creatinine to the serum
inorganic phosphorus concentration. Basing their

work partly on the data of Milne et al. (1952) they

drew a linear regression line for CP against serum P
Ccr

values ranging from 2mg./100 ml. to 8mg./100 ml.
It is doubtful whether this is a linear function but the
main question is what is the relation for the values of
the serum P in which we are generally interested, i.e.,
between 2mg. and 4 5 mg./100 ml.? No one would
care to draw a regression line for the points in this
interval. Nordin and Fraser (1956) used the re-
gression line, based on a wide variation in serum P
achieved by the infusion of phosphate to interpret

the -P in the steady state. The equation of the
Ccr

regression line was CP = 2 0-0 05 ± 0 12.
Ccr 20

It will be noted that in this regression equation the

dependent variable, CP, includes P, the independent
Ccr

variable. No limits of error are given for the slope of

the regression line 20. But based on this equation the

authors have devised an index of phosphate excre-
tion (P.E.I.).

P.E.I. - C- -2 + 0-05. They state that the normal
Ccr 20

P.E.I. is 0 + 0 12.
Dr. Nordin tells me that whatever the theoretical
objections, in his experience, the index serves as a
diagnostic test of parathyroid function. It may be
possible to give it a sounder mathematical basis.
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Renal function after burning
SIMON SEVITT

From the Accident Hospital and Burns Unit, Birmingham

Extensive burning produces local changes which set
in motion general effects involving everysystem of the
body, often far removed from the injury (for review,
see Sevitt, 1957). Renal function has to be considered
against this background. Heating of skin increases
local vascular permeability and an exudate rich in
protein and salts leaks from the plasma to form burn
oedema. With large bums sufficient fluid may escape
to reduce the plasma volume and produce appreci-
able haemoconcentration; loss of red cell mass
within the body further reduces the blood volume;
haemoglobinuria may occur; and loss of protein
leads to hypoproteinaemia. These effects provoke
a widespread and complex redistribution of body
water, protein, and electrolytes associated with a
fall in the plasma sodium and chloride levels together
with dehydration of unburned tissues, the latter
probably extracellular.
The oligaemia is mainly responsible for the haemo-

dynamic complex leading to 'burn shock,' with its
reduction in the carriage of arterial oxygen. Its
essential features are a fall in cardiac output,
diminished venous return and central venous pres-
sure, and regional vasoconstriction. The latter
probably affects the kidney considerably but renal
blood flow has not yet been measured in burned
patients. Endocrine activity includes hyperadrenal-
inism with its vasoconstrictive and other effects, and
adrenocortical hypersecretion which, inter alia,
produces (or permits) sodium retention and hyper-
excretion of potassium by the kidney.
The changes in blood volume, haemodynamics,

and fluid exchange are rapid in onset and often
vary from time to time so that any account of renal
function after burning must take into account the
dynamic state.
The present account is based mainly on personal

observations over a number of years.

TEMPORARY AND PERSISTENT RENAL FUNCTIONAL
EFFECTS

Renal functional effects may be divided into (1)
temporary and (2) persistent changes. This classifi-
cation is useful physiologically and has clinical

significance. Renal morphological changes, especially
in those with persistent effects (renal failure), are
not unimportant but the significance of tubular
necrosis has been greatly overestimated (Sevitt, 1959).

TEMPORARY CHANGES Temporary, that is reversible
functional effects, are complex: important changes
include a reduction in the glomerular filtration rate
(G.F.R.) probably from renal vasoconstriction (but
possibly by other means) with an associated slight or
moderate rise of plasma urea and creatinine levels;
a temporary fall in urinary output; and a change in
the excretion of urine electrolytes during the first
few days characterized by low sodium and chloride
and high potassium levels. In treated patients these
temporary effects seem of no clinical importance,
except that, for example, the hourly urine output may
be useful in guiding early fluid therapy, and that a
low salt output should not be an indication for
massive sodium therapy. The changes in water and
salt excreted and the azotaemia produced are extra-
renal in genesis and development, and although they
are modified by infusion with fluid and electrolytes
the essential pattern is not abolished.

PERSISTENT CHANGES Persistent functional disorder
is the pathological phenomenon of acute renal
failure (traumatic uraemia). However, the pattern of
changes in urinary electrolyte excretion is a feature
common to temporary and persistent effects.
Probably mediated through adrenocortical activity
it is evidence of continued tubular function and is
largely independent of changes in G.F.R. and
azotaemia (vide infra). Acute renal failure is divided
into oliguric and non-oliguric forms (Figs. 5, 6, and
9, Sevitt, 1956 a and b). In both, the early post-burn
azotaemia continues to increase and becomes severe
due to a persistent and considerable fall in glomeru-
lar filtration rate. In these subjects neither the
azotaemia nor the G.F.R. are ameliorated by
infusion therapy. Sometimes the azotaemia is
accompanied by severe oliguria or virtual anuria
which dominates the renal clinical and biochemical
picture. This form of traumatic uraemia is well
known. More common but less well known is the
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Renal function after burning

pattern of severe progressive azotaemia with little
or no oliguria. In practice this is easily overlooked
if routine estimations of plasma urea (or creatinine
or non-protein-nitrogen) levels are not done. Like
oliguric failure the non-oliguric form is not con-
fined to burned patients but also occurs after trauma
and haemolytic transfusion reactions and probably
after other precipitating conditions. In oliguric
failure the degree of oliguria is not influenced by
infusion. Oliguric failure is clinically very important
since the effects of a severe reduction in urine
output-waterlogging, hyperkalaemia, and acidosis
-frequently cause or contribute to death. In burned
patients survival after oliguric renal failure is very
rare even with dialysis. The clinical significance of
the non-oliguric form is less well established although
few with extensive burns survive. On the one hand
the excretion of water carries with it K and H ions
which prevents their accumulation in the plasma;
but on the other hand the low G.F.R. may allow the
accumulation of various phenolic compounds
normally excreted by filtration, which may have
toxic effects.

URINE FLOW

The early post-burn reduction in the flow of urine
varies. It can be considerable in untreated animals
and in patients receiving inadequate fluid therapy
where it may approach anuria for a time. The urine
output is also reduced in patients who are adequately
transfused by modern standards and who do not
develop oliguric failure. Distinction between this
functional, apparently obligatory but temporary
oliguria and that of oliguric failure is generally easy;
but occasionally it is difficult, such as in those who
die within two or three days of extensive burning,
that is before uraemia has had time to develop or
before an adequate flow of urine could have had
time to return.

In treated patients the output of urine is often 0 5
to 1-0 litre per day for the first two to four days (Figs.
1, 2, 4, 5) but the hourly rate may vary considerably
from time to time in the same patient usually
ranging from 5 to 50 ml. per hour. Most of the
transfused fluid is not excreted at this time. A large
positive balance of water results, most of which is
present as burn oedema. Three to six days later this
is released and the urine flow may increase consider-
ably. The main factors affecting urine flow are the
extent of burning and the volume and nature of
fluid administered. Even with very large burns,
which tend to produce a big fall in urine output, the
flow of urine can often be maintained within
reasonable limits by early correction of oligaemia
and subsequent maintenance of the blood volume

at a near normal level, unless oliguric renal failure
occurs.

GLOMERULAR FILTRATION RATE AND TUBULAR RE-
ABSORPTION OF WATER The fall in urine output is
mainly determined by a fall in G.F.R. but is not
proportional to it. Serial G.F.R. estimates in patients
from admission to hospital soon after burning have
shown that the filtration rate soon falls considerably
(vide infra). In those who do not develop renal failure
the G.F.R. then rises but it often falls again, fluctua-
ting up and down as if some stabilizing influence had
been upset (Fig. 3, left) (Graber and Sevitt, 1959).
However the degree of fall in G.F.R. at any moment
is not necessarily reflected in the amount of urine
passed. Of course the rate of urine flow depends both
on the G.F.R. and on the tubular reabsorption of
water, the difference being the amount of filtered
water excreted as urine. Normally 98% to 99% of
the filtered water is reabsorbed by the renal tubules
and the other 1 % to 2% reaches the bladder. During
the first 24 or 48 hours after burning, in these subjects
the excreted fraction may rise intermittently in
pulses or peaks and then fall again (Fig. 3, right).
The peak values range from 2% to 15% and each
episode lasts from four to 12 hours, usually with a
normal or slightly raised fraction in between the
episodes. The fall in G.F.R. tends to reduce the
volume of urine whilst the diminution in tubular
reabsorption tends to increase it. The balance
between the two at any moment determines the rate
of flow of urine at that time. In general there is a
tendency for the percentage of filtered water ex-
creted to increase as the G.F.R. decreases. This
explains why the lowering of filtration rate is not
necessarily accompanied by a parallel fall in urine
output. The diminished tubular reabsorption (in-
creased fraction excreted) may be regarded tele-
ologically as a defence mechanism guarding against
the severe oliguria which would be produced more
often by the fall in filtration rate. It is of course an
imperfect mechanism and has its limitations. At
times the balance swings in the opposite direction
and a low G.F.R. is accompanied by a rise in urinary
output. This rarely lasts long and seems to result in
some patients from generous and possibly excessive
fluid therapy. Whatever the mechanism responsible
for a reduced tubular reabsorption of water, it seems
evident that post-pituitary antidiuretic hormone
(A.D.H.) cannot be implicated since it would have
the opposite effect. Indeed there is little evidence
that excessive secretion of A.D.H. is responsible for
the reduced flow of urine in burned patients. The
opposite may be true.

Increase in the fraction of the glomerular filtrate
excreted is not confined to cases without renal
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Renal function after burning
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failure but is even more marked when failure occurs.
The progressive azotaemia is related to a severe and
apparently irreversible fall in filtration rate (Figs. 7,
8; left). This is accompanied by a persistent re-

so duction in tubular reabsorption of water. The
125 t URINE fraction of filtered water excreted as urine increases

progressively during the first week or so after burning
-_00loo j greaching maxima between 5% and 15% (Figs. 7, 8;
f 75 right). Sometimes the first day or two after burning

1* K+ / is marked out by a large peak excretion of filtered
lsoao2; _ R XNe v water with a subsequent fall, but the fraction excretedISO 25 continues to remain above normal (Fig. 7; right).
Q- 250 ,w In that patient there was an early and considerable

v0loo ,250 diuresis (Fig. 6). The inverse relationship between a
_ * 2 _ BLOOD UREA X 200 I low G.F.R. and a raised fraction of filtered waterE -.- \._-__ -iso excreted is best marked in severely azotaemic
Z so @1~ S oo 3 patients, not only in those with a normal, relativelyv:ffi P16normal or even raised urine output (Fig. 7; right)20 M per so8-j in whom it might be expected, but also in those with
0._________________ *-asevere oliguria (Fig. 8; right). The curves of the

0 24 48 72 96 percentage excretion of filtered water generally
FIG. 6. parallel the rising curves of plasma urea and crea-tinine, suggesting that the decreasing reabsorption

in renal failure has an osmotic basis. In the non-
oliguric form of renal failure the relatively normal
urine output is maintained by a degree of decreased
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Simon Sevitt

tubular reabsorption which compensates in water
excretion for the reduced glomerular filtration rate.
In the oliguric form of renal failure the reduction in
tubular reabsorption of water is insufficient to
balance the decrease in water filtered, hence the
oliguria.

GLOMERULAR FILTRATION AND AZOTAEMIA

Graber and Sevitt (1959) carried out serial estimates
of G.F.R. by endogeneous creatinine (and some

inulin) clearances in a series of burned patients,
beginning soon after burning. In this way the onset
of changes were timed and related to other observa-
tions and to a changing state. In all subjects within a

few hours of beginning therapy the clearance values
were found to be falling from a relatively normal or

even raised value or were already grossly reduced.
In many subjects the G.F.R. soon rose and then

fell again, fluctuating considerably within hours
during the first day or two (Fig. 3; left): in them
azotaemia occurred only when the fluctuations in the
G.F.R. were below a mean value of about 50% of
normal for about 24 hours; azotaemia was absent or

insignificant with higher mean values when the
periods of fall in G.F.R. seemed to be too short to
produce a significant effect on nitrogen retention.
Thus, in these subjects the considerable but tem-
porary reduction in G.F.R. was either without
azotaemia or coincided with a phase of moderate
azotaemia. The lowest values of the fluctuating
G.F.R. ranged from 5% to 40% of normal; the
mean values in the different patients were from 30%
to 500% during the first 12 hours after burning, from
20o% to 900% during the second 12 hours, and from
45 % to 110% of normal during the second 24 hours.
After the third day relatively normal values were

obtained. When azotaemia occurred the plasma urea

level rose for a few days and then fell to normal;
the maxima reached varied from 80 to 120 mg. per

100 ml. The corresponding maxima for plasma
creatinine were from 1 1 to 4-5 mg. %. Most of
these patients were children; the majority survived
and the urine output never gave cause for anxiety.
Another group of patients developed a persistent

reduction in G.F.R. associated with a considerable
and progressive azotaemia (Figs. 7, 8; left). Some
became severely oliguric but in most there was little
or no reduction in the urine flow, except for short
periods during resuscitation and terminally. Most of
these were adults and all of them died. Compared
with those developing a temporary azotaemia or

without azotaemia (vide supra) the difference between
the two groups may represent a renal haemodynamic
resiliency in children which is deficient in adults. In
most of these the G.F.R. fell to very low values (8%

to 17% of the normal) within a few hours of burning
and remained at these or even lower levels until
death supervened (Fig. 8; left). In a few, the mean
G.F.R. fell moderately during the first 24 hours and
then declined further during the next few days (Fig.
7). This may have some aetiological significance:
if the early fall represents early effects of burning the
second phase may indicate the intervention of a
later event (possibly septicaemia). In all patients the
maximal plasma urea levels were considerable,
ranging up to 500 mg. per 100 ml. before death and
with creatinine levels up to 15-1 mg. %.

EXCRETION OF ELECTROLYTES

The essential pattern is a fall in the concentration of
sodium and chloride and a rise in that of potassium,
the effects lasting three to six days or even longer
depending on the extent of burning. Extrarenal
causes are responsible and oversecretion of aldo-
sterone probably plays an important role. The
pattern occurs in patients with or without azotaemia,
renal failure, or oliguria. Since sodium reabsorption
and potassium excretion are renal tubular pheno-
mena they are evidence of continued tubular activity
even in subjects who subsequently die and whose
kidneys show tubular necrosis.

In patients treated with intravenous plasma during
the shock phase, variations occur in the pattern of
sodium excretion. In some, the urinary sodium
concentration falls sharply and low values (10 to 30
mEq. per litre) are reached by 12 to 24 hours after
burning. This may continue uninterrupted for days
(Figs. 5 and 9) or may be soon followed by a period
of high sodium concentrations (Fig. 6). In others
burning is followed by a period of sodium diuresis
(concentrations up to 100 to 200 mEq. per litre)
which lasts 24 or 48 hours (Figs 1, 2, and 4) and
then the sodium level falls considerably. Sometimes
a phase of sodium diuresis recurs followed by low
levels (Fig. 6). In such patients the sodium diuresis
may be accompanied by a phase of increased water
diuresis (Fig. 6). Temporary diuresis of sodium
occurs during the period of maximal fluid therapy
and may be related either to restoration of the blood
volume or to the giving of sodium-containing fluid
or to both causes. In exceptional subjects the early
fall in sodium is shortlived. Chloride concentratian
falls to very low levels (1 to 20 mEq. per litre)
within 12 hours of burning and the low concentra-
tion continues for days (Figs. 1, 2, 6, 9). The low
chloride level is independent of the sodium and
potassium levels: chloride falls and remains low
when sodium rises or falls. Urinary potassium
concentration rapidly increases soon after burning
and may reach values up to 150 mEq. per litre or
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Renal function after burning 577
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even more during the first two days; thereafter it
often declines but remains elevated for days. In
children the amount of potassium lost relative to
total body potassium may be considerable and may
account for the fall in serum potassium levels which
sometimes occurs in burned children. The combina-
tion of a low sodium and high potassium concentra-
tion changes the normal urinary sodium: potassium
ratio (in equivalent values) from 2 or 3 to 1 to less
than unity and aften to 1: 3 or 4. This change in
ratio is said to be a useful index of aldosterone
hyperactivity.
The pattern of electrolyte change is influenced by

therapy but it is not abolished. In this sense it is
obligatory. When large amounts of salt are given
during the first 24 hours the onset of a low urinary
sodium level may be delayed, but only a fraction of
the salt administered is excreted at this time and a

large positive balance of sodium (largely into the
burn oedema) occurs. At this time the urinary ex-

cretion of salt is only a fraction of the intake. This
is important, since some surgeons still believe that
a low urinary sodium or chloride level is sufficient
indication for salt therapy. Retention of sodium is
active, hormone-induced, largely obligatory and
associated with a fall in plasma sodium and chloride
levels. Mistaken therapy might lead to giving
sufficient salt to restore the urinary concentrations
of sodium or chloride to normal for a time, and if the
attempt is made to maintain a 'normal level' of
output overloading the body with enormous quan-
tities of salt may occur.

TUBULAR REABSORPTION OF SODIUM The percentage
of sodium in the glomerular filtrate which reaches

the bladder is calculated from the formula Na x
P U

creatinine x 100. This is derived from the amount of

sodium filtered (plasma sodium x G.F.R. or p

creatinine) and the amount of sodium in the urine
(U Na). One hundred per cent minus this value is the
fraction reabsorbed by the tubules. Normally the
fraction of filtered sodium excreted is very low,
0 5% to 1%. Most is reabsorbed by the tubules.
After burning the excretion of filtered sodium is
generally lower than normal (Fig. 3; right). However,
in treated patients the pattern varies during the first
24 hours. Often the percentage excretion becomes
low early and remains low for days. More often the
fraction excreted increases for one or more periods
during the first day with peak values up to about
8%; then it falls to normal or subnormal values

(Figs. 3, 7, 8; right). Generally there is a close
relationship between the patterns of excretion of
filtered sodium and that of urinary sodium concen-
tration; but this is not absolute since the percentage
of filtered sodium excreted also depends on the
glomerular filtration rate. A low percentage of
filtered sodium is excreted not only in patients
without azotaemia and in those with temporary
azotaemia (Fig. 3; right) but also in those with
renal failure (Figs. 7 and 8; right).

SIGNIFICANCE OF SODIUM AND WATER REABSORPTION
The excretion of filtered sodium and of filtered water
behaves independently. Simultaneous values of a
raised excretion of filtered water and of a low
excretion of filtered sodium are often found. The
combination indicates differential tubular activity of
a high degree. Such divergent patterns occur in non-
azotaemic and temporary azotaemic subjects during
the shock period (Fig. 3; right) and in all those with
severe azotaemia. In the latter group the divergence
persists and even increases until death (Figs. 7 and 8;
right). The reduced tubular reabsorption of water in
acute renal failure has been interpreted by some as
impairment of tubular functicn due to tubular
necrosis or blockage by casts. This cannot be true
because, if it were, the impairmer t of function would
be selective, since the absorptive tubular powers for
sodium (and chloride) are unimpaired and even
hyperactive. Moreover tubular ability to excrete
considerable amounts of potassium is unimpaired
and the absence of glycosuria in renal failure also
indicates that selective tubular reabsorption of
glucose continues. For these and other reasons
criticism has been levelled at the concept that acute
renal failure after burning (or injury) is due to loss
of tubular function from tubular necrosis (Sevitt,
1959; Finckh, 1962). Evidence has been presented
that the functional defect is glomerular, and due to
a persistent fall in G.F.R., even though tubular
necrosis or blockage by casts is often present. The
cause of the persistently low G.F.R. remains obscure
although different attempts to explain it have been
made. This aspect is beyond the scope of the present
communication.
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