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ABstrAacCT To explore the role of urea in the uri-
nary concentrating mechanism, the contents of vasa
recta, Henle’s descending limbs and collecting ducts
were sampled by micropuncture of the renal papilla be-
fore and after infusion of urea in 10 protein-depleted
rats. Eight protein-depleted rats not given urea were
similarly studied as a control group. After urea adminis-
tration, osmolality and the concentrations of urea and
nonurea solute of urine from both exposed and contra-
lateral kidney increased significantly. The osmolality and
urea concentration of fluid from the end of Henle’s de-
scending limb and vasa recta plasma and the tubule
fluid-to-plasma inulin ratio in the end-descending limb
all increased significantly after urea infusion. We inter-
pret these observations to indicate that urea enhances
urinary concentration by increasing the abstraction of
water from the juxtamedullary nephron (presumably the
descending limb), in agreement with the prediction of
recent passive models of the urinary concentrating
mechanism. However, the concentration of urea in fluid
from the descending limb after urea infusion was high
(26131 mM) and the difference in sodium concentra-
tion between descending limb fluid and vasa recta was
small and statistically insignificant.

INTRODUCTION

Animals deprived of dietary protein exhibit an impaired
ability to concentrate their urine, which is reversed by
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administration of urea (1-7). Despite numerous investi-
gations (8), the mechanism by which urea enhances uri-
nary osmolality remains unclear.

Recent theoretical models by Stephenson (9) and
Kokko and Rector (10) have suggested a new role for
urea in the inner medullary concentrating mechanism.
In Stephenson’s model, urea supplied to the medullary
interstitium by the collecting tubule induces osmotic
withdrawal of water from the descending limb which
concentrates NaCl within the descending limb and di-
lutes NaCl in the medullary interstitium, depressing its
NaCl concentration relative to that in Henle’s loop.
A favorable gradient is thus established for outward
NaCl diffusion from the water-impermeable thin ascend-
ing limb (“passive mode”). Stephenson’s model in-
corporates a second mode of achieving hypotonicity of
fluid within the thin ascending limb: by active transport
of solute (Na*) from the thin ascending limb (“active
mode”). The active and passive modes may operate
alone or together (9).

Kokko (11, 12) has shown that the isolated perfused
descending limb is very permeable to water and has a
reflection coefficient for NaCl and urea near unity. Based
on these findings, Kokko and Rector (10) proposed that
fluid in the descending limb becomes concentrated almost
exclusively by water extraction, owing to the high con-
centration of urea in the medullary interstitium, and that
medullary hypertonicity is generated in a manner simi-
lar to the passive mode of Stephenson’s model.

The purpose of this study was to examine the changes
in composition of collecting duct and loop fluid and vasa
recta plasma associated with the enhanced urinary osmo-
lality caused by the infusion of urea into protein-depleted
rats, and to determine whether the changes conform to
the recent models of the concentrating mechanism. If
the source of energy for inner medullary hypertonicity
is provided exclusively by a concentrated solution of urea
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entering the inner medullary interstitium from the col-
lecting tubules (passive mode), one would expect the
following findings associated with the enhancement of
urinary osmolality caused by the infusion of urea to pro-
tein-depleted rats: (a) increase in osmolality of fluid in
Henle’s loop and of plasma in vasa recta; (b) increase in
tubule fluid-to-plasma (TF/P)* inulin ratio at the end of
Henle’s descending limb reflecting an increase in water
abstraction from that segment; (¢) increase in the con-
centration of urea in collecting tubule fluid and vasa
recta plasma® which exceeds the increase in concen-
tration of urea in loop fluid; (d) increase in concentra-
tion of sodium in fluid at the end of Henle’s descending
limb which exceeds the increase in concentration of so-
dium in vasa recta plasma.

METHODS

Male Sprague-Dawley weanling rats ranging from 50 to
68 g in weight were fed a low protein diet for at least
3 wk (Nutritional Biochemicals Corp., Cleveland, Ohio)
and allowed free access to water before study. This diet is
a “low 8% protein” diet containing 8.0% casein, 78.0%
starch, 10.0% vegetable oil, and 4.0% salt mixture no. 2
U.S.P. (200 meq NaCl per 100 g food), plus complete
vitamin supplements. The rats were prepared for micro-
puncture of the left renal papilla, as previously described
(13, 14), except that no infusion was given during surgery.
Urine from the right kidney was collected with a bladder
catheter.

The rats were divided into two groups. 10 rats (group
I) were studied initially during infusion at 0.03 ml/min
of 0.9% saline containing 1.8 mU/ml antidiuretic hormone
(ADH) (Pitressin, Parke, Davis & Co., Detroit, Mich.)
and sufficient inulin to achieve plasma levels of 80-100
mg/100 ml. They were restudied in a second period 80 min
after beginning a saline infusion containing 1.8 mU/ml
ADH and 200 mM urea. A second group of rats was
studied similarly except that in the second period urea
was not added to the isotonic saline (plus ADH) infusion
(group II).

During each period, fluid was collected from the tip of
papillary collecting ducts, and a loop of Henle near the
hairpin turn, as described before (13, 14), and from an
adjacent ascending vas rectum. Vasa recta blood was col-
lected with a micropuncture pipet having a tip diameter
of 8-9 um. After puncture of a vas rectum, a small column
of Kel-F oil (Kel-F, 3M Company, St. Paul, Minn.) was
injected to detect inadvertent entry of the pipet into a
loop or collecting duct and to confirm puncture of an
ascending vas rectum. If a tubule was entered during punc-
ture or if the stream of erythrocytes entering the pipet was
not continuous, the sample was discarded. Plasma samples
were obtained to bracket each collection period.

The procedures used to handle tubule fluid have been
described before (15). Vasa recta blood samples were
handled in the following manner: Immediately after col-

1 Abbreviations used in this paper: ADH, antidiuretic
hormone; TF/P, tubule fluid-to-plasma.

2Tt is assumed that for small solutes like sodium, chloride,
and urea the contents of vasa recta and medullary inter-
stitium are in equilibrium. A similar assumption was made
by Stephenson (9) and by Kokko and Rector (10).
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lection, the sample of vasa recta blood was discharged from
the pipet onto the bottom of a glass petri dish filled with
mineral oil and then was aspirated into a glass micro-
capillary tube with oil on either side of the sample. After
one end was sealed with an oxygen microtorch, the micro-
capillary tube was placed in a larger microhematocrit tube
and centrifuged for 10 min. The microcapillary tube con-
taining the sample was removed, placed under oil, and
the end containing the cells broken off with tweezers so
that the plasma could be transferred to an oil-filled plastic
trough designed for mounting on a microtransfer apparatus.
Thereafter, the sample was handled in the same manner
as tubule fluid samples.

Fluid from loops and collecting ducts, vasa recta plasma,
urine, and systemic plasma were analyzed for osmolality,
sodium, potassium, inulin, and urea by methods previously
described (15, 16).

At the end of the experiment, samples of arterial blood
were obtained from seven rats (four urea infused, three
control rats) for measurement of total serum protein con-
centration (17) * (mean=2.6+0.3 g/100 ml).

Urea concentration in vasa recta plasma was corrected
for plasma water, assuming protein concentration of vasa
recta plasma of 5 g/100 ml. The concentration of sodium
was not corrected for plasma water in the vasa recta since
the effect of the Gibbs-Donnan rule would contribute a
nearly equal but opposite correction.

Data presented are the mean+SE derived from the data
for each rat. Differences between urea-infused and con-
trol rats were analyzed statistically with the Student’s ¢
test; differences between the first and second periods within
each group were analyzed with the paired ¢ test (18).

RESULTS

The growth rate of protein-depleted rats was markedly
reduced: daily weight gain was less than 1 g, whereas
weanling rats fed a normal diet gain about 5 g per day
(unpublished observations). Arterial blood and plasma
data are presented in Table I. The mean plasma urea
concentration of the protein-depleted rats (2.9%0.2 mM)
was less than half that of rats of equivalent weight-fed
normal diets (6.5+0.3 mM) (16). After infusion of
urea, plasma urea increased substantially from 3.1%0.2
mM to 14.3+09 mM, while plasma osmolality rose
slightly but not significantly.

Whole kidney function (right kidney) (Table II).
The rate of urinary flow did not increase significantly
in the second period in the urea-infused rats but did in
the control rats. The mean glomerular filtration rate did
not change significantly in either group. The increase in
urinary osmolality after urea infusion was significantly
greater than that observed in the control group. Uri-
nary urea concentration increased significantly only in
the urea-infused group, but the urinary concentration of
nonurea solute increased significantly in both groups.
Fractional excretion of total solute, water, and sodium
was similar in the two groups.

*We are indebted to the Stanford University Hospital
Clinical Chemistry Laboratory and Dr. Paul Wolfe for
performing this determination.
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TasBLE I
Arterial Blood and Plasma

Group I, urea infusion (z = 10) Group 11, control (n = 8)
Body wt 63+2 g Body wt 6242 g
First Second First Second
period P* period Pt period P* period
Blood pressure,

mm Hg 11443 <0.05 106+3 NS 1115 <0.025 99435
Hematocrit, %, 41+1 NS 3941 NS 42+1 NS 4131
Osmolality, ]

mosmols/kg H-0 311+4 NS 3237 NS 313+4 NS 313+2
Urea, mM 3.1+0.2 <0.001 14.3+£0.9 <0.001 2.6+0.2 <0.001 3.7+£0.3
Sodium,

meq/liter 14942 <0.001 15343 NS 148+2 NS 15042
Potassium,

megq/liter 3.9+0.2 NS 4.3+0.2 NS 3.9+0.2 <0.01 44403

Data are the means & SE. Abbreviation: NS, not significant (P > 0.05).
* Significance of the difference between first and second period, using paired comparisons.
1 Significance of the difference in change between periods in group I compared to that in group 11, using group comparison.

Collecting duct fluid (Table IIT). The osmolality of fluid rose significantly from 686 to 1,047 mosmols/kg
collecting duct urine from the exposed papilla was hy- HsO whereas there was no significant change in the con-
perosmotic during the initial period of study. In response  trol group. The concentration of both urea and non-
to urea infusion, the mean osmolality of collecting duct urea solute in collecting duct urine also increased sig-

TasLE II
Rught Kidney Function

Group I, urea infusion (n = 10) Group II, control (n = 7)*
Kidney wt 0.2934-0.011 g Kidney wt 0.275+0.007 g
First period Pt Second period P§ First period Pt Second period
Urine flow,
ul min~t g kw™! 4.85+0.53 NS 5.31+0.81 NS 4.18+0.37 <0.05 5.75+0.61
GFR, ul min™1 g kw™! 1,101 164 NS 1,052 +152 NS 1,130 102 NS 1,162 4109
Osmolality,
mosmols/kg H20 804 61 <0.001 1,277 £107 <0.005 831+£52 <0.05 975 +46
Urea, mM 121421 <0.001 313141 <0.001 126 £17 NS 13414
NUS, mosmols/kg H20 683 450 <0.001 964 £66 NS|| 706 £41 <0.05 841438
U/P inulin 223422 NS 198 +15 NS 278 +£23 <0.01 21019
Solute excretion,
posmol min~! g kw1 3.98 +0.60 <0.01 6.96+1.23 NS 3.53+0.49 <0.025 5.6840.79
FE total solute, %, 1.240.11 <0.005 2.0+0.12 NS 1.0+0.10 <0.025 1.5+0.15
FE sodium, %, 0.1-0.03 NS 0.240.07 NS 0.1+£0.03 NS 0.140.04

Data are the mean =+ SE. Abbreviations: FE, fractional excretion as percent of load ; kw, kidney weight; NS, not significant (P > 0.05);
NTUS, nonurea solute; U/P inulin, urine-to-plasma inulin.

* One urinary sample was lost.

1 Significance of the difference between first and second period, using paired comparison.

§ Significance of the difference in change between periods in group I compared to that in group II, using group comparison.
110.05 < P < 0.06.
i
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TasLe 111
Composition of Fluid from Collecting Duct Tips

Group I, urea infusion (2 = 10)

Group II, control (# = 8)

First period P* Second period Pt First period P* Second period

Osmolality,

mosmols/kg H-0 68652 <0.001  1,047+74 <0.01 71267 NS 795+49
Urea, mM 105+16 <0.001 337+42 <0.001 112420 NS 133+10
NUS,

mosmols/kg H»0 581+43 <0.05 71037 NS 600452 NS 662+43
TF/P inulin 122414 NS 111411 NS 162 +14 NS 13117
TF/P osmolality 2.24+0.16  <0.001 3.25+0.21 <0.025 2.28+0.21 NS 2.544-0.17
FE total solute, % 244038 <0.025 3.24+0.30 NS 1.5+0.16 <0.05 2.240.28
FE sodium, % 0.440.08 NS 0.440.13 NS 0.3+0.05 NS 0.4+0.11

Data are the mean =+ SE. Abbreviations: FE, fractional excretion as percent of filtered load; NS, not significant

(P > 0.05); NUS, nonurea solute.

* Significance of the difference between first and second period, using paired comparisons.
1 Significance of the difference in change between periods in group I compared to that in group II, using group

comparison.

nificantly after urea infusion. Fractional excretion of
total solute, water, and sodium was comparable in both
groups of rats.

Descending limb fluid (Table IV).! The concentra-

*For reasons previously discussed (13), we consider
fluid obtained near the hairpin turn of Henle’s loop to rep-
resent fluid from the end of the descending limb.

tion of urea rose strikingly in loop of Henle fluid in the
urea-infused rats, while changing only slightly in the
control group (Fig. 1). Indeed, the infusion of urea to
these protein-depleted rats restored the urea concentra-
tion of descending limb and collecting-duct fluids to val-
ues similar to those previously found for antidiuretic rats
fed normal diets (287 mM = 32 and 345 mM = 42 in de-

TaBLE IV
Composition of Fluid from End-Descending Limb

Group I, urea infusion (z = 10)

Group 11, control (n = 8)

First period P* Second period Pt First period P* Second period

Osmolality,

mosmols/kg H-0 629146 <0.001 1,052+88 <0.025 61549 <0.01 792439
Urea, mM 82+16 <0.005 261438 <0.01 89+16 <0.025  125+15
Sodium, meg/liter 245419 <0.001 354429 NS 23617 <0.005  316+13
TF/P inulin 4.624+0.52 <0.025 6.41+0.72 <0.025 4.55+0.68 NS 4.18+0.36
TF/P osmolality 2.0140.13  <0.001  3.25+0.25 <0.025 1.97+0.16 NS 2.53+0.14
TF/P sodium 1.64+0.12  <0.001 2.32+0.18 NS 1.584+0.10 <0.005 2.11+0.10
TF/P urea 28+7 NS 20+4 NS 38+8 NS 37+6

Data are the mean & SE. Abbreviations: Same as in Table IV.
* Significance of the difference between first and second period, using paired comparisons.
1 Significance of the difference in change between periods in group I compared to that in group II, using group

comparison.
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FiGure 1 The concentration of urea (mM) in vasa recta
plasma (VR) and in fluid from descending limbs (DL)
and collecting ducts (CD) during period one (before) and
period two (after) in group I (urea) and group II (con-
trol) rats.

scending limb and collecting duct fluid (16), respec-
tively, vs. 261 mM = 38 and 337 mM = 42 in the present
study). The mean TF/P urea in the control periods was
not significantly different between the control and urea-
infused animals. The variability in TF/P urea reflects
the very low concentrations of plasma urea in the control
rats in both periods and in the urea group during pe-
riod I. A small error in the analysis of plasma urea
would result in a large change in the corresponding
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Figure 2 TF/P inulin of fluid at the end of the descend-
ing limb during period one (before) and period two (after)
in group I (urea, solid line) and group II (control, dashed
line). The TF/P inulin increased significantly after urea
infusion, but did not change significantly in the control
animals.

TFE/P urea. Because the concentration of urea increased
by a greater factor in the plasma than it did in the
tubule fluid, the mean TF/P urea was slightly but not
significantly lower after urea infusion.

The increase in osmolality of fluid at the end of the
descending limb after urea infusion (423%76 mosmols/

TABLE V
Composiiion of Plasma from Ascending Vasa Recta

Group I, urea infusion (n = 8)*

Group II, control (» = 8)

First

Second

First Second
period Pt period P§ period Pt period
Osmolality,
mosmols/kg H.0 705+£62 <0.005 985+91 NSJj 706+54  <0.05 830443
Urea, mM¢ 7115 <0.001  302+41 <0.001 95+17 NS 134+14
Sodium, meq/liter 26624 \S 280427 NS 27621 NS 309413

Data are the mean & SE. Abbreviations: same as in Table 1V.
* n = 8 rather than 10 becausc in two rats ascending vasa recta plasma not obtained in both periods.

1,§ Same as in Table II.
10.05 < P < 0.06.

T Corrected for plasma water, assuming protein concentration of vasa recta plasma = 5 g/100 ml.

Effect of Urea on Urinary Concentrating Mechanism in Protein Depletion
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TaBLE VI
Osmotic and Solute Concentration Differences between Descending Limb and Ascending Vasa Recta

Group I, urea infusion (n = 8)*

Group 11, control (z = 8)

First period Second period AL First period Second period At
Osmolalitypr — osmolalityavr, —85+37 —9+45 76+39 —914+34 —38+41 53141
mosmols/kg H-0 0.05 < P < 0.06 NS NS P <0.05 NS NS
[Urea]pr — [urea]avr, mM 1417 —824+29 —96+33 —6+15 —-91+4 —3+13
NS P <005 P<0.01 NS NS NS
[Nalpr — [NaJavr, meq/liter —27+£20 57+26 84+25 —27427 23+12 50432
NS NS P < 0.025 NS NS NS

Data are mean + SE. Abbreviations: AVR, ascending vasa recta; DL, descending limb; NS, not significant (P > 0.05).
* n = 8 rather than 10 because in two rats ascending vasa recta plasma not obtained in both periods.

t A = second period minus first period.

Comparing the A between the first and second period in the urea infusion group with that between the first and second
period in the control group, only the A’s for [urea]pr — [urea]avr were significantly different between the two groups

(P < 0.01).

kg H20) was significantly greater than in the control
group (177%46 mosmols/kg H:0). The TF/P inulin of
fluid at the end of the descending limb increased sig-
nificantly after urea infusion from 4.62+0.52 to 6.41+
0.72 but did not change significantly in the control group
(4.55%0.68 to 4.18+0.36) (Fig. 2). There was a signifi-
cant increase in TF/P sodium of descending limb fluid
in both groups; urea infusion had no differential effect.

Vasa recta plasma (Table V). The osmolality of vasa
recta plasma increased significantly in both groups of
rats, 280+56 mosmols/kg H-O after urea infusion and
124+48 mosmols/kg H=0 in the control group. The
concentration of urea rose strikingly after urea infusion,
but the concentration of sodium did not change signifi-
cantly.

Comparison of loop fluid and adjacent vasa recta
plasma (Table VI). The differences in osmolality and
concentration of sodium and urea between descending
limb fluid and plasma of adjacent ascending vasa recta
are shown in Table VI. In both groups during the first
period, the osmolality of vasa recta plasma was slightly
higher than that of adjacent descending limb fluid (0.05
< P <0.06 in group I and P < 0.05 in group II), but the
difference disappeared during the second period. After
infusion of urea, the concentration of urea in vasa recta
plasma was significantly higher than that in adjacent
descending limb fluid.

The difference in sodium concentration between fluid
in loops and adjacent vasa recta was not statistically
significant in either period. However, after urea infu-
sion, the sodium concentration difference changed sig-
nificantly in a direction favoring diffusion of sodium out
of loop of Henle fluid, while the change was not sig-
nificant in the control group.
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DISCUSSION

Control group. The osmolality of urine, loop fluid,
and vasa recta plasma increased between the first and
second periods in the control rats. Especially marked was
the increase in osmolality of fluid from the descending
limb (4 30%). Presumably the cause for the general
rise in osmolality is related to those factors responsi-
ble for the increase in concentration of sodium in fluid
in the descending limb from 236 to 316 meq/liter. We
have no ready explanation for this finding. However,
the rats excreted a urine at the beginning of surgery sig-
nificantly less concentrated (mean =430%=94 mosmols/
kg H:0, unpublished data) than urine formed during the
first period, 1 h after the ADH-containing infusion was
begun. The increase in concentration of sodium in de-
scending limb fluid may represent in part a cumulative
effect of ADH, analogous to the effect of ADH in diu-
retic rats (19), or water deprivation in normal rats (20).
We assume the factors responsible for the changes in the
control animals were the same in the urea-infused rats,
but cannot be certain.

Urea-infused group. The osmolality of urine from the
right kidney increased after urea infusion by 59%, re-
flecting an increase in the concentration of both urea
and nonurea solute, in accord with published findings
(1-6). We have previously observed (13, 16, 21), as
have others (22-24), that exposure of the papillary tip
compromises the ability to elaborate a concentrated urine.
(Compare urinary osmolality from right and left kid-
neys in Tables II and III.). However, it is noteworthy
that after urea infusion, urinary osmolality increased by
the same proportion in left and right kidneys and uri-
nary concentrations of urea and nonurea solute from both

J. P. Pennell, V. Sanjana, N. R. Frey, and R. L. Jamison



sides were significantly increased. The osmolality and
urea concentration of collecting tubule fluid after urea
infusion were similar, respectively, to values previously
found in normally fed rats (16). Thus, it seems reason-
able to infer that changes in the composition of loop of
Henle fluid and vasa recta plasma in the exposed papilla
after urea infusion reflect qualitatively similar changes
in the undisturbed contralateral kidney.

Loop of Henle fluid and vasa recta plasma. The ex-
perimental design permits a direct examination of the
composition of papillary fluid compartments in vivo be-
fore and after enhancement of urinary concentration by
urea administration to protein-depleted rats.

Although loop fluid and vasa recta plasma were ini-
tially hyperosmotic, the osmolality of each was substan-
tially enhanced after urea infusion. The urea concentra-
tion in both vasa recta plasma and loop fluid was low in
period I (Fig. 1), but after the urea infusion it was
significantly higher in vasa recta plasma than in fluid in
an adjacent descending limb (Table VI).

A striking finding after urea infusion was the increase
in mean TF/P inulin in the end-descending limb from
4.62 to 6.41, the latter value similar to that found in
normal antidiuretic rats (13, 14, 16) (Fig. 2). The
site in the nephron in which water reabsorption was en-
hanced cannot be determined precisely because the juxta-
medullary proximal tubule and its short pars recta (25)
are inaccessible, but it is likely to be the descending limb.
The reflection coefficient for urea of the isolated proximal
tubule in vitro is approximately 0.7 (12), so that an in-
creased urea concentration in the glomerular filtrate
would, if anything, retard proximal tubule fluid reab-
sorption. The TF/P inulin at the end of the juxtamedul-
lary proximal tubule can be estimated indirectly. Assum-
ing (@) zero net transtubular flux of sodium across the
descending limb (and pars recta in the outer medulla)
and (b) TF/P Na=1.0 in the juxtamedullary proximal
tubule at the corticomedullary junction, the TF/P inulin
at that point can be calculated by dividing end-descend-
ing limb TF/P inulin by end-descending limb TF/P Na
(16, 19). Computed in that manner, the TF/P inulin in
the juxtamedullary proximal tubule at the corticomedul-
lary junction was 2.85+0.28 before and 2.85+0.38 after
infusion of urea. Hence, we infer that the increase in
TF/P inulin after urea infusion was due to increased
water extraction from the descending limb.

Role of urea in the urinary concentrating mechanism.
Several investigations have focused upon the mechanism
by which urea increases urinary osmolality (26-28).
Berliner, Levinsky, Davidson, and Eden (26) proposed
that urea supplied by passive diffusion from medullary
collecting duct urine is maintained at a high concen-
tration in the medullary interstitium by countercurrent
exchange with Henle’s loops and vasa recta. As a re-

Effect of Urea on Urinary Concentrating Mechanism in Protein Depletion

sult the high urinary concentration of urea adds to total
urinary osmolality and is osmotically balanced across
the collecting duct by interstitial urea rather than sodium
chloride.

Recently another mechanism has been postulated for
urea enhancement of urinary osmolality (9, 10). Stephen-
son (9) proposed that inner medullary hypertonicity is
achieved by either an active transport mode or a passive
mode. In both modes, solute (NaCl reabsorbed from the
thin ascending limb and urea reabsorbed from the col-
lecting duct) enters the vascular core (vasa recta and
medullary interstitium) and extracts water from the
descending limb, thereby increasing its solute concentra-
tion. The distinction between the two modes lies in the
NaCl reabsorptive process in the thin ascending limb.
In the active transport mode Na* is actively reabsorbed
from the thin ascending limb, a proposal identical to that
of Kuhn and Ramel (29) and reflecting Kuhn’s original
idea (30) that Henle’s loop is the site of the energy re-
quiring process by which water and solute are separated
(“single effect”). In the passive mode, extraction of wa-
ter from the descending limb elevates the Na* concen-
tration of fluid delivered into the thin ascending limb
above that in the vascular core so that a concentration
difference is established for the passive reabsorption of
Na* from the thin ascending limb by diffusion down its
electrochemical gradient. One difference between active
and passive modes, therefore, is that the greater the ex-
tent to which solute is secreted into the descending limb
(solute recycling) rather than water extracted from
it, the more difficult it is for a passive mode alone to gen-
erate the necessary driving force for Na* reabsorption
from the thin ascending limb. For example, since the
contents of the descending limb and medullary inter-
stitium are in osmotic equilibrium, or very close thereto
(31-34, Table VI), as more urea diffuses into the de-
scending limb from the interstitium, and lessens the dif-
ference in urea concentration between the two compart-
ments, the difference by which the sodium concentration
in loop fluid exceeds that in the interstitium must neces-
sarily be diminished.

Kokko and Rector (10) proposed in their passive
model that fluid in the descending limb becomes concen-
trated almost exclusively (96%) by water extraction ow-
ing to the high medullary interstitial urea concentration,
and that hypertonicity of the inner medulla is maintained
in a way similar to Stephenson’s passive mode. In both
passive models the energy required for medullary hyper-
tonicity is supplied by active Na* reabsorption by the
urea-impermeable thick ascending limb in the outer
medulla and cortex, which results in a high urea concen-
tration in collecting tubule fluid reaching the inner
medulla (9, 10). It now seems clear that chloride, not
sodium, is the principal ion actively transported out of
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the thick ascending limb (35, 36), but presumably
whether sodium or chloride is actively transported is of
little consequence to the theoretical models.

Our finding of enhanced water reabsorption in the
descending limb after urea infusion confirms an im-
portant prediction of the passive models for the concen-
trating mechanism in vivo. To ascertain whether the in-
creased water extraction led to an enhanced driving force
favoring NaCl reabsorption from the thin ascending
limb, we compared the composition of descending limb
fluid and adjacent vasa recta plasma in the first and
second periods in experimental and control animals
(Table VI). In neither period was the difference in Na*
concentration between descending limb fluid and vasa
recta plasma significant, although the change from first
to second period was statistically significant and in a
direction predicted by the passive models. The gradient
for Na* diffusion is much less than that suggested by
Kokko and Rector (see Fig. 2 in reference 10), but they
have stated (10) that the absence of NaCl gradients at
the bend of the loop does not necessarily negate their
model because given the right combination of perme-
ability characteristics and flow rates, a sufficiently hypo-
osmotic tubule fluid could be generated as fluid moves
up the thin ascending limb into a region of lower inter-
stitial salt concentration.

The high concentration of urea in fluid at the end of
the descending limb after urea infusion (mean =261
mM) presents two difficulties for a completely passive
concentrating mechanism, one concerning the concen-
trating process in the descending limb and the other
regarding the diluting process in the ascending limb.
Calculations of the percentage of filtered urea remain-
ing in fluid at the end of the descending limb
([TF/P urea]/[TF/P inulin]) X 100 reveal values
consistently greater than 1009, indicating net urea ad-
dition (secretion). In the first period the percentages
remaining were 9309,+290% SE, control group, and
6509,+1809, urea group (difference not statistically
significant). In the second period the percentage re-
maining did not change significantly in control rats,
9109,+1509. Although it declined to 3009509, after
urea infusion, because the urea concentration increased
by a greater factor in the plasma than in the tubule
fluid, the change in percentage of filtered urea remaining
was not statistically significant. The precise values are
subject to some analytic uncertainty, especially in those
periods where the plasma urea concentration was low,
but it is clear that there was a large component of urea
secretion in the juxtamedullary nephron up to the hairpin
turn. Presuming the absence of urea secretion into the
juxtamedullary proximal tubule, the most likely site of
urea secretion is the descending limb.

The first difficulty posed by urea secretion for the
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passive models is: how can urea simultaneously extract
water from the descending limb and be secreted into the
descending limb? As indicated in the Appendix, a likely
answer stems from the relative permeabilities of the de-
scending limb to water and urea and the progressive in- -
crease in urea concentration in the inner medulla. We
suggest the processes of water extraction and urea se-
cretion are to a large degree spatially separated within
the descending limb, water extraction occurring primarily
in the initial half, and transtubular urea entry primarily
in the distal half. This need not require varying permea-
bility characteristics along the descending limb, but
simply reflects the fact that water is reabsorbed by
the descending limb at a faster rate than urea enters
(see Appendix).

The second difficulty created by the high urea con-
centration in end-descending limb fluid with regard
to the passive models is the implication that fluid
issuing from the juxtamedullary thick ascending limb
is hyperosmotic. It is essential to the passive models
that a difference in urea concentration exist between
medullary interstitium and thin ascending limb fluid
favoring urea diffusion into the thin ascending limb
throughout the entire inner medulla. Since both thin
(37-39) and thick ascending limbs (35, 36) are im-
permeable to water and the thick ascending limb is im-
permeable to urea (40), it follows from the assumption
of a gradient favoring urea entry into the thin ascend-
ing limb that the concentration of urea progressively
increases as the tubule fluid ascends within the thin
ascending limb and is maintained at its highest con-
centration throughout the thick ascending limb. Thus
the concentration of urea in fluid at the end of the
descending limb, according to the model, sets a lower
limit for the concentration of urea in fluid leaving the
juxtamedullary thick ascending limb in the cortex.
Presumably other solutes are present in fluid in the
thick ascending limb, too, notably NaCl (41). It is
likely, therefore, that the total osmolality of fluid
emerging from the juxtamedullary thick ascending limb
in the cortex would exceed cortical interstitial osmo-
lality, ie., the fluid would not be hypo-osmotic but
hyperosmotic. Indeed, this possibility is implicit in
Kokko and Rector’s original description (Fig. 2 in ref-
erence 10). However, an essential requirement of the
countercurrent multiplier is that fluid leaving Henle’s
ascending limb be significantly hypo-osmotic to that
entering the descending limb, i.e. to the cortical inter-
stitium, as has been found to be the case for fluid
emerging from the superficial thick ascending limb
(42). Kokko has stated (personal communication) that
hyperosmotic fluid may issue into the juxtamedullary
distal tubule as long as the net result is the delivery
of a hypo-osmotic fluid into distal tubules as a whole.
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In other words, dissipation of the osmotic gradient
owing to net removal of solute in excess of water from
the medulla by juxtamedullary nephrons is offset by
the counter-balancing action of the delivery of hypo-
osmotic fluid from the medulla by the superficial ne-
phrons, since they outnumber juxtamedullary nephrons
by three or four to one in the rat.

On the other hand, if fluid issuing from the juxta-
medullary thick ascending limb is hypo-osmotic to the
cortical interstitium, urea reabsorption must occur in
the ascending limb, presumably the urea-permeable thin
segment. Since NaCl is the other principal solute pres-
ent, to the extent that urea diffuses out of the thin
ascending limb, continued reabsorption of NaCl in that
segment can no longer be accounted for by the proposed
passive mechanism.

The present findings do suggest that urea contributes
to the inner medullary concentrating mechanism by
extracting water from the descending limb, elevating
the concentration of NaCl in fluid entering the thin
ascending limb, and reducing net back leak of NaCl
from interstitium to tubule lumen (9). Thus urea may
enhance net reabsorption of NaCl from the thin ascend-
ing limb by the simultaneous operation of both active
transport and passive modes (9).

To summarize, enhanced urinary osmolality in pro-
tein-depleted rats infused with urea is attended by:
(a) increased papillary hypertonicity; (b) increased
urea concentration in all papillary structures; and (c)
increased water extraction from the descending limb.
Moreover, a small but statistically significant shift in
the transtubular difference in sodium concentration was
observed favoring the efflux of salt from the thin as-
cending limb and minimizing back leak. The results
provide strong support for the idea that urea extracts
water from the descending limb, but in our view they
are difficult to reconcile with a purely passive inner
medullary concentrating mechanism, suggesting in-
stead that solute (NaCl) reabsorption from the thin
ascending limb occurs, at least in part, by active
transport.

APPENDIX

The purpose of this Appendix is to examine whether urea
in the medullary interstitium can contribute to the osmotic
driving force for extracting water from the descending limb
of Henle (DLH) and at the same time enter the DLH in
substantial quantities over its length. The results of the de-
termination are affirmative and indicate that the processes
of water extraction and urea entry occur to a large extent
at spatially separate sites in the DLH. The numerical
values, though close to data obtained in vivo, are intended
as a qualitative, not a quantitative representation.

The model chosen is a semi-flow-through system in which
exterior conditions are forced to represent linear concen-
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tration profiles for NaCl and urea in the medullary inter-
stitium.

At any given point, #, along the length of the DLH, the
equations governing transtubular fluxes of solvent and sol-
utes are provided by irreversible thermodynamics (43),
and are:

Jo=1Ly-S» (8p — ZwosAmi) for the solvent, (1)

and

Ji=P¢S,ACi+Ci (1—a)J, for the solutes i, (2)
where J, is the transmembrane water flux, J¢ is the trans-
membrane flux of solute 4, L, is the membrane hydraulic
permeability, P; is the membrane permeability to solute i3,
o is the reflection coefficient of the membrane to solute %,

w is the osmotic pressure due to solute 7, Ci is the log
mean concentration of solute 4, S, is the surface area per
unit length of the membrane, and p is the hydraulic pres-
sure.

The system is governed by a set of mass balance equations
for the rates of change of mass flow down the DLH of
solvent and solutes. For the purpose of simplicity, only
equations for water and urea are considered here, although
the interior and exterior NaCl concentrations affect the
former. An equation for NaCl is not coupled to the other
two as it is assumed that there is no movement of NaCl
across the membranes (11).

The differential mass balance equations are:

dQ .
i J, for volumetric flow rate, 3)
where

Q = volumetric flow rate, J, = water flux out of the DLH
lumen, and # = length down the DLH.

d(C

—(d;Q—) = J, for urea mass flow rate, 4)

where C = concentration of urea in the DLH Ilumen and
» = urea flux into the DLH lumen.

Eq. 4 can be expanded to

dQ dc
Cdx + de =Ju

and from Eq. 3 we get

dc 1

dx "0 (Ju + CTy). ()

The two terms on the right side represent the increase
in urea concentration due to urea entry and water extrac-
tion. Egs. 3 and 5 represent a pair of coupled first-order
nonlinear differential equations, since Ju and J, are func-
tions of C.

The expression for J, is simplified by consideration of
only the osmotic term (the hydraulic pressure gradient can
be safely assumed to be negligible across the DLH in vivo).
The second term (solvent drag) in the expression for the
urea flux, Ju, was also assumed negligible to the first order
and this was confirmed a posteriori.
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The pair of equations were solved simultaneously using
Runge-Kutta-Merson numerical scheme for the following
conditions: flow rate entering DLH, 9 nl/min; osmolality
of NaCl entering the tubule, 300 mosmol/kg H:0; osmo-
lality of urea entering the tubule, 0 mosmols/kg H:O; ex-
ternal urea concentration, varying from 0 to 300 mosmols/
kg H.O linearly along the DLH length; external NaCl
concentration, varying from 300 to 700 mosmols/kg H.:O
linearly along the DLH length; length of DLH, 5 mm;
Pyacy, assumed 0 to consider only the effect of urea entry;
Oures, 0.95; onac1, 0.96; surface area to length of DLH ratio,
6 X107 cm,

The equations were solved for two urea permeabilities
reported in the literature (12, 37). For Purea=15X 10®
cm/s (12), the results were as follows:

Length Flow Urea

along ratein concen- Urea mass

DLH DLH tration flow rate
mm nl/min mM mol X 10711 /min
0 9 0 0

0.5 7.6 0.5 0.42
1.0 6.3 2.6 1.68
1.5 54 6.7 3.60
2.0 4.8 13.0 6.18
2.5 4.3 219 9.42
3.0 39 33.5 13.2
3.5 3.6 479 174
4.0 34 64.9 22.0
4.5 3.2 86.6 25.9
5.0 3.0 106.4 32.2

We see that there is a threefold drop in flow rate from
9 nl/min to 3 nl/min, with most of the drop occurring in
the first half of the DLH. Urea entry, on the other hand,
takes place in increasing quantities as a function of dis-
tance, and very little urea enters over the early portion of
the descending limb. Urea concentration therefore remains
low in the early portion of the DLH, but rises sharply
later on, due both to entry of urea and additional water ex-
traction.

Under these conditions over the earliest sections of the
DLH, eg. the first millimeter, the lumenal fluid tends to
equilibrate by water extraction almost exclusively. It is
reasonable, then, that Kokko should have found this to be
the case in vitro, since only small segments of DLH
(approximately 1-2.8 mm) were perfused (11, 12). More-
over in the in vitro studies, the bath was made uniformly
hyperosmolar to the perfusate by addition of solute (urea,
or urea and salt) (11, 12). Thus there was a large osmotic
gradient for water movement. Invivo, fluid in each succes-
sive segment of the DLH, as it enters a deeper stratum of
the medulla, encounters only a minute osmotic driving force
if the contents inside are already close to osmotic equilib-
rium. Thus a large hydraulic permeability of a tubular mem-
brane does not imply dominance of water extraction over
solute entry, especially if, as a result of this permeability,
the osmotic gradients are very small over all but the earliest
portion of the tubule.
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When Purea =15X 10° cm/s (37), the results were
quantitatively different, but qualitatively similar:

Length Flow Urea

along rate in concen- Urea mass

DLH DLH tration flow rate
mm nl/min mM mol X 1071 /min
0 9 0 0
0.5 7.7 5 3.96
1.0 6.5 20 13.2
1.5 5.8 43.7 254
2.0 5.3 72.5 38.6
2.5 49 104 51.6
3.0 4.6 138 63.8
3.5 4.3 172 75.0
4.0 4.1 207 85.2
4.5 3.9 241 94.2
5.0 3.7 274 102

Note that in either case NaCl was not allowed to pass
into the DLH lumen from the exterior. Releasing this
constraint would further increase solute entry over the
length of the DLH as opposed to water extraction.

In summary, although both water abstraction and solute
entry occur over the entire length of DLH, the decrease in
flow rate in the DLH occurs principally over its initial por-
tion, whereas solute entry, and particularly solute concen-
tration of fluid in the lumen, rise largely over the later
portion. The effects are more separated spatially for smaller
solute permeability and larger hydraulic permeability. In
this manner urea in the medullary interstitium acts to ex-
tract water from the DLH and also diffuses into the DLH.
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