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ABsTRACT As the population of nephrons is re-
duced, sodium excretion per nephron must increase if so-
dium balance is to be maintained. The mechanism of this
adjustment was studied in rats in which 509 and ap-
proximately 85% of renal tissue was excised. Although
glomerular filtration per remaining nephron rose after
uninephrectomy, it did not rise further when more renal
tissue was removed, even though sodium excretion per
nephron mounted. Hyperfiltration does not, therefore,
account for the stepwise increase in sodium excretion
per nephron with progressive renal ablation. Proximal
tubular absorption, estimated by reabsorption half-time,
was unchanged by renal insufficiency, indicating that
“third factor” did not produce the observed changes in
sodium excretion per nephron. It seems likely that the
earliest adjustments in sodium excretion in renal fail-
ure take place in the distal tubules of healthy nephrons,
and that they are conditioned by changes in the osmotic
load per nephron.

INTRODUCTION

As the population of nephrons is reduced by renal dis-
ease or by ablation of renal tissue, sodium excretion per
nephron must increase to maintain normal sodium bal-
ance. At least three possible mechanisms have been pro-
posed to explain this adjustment. First, it is clear that
when the number of functioning nephrons is reduced,
filtration through the remaining nephrons is increased
(1). Increased excretion of sodium per nephron might
therefore result from an augmented filtered load of so-
dium, part of which escapes reabsorption. Second, as
renal mass is reduced, there is necessarily an increase in
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the excretion of solutes per nephron which might be re-
sponsible for the forced excretion of sodium through the
mechanism of osmotic diuresis. Thirdly, it has been sug-
gested that the adjustment in sodium excretion is re-
lated to expansion of body fluids via a natriuretic “third
factor” which decreases sodium reabsorption in the
proximal tubule (2).

An attempt was made in the present experiments to
clarify this problem by studying renal function with
micropuncture techniques in rats in which renal tissue
was progressively ablated. The results indicate that
neither hyperfiltration nor diminished proximal tubular
absorption accounts for the increase in sodium excretion
per nephron in renal failure.

METHODS

Experiments were performed upon three groups of male
Sprague-Dawley rats. All animals had free access to tap
water and regular Purina chow containing approximately
100 mEq Na/kg of diet, until anaesthesia was induced.
Group A consisted of normal rats, weighing 386 +5 g (mean
*se) which served as the control group. Group B rats had
undergone uninephrectomy. The right kidney was removed
under ether anesthesia. Studies were performed 2-3 wk
aftr surgery when compensatory hypertrophy of the re-
maining kidney had become stable. The average weight of
these rats was 375 =6 g. The blood urea nitrogen in group
A and B rats was 25.7 =12 and 27.0 =0.8 mg/100 ml, re-
spectively. Data from these two groups have been published
in part previously (3). Group C rats were azotemic (BUN
52.1 2.8 mg/100 ml) after ablation of approximately 859,
of renal tissue. Reduction of nephron mass was accomplished
in two stages before study. In the first stage the upper and
lower poles of the left kidney were removed under ether
anesthesia. A mattress suture was placed around each pole
and tightened until the pole became ischemic. Renal tissue
distal to the tie was then excised with a razor blade. 4-5
days after this procedure, the right kidney was removed.
Experiments were performed 540 days afterwards. Most
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of the animals in this group failed to gain weight normally
after surgery and consequently they weighed less than rats
in the other groups, averaging 293 *17 g.

When micropuncture experiments were performed, anes-
thesia was induced with Inactin (Promonta, Hamburg,
Germany), 160 mg/kg intraperitoneally, a tracheotomy was
" performed and the bladder was cannulated with polyethylene
tubing. The left kidney was exposed, the capsule stripped, and
the kidney immobilized in a plastic cup (4). During surgery,
isotonic saline equal to 1% of the body weight was infused
intravenously to compensate for losses of extracellular
fluid. A sustaining infusion of -isotonic saline at 12 ml/hr
was continued during the entire experiment.

Glomerular filtration rate (GFR) was measured using
inulin-methoxy-*H (New England Nuclear Corp., Boston,
Mass.). After a priming dose of 75 uc, inulin®H was in-
fused at a rate of 75 uc/hr. The filtration rate in individual
nephrons was measured by collecting samples of proximal
tubular fluid during timed intervals of approximately 2
min. The radioactivity of samples in Bray’s solution was
determined in a Tri-Carb liquid scintillation spectrometer.
Counts were corrected for quenching using a *H internal
standard. Urine was collected at intervals of approximately
30 min and samples of blood were taken from the tail be-
fore and after each collection. The volumes of samples of
urine and plasma were measured with calibrated glass
micropipettes.

Serum and urine values for sodium were determined on an
internal standard flame photometer.

The half-time of reabsorption (t;) of isotonic saline in
split-droplet microperfusions of single proximal tubules
was measured by sequence photomicrography as described
by Gertz (5).

RESULTS

Glomerular filtration rate per animal and per nephron
after reduction of remal mass (Table I). The rate of
glomerular filtration (GFR) in rats of group A with
two normal kidneys, was 820 =40 yl/min per 100 g
body weight (mean =+se). The GFR in rats of group
B, with a single kidney, was 720 =30 xl/min per 100 g
body weight, or 85% of normal. In group C the total
glomerular filtration rate of the kidney remnant was re-
duced to 190 *36 pl/min per 100 g body weight, which
was only 239, of the normal rate.

TaBLE 1
Relationship between Glomerular Filiration Rate
(GFR) and Renal Mass*
Group B, Group C,
Group A, 50% 85%
control nephrectomy nephrectomy
GFR per rat, 820.0 40 720.0 30 190.0 36
pl/min per 100 gm  (n = 52) (n = 44) (n = 21)
body wt
GFR per nephron, 452 +3.5 788492 749 450
nl/min (n =27) (n =17) (n = 28)

* Values represent means =£SE. n, number of observations.

Sodium Excretion with Reduced Nephron Population
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Ficure 1 Correlation between inulin clearance (GFR) per
nephron calculated from the GFR per kidney, and GFR per
nephron measured at the same time in an individual surface
nephron by micropuncture. The heavy diagonal line indicates
exact correspondence. Units are microliters per min. Points
include data from reference 3.

In normal animals (group -A) the inulin clearance
in surface nephrons was 45 3.7 nl/min per nephron.
After removal of one kidney, filtration in individual
nephrons of rats in group B increased 76% to 79 %9.2
nl/min per nephron. An important finding was that in
group C rats, in which roughly 85% of kidney mass
had been removed (see below), GFR in the remaining
individual surface nephrons did not increase propor-
tionately. The average inulin clearance in rats of group
C was 75 *5.0 nl/min per nephron. There was no sig-
nificant difference between the filtration rate of surface
nephrons in rats with only one kidney removed (group
B) and rats in which the remaining renal mass had been
further and markedly reduced (group C).

A critical question in these experiments was the ex-
tent to which glomerular filtration measured in indi-
vidual surface nephrons reflected changes in all neph-
rons of the kidney. An approximate answer can be ob-
tained by measuring the inulin clearance of a single
nephron at micropuncture, and comparing it with the
GFR per nephron calculated by dividing the GFR of the
kidney as a whole by 27,000, the approximate number
of nephrons in a rat kidney (6). Fig. 1 illustrates that
both in normal rats and after compensatory hypertrophy
had been stimulated by removal of one kidney, GFR in
surface nephrons is roughly proportional to glomerular
filtration rate in the kidney as a whole (3). A similar
proportionality is also reported (7) when GFR is re-
duced by applying a clamp to the renal artery. The
number of functioning nephron units remaining after
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TasLE 11
Filtration and Excretion of Sodium after Reduction of Renal Mass*

Sodium filtered UnxV per Sodium filtered UnaV per
per rat GFR of rat per nephron nephront
mEgq/min nEq/wd nEq/min nEq/min
Group A, control 0.44 +0.02 0.17 £0.02 6.3 +£0.5 0.008
(n = 52) (n = 52) (n = 27)
Group B, 0.38 +0.02 0.26 +0.05 11.1 +1.2 0.021
509, nephrectomy (n = 44) (n = 44) (n = 17)
Group C, 0.08 +0.015 0.66 =0.14 10.5 0.7 0.049
85%, nephrectomy (n =21) (n =19) (n = 28)

* Values represent means =SE. n, number of observations.

t Calculated as UnaV (nEq/min) divided by number of functioning nephrons. Since number of functioning nephrons equals
(GFR pl/min per rat)/(GFR ul/min per nephron), Uxa.V per nephron equals (UxaV nEq/min per rat)/(number of nephrons).

partial nephrectomy or in the presence of renal disease
is conventionally estimated from the over-all glomeru-
lar filtration rate. This method is clearly inaccurate be-
cause of the adaptive increase in GFR that occurs when
renal mass is reduced. In the experiments of group C,
the GFR of the kidney remnant, divided by the GFR of
surface nephrons, averaged 7412, 149, of the normal
number of nephrons per two kidneys. It seems fair to
conclude that roughly 859, of renal mass was removed
by the two-stage operation.

Filtration and excretion of sodium after reduction of
kidney mass (Table II, Fig. 2). As renal mass was
progressively reduced by nephrectomy, the proportion
of filtered sodium excreted in the urine simultaneously
increased. Sodium excretion was 0.17 nEq/ul of GFR
in intact rats (group A), 0.26 after unilateral nephrec-
tomy (group B), and 0.66 in the rats of group C, after
still more renal tissue had been removed. The calculated
excretion of sodium per nephron increased from 0.008
nEq/min to 0.021 nEq/min in group B and to 0.049
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Ficure 2 Excretion of sodium (UxaV) per nephron and
glomerular filtration rate (GFR) per nephron, measured in
individual surface nephrons of control and experimental rats.
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nEq/min in group C. On the other hand, the quantity
of sodium filtered per nephron increased by 76% in
group B but did not rise further in rats in group C. The
progressive increase in sodium excretion per nephron
observed in these animals cannot therefore be accounted
for by an increase in nephron filtration rate.

Intrinsic reabsorption tn proximal tubular segments
after reduction of remal mass (Table IIT). The in-
trinsic reabsorptive capacity of proximal tubular seg-
ments was determined using the half-reabsorption time
(t1) of Gertz. The ti was the same in rats with partial
nephrectomy as in control animals. The mean ti was
9.3 *+0.2 sec (mean =*sE) in group A, 9.3 *£0.2 sec in
group B, and 8.9 *0.3 sec in group C. In contrast, the
half-reabsorption time is readily prolonged in rats in
which the extracellular fluid is expanded with saline
(8). As indicated in Table III, the ti in rats infused
with a volume of isotonic saline equal to 109 of their
body weight was slowed to 11.9 +0.5 sec (P <0.001).

DISCUSSION

As the population of surviving nephrons is reduced,
either by disease or surgical ablation, the quantity of
sodium excreted per nephron progressively increases.

TaBLE III

Half-Volume Reabsorption Time () in the
Proximal Tubule*

Group B, Group C,
Group A, ' 50% 85% Saline
control nephrectomy nephrectomy loaded
ty, sec 9.3 £0.2 9.3 +0.2 8.9 +0.3 119 +04
(n = 48) (n = 63) (n = 43) (n = 30)
P value NS NS < 0.001

* Values represent means ==SE. n, number of observations.
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In this way water and sodium balance are maintained
despite a diminishing glomerular filtration rate when
intake of salt and water is unaltered. Thus, in the pres-
ent experiments, when the number of nephrons was
halved by uninephrectomy, the quantity of sodium ex-
creted per nephron increased more than twofold, and
when renal mass was reduced even further, sodium ex-
cretion per nephron increased in rough proportion.

These changes have been ascribed in the past to the
increase in filtration rate of individual nephrons which
occurs as renal mass contracts. Such an increase would
result in a greater delivery of solutes to the renal tu-
bule, and part of the increased solute load would pre-
sumably escape reabsorption. The inulin clearance of
individual surface nephrons increased by 65-759% after
partial nephrectomy in the present experiments. This is
in general agreement with other reports. For example,
Bank and Aynedjian found that nephron GFR rose
about 609 above normal in rats with bilateral pyelo-
nephritis that had produced a 43% reduction in total
filtration rate (9). Bricker, Klahr, and Rieselbach found
that the GFR increased by 609% in a single diseased
kidney of dogs when the contralateral control kidney
was removed (1).

It seems unlikely, however, that changes in filtration
rate are primarily responsible for the modulation of
sodium excretion. As shown in Figure 2, nephron GFR
apparently attains a maximum of approximately 75 nl/
min after 50% of nephrons are removed. Nevertheless,
sodium excretion per nephron increases considerably
with further ablation of renal tissue even though filtra-
tion remains the same.

It has been suggested recently by Schultze and co-
workers that the increased sodium excretion per neph-
ron in uremia results from the action of the same “third
factor” that subserves volume regulation during acute
volume expansion (2). This implies diminished ab-
sorption in the proximal tubule. The hypothesis was
strengthened by a recent report of a humoral factor re-
covered from the serum of uremic patients, that pro-
longed proximal reabsorptive half-time in single proxi-
mal tubules of the rat kidney (10). In experimental
forms of renal injury or ablation in the rat, however,
there is little evidence for a decrease in proximal reab-
sorption. Proximal TF/P ratios for inulin are unchanged
by uninephrectomy (3) or by experimental pyeloneph-
ritis (9, 11). The present experiments show clearly that
when renal mass is reduced, sodium excretion per
nephron is greatly increased at the same time that
reabsorption in the proximal tubule, as measured by
the shrinking-drop technique, is unaltered.

It is interesting to compare these experiments in rats
with those in which saline infusions caused comparable
increases in sodium excretion. The animals with 85%

Sodium Excretion with Reduced Nephron Population

nephrectomy excreted 0.5% of their filtered sodium.
When normal rats were infused with saline so as to in-
crease sodium excretion to 0.5% of the filtered load, re-
absorptive half-time of the shrinking drop was pro-
longed from 8.5 +0.2 to 11.9 *£0.5 sec (8). Since pro-
longation of reabsorptive half-time is the hallmark of
the “third factor(s)” mediating saline diuresis, it ap-
pears that these factors may not be responsible or neces-
sary for the adjustment in sodium excretion per neph-
ron that characterizes renal failure. Changes in proxi-
mal tubular absorption may of course ocur in advanced
uremia, especially when the body is overloaded with
salt and water, but are not necessarily a feature of the
early accommodations to renal insufficiency.

The present findings strongly suggest that as renal
mass is reduced, sodium excretion is kept constant by a
decrease in the reabsorption of sodium in the distal tu-
bule. This conclusion is supported by Bank and Ayned-
jian, who found that distal TF/P ratios for inulin were
depressed in experimental pyelonephritis, though there
was no change in inulin TF/P ratio in the proximal
tubule (12). We suggest that the primary reason for
this is the increased osmotic load of solutes, and es-
pecially urea, per nephron. The notion that urine formed
during renal insufficiency results from osmotic diuresis
through a few remaining normal nephrons is a familiar
one, well articulated by Platt (13). While massive urea
loads can decrease reabsorption in the proximal tubule
(14), mild urea diuresis is likely to retard absorption
chiefly in the lower reaches of the nephron since it is
here that the concentration of urea rises highest and it
is here as well that the tubular epithelium is least
permeable to the back-diffusion of urea (15). The earli-
est effect of urea diuresis, evident from the data of
Biber and coworkers (14), is to decrease the distal
absorption of sodium. Presumably, this effect was oper-
ative in the partially nephrectomized rats of our ex-
periments.

Although mild urea diuresis might account for an
increased sodium excretion per nephron in uremia, it
does not explain the delicate adaptive adjustment of
the kidney remnant that enables the partially nephrec-
tomized animal to maintain sodium balance. To do this
it is necessary to postulate the intervention of additional
factors conditioning sodium excretion, which exert
their chief effect in the distal tubule and collecting duct.
One of these may be aldosterone. It is clear that mineral-
ocorticoids can greatly modify the excretion of sodium
during urea diuresis (16, 17), and it is of special in-
terest that the secretion of aldosterone has been re-
ported to be elevated in uremic patients (18, 19). It
seems likely that when the mass of the kidneys is re-
duced, final adjustments in sodium reabsorption are
made chiefly in the distal tubules and collecting ducts
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to modify the salt-wasting effect of osmotic diuresis on
behalf of the concentration and volume of body fluids.
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