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ABSTRACT 

Para-aminohippurate (PAH) transport, urea tranpsort, and fluid 

absorption were studied in isolated perfused frog (Rana catesbiana) 

proximal renal tubules. With 2 x 10 ** M PAH in the bath, net PAH se

cretion occurred from bath to lumen against a concentration gradient. 

The tubule fluid-to-bath (TF/B) concentration ratio averaged 3.0 and 

-15 -1 -1 the net. secretion averaged 737 x 10 moles min mm in the proximal-

proximal and intermediate-proximal segments of the proximal tubule. Net 

PAH secretion did not vary with perfusion rate. The transport of PAH 

was not enhanced by 10 mM acetate in the bath. During PAH secretion, 

the cell water PAH concentration exceeded that in the tubular fluid or 

bath, suggesting active transport into the cells and subsequent diffu

sion into the lumen. In accord with this concept, the luminal membrane 

-5 -1 permeability (3.8 x 10 cm sec ) calculated from perfusion studies was 

about 6 times greater than the peritubular membrane permeability (0.66 x 

10 ^ cm sec determined from studies of PAH efflux from tubules with 

oil-filled lumens. These values are almost identical with those ob

tained in snake (Thamnophis spp) isolated perfused tubules. When the 

bath PAH concentration was varied from 2 x 10 ^ to 2 x 10 ̂  M during 

-5 
perfusion, net transepithelial transport saturated at about 6 x 10 M. 

This saturation concentration is similar to that observed in frogs in 

vivo and in snake isolated perfused tubules. The addition of 20 mM urea 

to a PAH bath concentration of 2 x 10 ^ M reduced net PAH secretion by 

32% (P < 0.02). 

ix 
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Urea transport was examined in the proximal-proximal and 

intermediate-proximal renal tubules. The ratio of urea concentration 

in the cell water at steady-state to that in the bath (urea C/B ratio) 

averaged 0.48 in nonperfused tubules. When the bath temperature was 

elevated from 25° to 35° C, the urea C/B ratio averaged 0.73. During 

perfusion experiments, the urea TF/B ratio averaged 0.57 over the range 

of perfusion rates of 0.7 to 25 nl min . Net transepithelial urea 

-15 -1 -1 
transport rates averaged 68.02 x 10 moles min mm . The urea 

transport rate increased with perfusion rate. No evidence was found to 

support active urea transport in the isolated perfused frog proximal 

renal tubule. Several possible explanations could account for this re

sult: 1) the perfused segments are not sufficiently long to demonstrate 

net secretion; 2) the transport mechanism is destroyed during the tubule 

dissection; 3) urea secretion is under the control of some humoral fac

tor not present in these experiments; or 4) active urea transport does 

not exist in the proximal tubule of the frog. 

Fluid absorption in proximal-proximal tubules averaged 0.34 nl 

min ^ mm ^ for 29 tubules. This is almost identical with that estimated 

to occur in the intact animal. Ouabain (10 ̂ , 10 or 10 ̂  M) added to 

the bath blocked fluid absorption. Fluid absorption was partially re

stored following removal of ouabain. 



INTRODUCTION 

The frog, as a research animal, has played an integral role in 

the evolution of knowledge in the field of physiology. Physiologists 

have studied the skin, urinary bladder, and kidneys of the frog to 

elucidate some of the fundamental mechanisms of renal function. In the 

present study, the bullfrog is also shown to be one of the few animals 

with kidney tubules which can be dissected and examined with the iso

lated perfusion technique. 

This introduction is meant to provide the reader with some in

sight into the background which led to the present studies. The sec

tions which follow begin with the anatomy of the frog kidney and proceed 

to a historical review of renal mechanisms with emphasis on urea secre

tion, p-aminohippurate (PAH) secretion, and fluid absorption. The 

concluding portion of the introduction presents the aims of the present 

study. 

Anatomy 

The kidneys of the frog are reddish brown, elongated organs of 

semilunar shape (Ecker 1971). They are located retroperitoneal on 

either side of the aorta and the inferior vena cava (Figure 1), and are 

invested with a thin capsule of connective tissue. The kidney in a sin

gle 570 g specimen of Rana catesbiana measured 42 mm long, 10 mm wide 

and 2 to 3 mm thick. The adrenal gland covers the rostral two-thirds 

of the ventral surface of each kidney. 

1 
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Inferior Vena Cava 

Aorta 

Kidney 

'<—Renal portal vein 

Anterior abdominal vein 

Iliac vein 

Figure 1. Frog renal blood supply. 

Redrawn from Cusliny (1926, p. 94). 
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The renal blood supply is comprised of the renal artery and the 

renal portal vein (Figure 2). The aorta gives off several renal ar

teries which are distributed to the ventral surface of the kidney. The 

renal artery branches several times before giving off the afferent ar

teriole which enters the Malpigian corpuscle or glomerulus. The affer

ent arteriole branches to form the glomerular capillaries. The efferent 

arteriole is produced by a confluence of the glomerular capillaries. 

The efferent arteriole branches to form part of the peritubular capil

lary network. The renal portal vein branches off the iliac vein to 

course along the lateral border of the kidney. It gives rise to several 

smaller branches which continue to divide into numerous venules. These 

venules branch and then join the peritubular capillary network in con

junction with the efferent arterioles. The capillaries combine into 

sinuses on the ventral surface of the kidney, providing the beginning 

of the renal veins which join the inferior vena cava. 

The nephron is the basic functioning unit of the kidney. Figure 

3 shows a drawing of a single nephron which was dissected from an acid 

hydrolyzed kidney of Rana catesbiana. The glomerulus is an oval struc

ture located near the ventral surface of the kidney. It averages 125 y 

in length, 100 y in width, and 80 y in thickness (Huber 1917). The 

capsule is formed of connective tissue and flattened epithelium. The 

glomerulus is connected to the proximal tubule by the neck segment. 

This segment is usually less than 100 y long. Ciliated, cuboidal epi

thelium characterized this segment of the nephron. The proximal tubule, 

lined with columnar epithelium, has an average length of 4 mm (Huber 

1917) and an outer diameter of 75.31 ± 2.32 (mean ± SE for 35 
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Renal artery Malpigian corpuscle 

Renal vein 

Renal portal vein 

Figure 2. Frog nephron blood supply. 

Redrawn from Cushny (1926, p. 95). 
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tubules). I have divided the proximal tubule into three segments based 

on anatomical landmarks (Figure 3). Hie proximal-proximal tubule ex

tends from the neck segment to the first bend. The intermediate-

proximal tubule extends from the first to the third bend. The 

distal-proximal tubule extends from the third bend to the thin segment. 

The proximal tubule shown in Figure 3 is typical of most of the nephrons 

in the frog kidney. Nephrons at the borders of the kidney have many 

more convolutions with as many as nine 180° bends in the proximal tu

bule. The total length of these more highly convoluted nephrons is 

similar to the nephron shown. 

The thin segment is lined with ciliated cuboidal epithelium. 

Its average length is 150 y (Huber 1917). The diameter averages 20 p 

(Huber 1917). Its location in the nephron corresponds to Henle's loop 

found in mammalian kidney, but it does not appear to serve any of the 

same functions except the connection of the proximal to the distal 

tubule. 

The distal tubule extends for about 3 mm before joining the 

collecting tubule. Its average diameter is 30 y (Huber 1917). The dis

tal tubule is more tightly convoluted than the proximal tubule. This 

nephron segment is lined with cuboidal epithelium. The bulk of the 

distal tubule is found in the ventral portion of the kidney. The distal 

tubule connects to a short collecting duct which discharges into the 

ductus deferens which, in frogs, also serves as the ureter. The ureter 

is first found on the dorsal surface and extends rostrally toward the 

lateral border where it parallels the renal portal vein to the caudal 

portion of the kidney. 
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The renal nerves and lymphatics are found parallel to the blood 

vessels throughout the kidney. 

Historical Review 

Renal Mechanisms 

Urine is generated by the kidney through a combination of its 

three functional operations: glomerular filtration, tubular absorption, 

and tubular secretion. Glomerular filtration is the separation of 

plasma water and the non-protein constituents, which enter the renal 

tubule, from the blood cells and macromolecules, which remain in the 

blood. Tubular absorption is the removal of water and solutes from the 

tubular lumen to the peritubular fluid and eventually back to the blood. 

Tubular secretion is the addition of solutes to the tubular lumen. Al

though these three processes involved in urine formation are now ac

cepted by all renal physiologists, this was not the case earlier in 

this century. In fact, from the first detailed studies of the kidney 

and its function there developed a major controversy regarding the pro

cesses of urine formation. 

Bowman (1842) presented his detailed anatomical examinations of 

the kidney and, based on the anatomical findings, his hypothesis of the 

renal mechanism of urine formation. Bowman had previously examined the 

liver and other secretory organs and envisioned the kidney in the same 

way. Microscopic examination of the glomeruli convinced him that the 

capsule surrounding the Malpighian bodies was continuous with the proxi

mal tubule, and that fluid leaving the blood vessels could only enter 

the tubular lumen. Bowman (1842, p. 74) proposed that undissolved 
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solutes were added to the urine by secretion from the tubular cells. 

Fluid added by the glomerulus would solubilize the secreted substances. 

Thus the Malpighian bodies are as unlike as the tubes passing 
from them are like the membrane, which, in other glands, secerns 
its several characteristic products from the blood. To these 
bodies, therefore, some other and distinct function is with the 
highest probability to be attributed. The peculiar arrangement 
of the vessels in the Malpighian tufts is clearly designed to 
produce a retardation in the flow of blood through them. It 
would indeed be difficult to conceive a disposition of parts more 
calculated to favor the escape of water from the blood than that 
of the Malpighian body. A large artery breaks up in a very di
rect manner into a number of very minute branches, each of which 
suddenly opens into an assemblage of vessels of far greater ag
gregate capacity than itself, and from which there is but one 
narrow exit. Hence must arise a very abrupt retardation in the 
velocity of the current of blood. The vessels in which this de
lay occurs are uncovered by any structure. They lie bare in a 
cell from which there is but one outlet, the orifice of the tube. 
The orifice is encircled by cilia in active motion directing a 
current towards the tube. These exquisite organs must not only 
serve to carry forward the fluid already in the cell, and in 
which the vascular tuft is bathed, but must tend to remove pres
sure from the free surface of the vessels, and so to encourage 
the escape of their more fluid contents. Why is so wonderful an 
apparatus placed at the extremity of each uriniferous tubule if 
not to furnish water to aid in the separation and solution of the 
urinous products from the epithelium of the tube? 

The mechanism by which fluid is separated from the blood is not clear 

from Bowman's paper, but he does indicate that pressure in the vascular 

system may be the driving force. Since Bowman felt the glomerular cap

illaries were bare, it does not appear that he believed the glomeruli 

actually secreted water. 

Many reviewers have claimed that Bowman indicated that fluid was 

the only urinary constituent added at the glomerulus. However, he ac

tually stated (1842, p. 77), 

...Various foreign substances, particularly, salts, which when 
introduced into the blood, pass off by the urine with great free
dom, exude in all probability through this bare system of capil
laries. The escape, also, of certain morbid products, occasionally 
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found in the urine, seems to be from the Malpighian tufts. I 
allude especially to sugar, albumen and the red particles of 
the blood: the two first of which would transude, while the 
last would escape only by rupture of the vessels. 

The champion of the theory of passive filtration and tubular 

absorption was Ludwig (1844). Working at the same time as Bowman, 

Ludwig proposed that the beating heart and the blood pressure were the 

driving forces for urine formation. He suggested that hydrostatic pres

sure caused constituents to pass through the capillary walls in dilute 

solution which later became concentrated during its passage along the 

nephron by tubular absorption, primarily by the flow of water across the 

tubule wall to the more concentrated lymph outside. Ludwig saw the 

glomerulus purely as a passive filter. 

Acceptance of the theory of passive filtration at the glomerulus 

required, in addition, the theory of tubular absorption since substances 

such as glucose that would pass through such a filter were not found in 

the urine. Ludwig felt tubular absorption would return the needed con

stituents to the blood, leaving the remainder of the glomerular filtrate 

to be lost in the urine. Ludwig believed his theory of urine formation 

could account for all the available facts at the time. Bowman, with 

equal justification, felt tubular secretion was the only mechanism nec

essary to account for urine formation. Thus two camps formed; those 

favoring tubular absorption and those favoring tubular secretion. Both 

camps worked diligently to gather experimental evidence supporting their 

view and refuting the other view. A review of the early literature in

dicates that physiologists felt these two mechanisms were mutually 



10 

exclusive. The co-existence of the two processes in the kidney was not 

considered until the first third of the twentieth century. 

Bowman's (1842) hypothesis was based primarily on anatomical 

observation. Heidenhain (1874) added experimental evidence favoring se

cretion and apparently excluding filtration-absorption. He injected 

indigo carmen into the circulation and failed to find traces of the dye 

in the capsule or glomerular structures. The lumen of the tubule con

tained dye and the cell structures of the proximal tubules were stained. 

These observations led him to conclude that the dye was secreted by the 

tubule cells but not filtered by the glomerulus. Heidenhain assumed 

that the fluid added at the glomerulus was equal to that of the urine 

volume. He felt that the glomerulus itself was a secretory organ which 

secreted the water used to solubilize the secretions of the tubular 

epithelium. This extension of the secretory process has been attributed 

incorrectly to Bowman. However, Heidenhain's histological studies in

dicated the glomerular capillaries were indeed covered with an epithe

lium which he felt contained a secretory function. 

Nussbaum's (1878a, 1878b, 1886) experiments on frog kidneys 

provided the strongest early evidence for tubular secretion. Fortu

itously, he chose an animal which demonstrated renal tubular secretion 

of urea. The dual blood supply to the kidney of the frog made it an 

ideal experimental animal. The blood supply to the glomeruli is de

rived from the renal artery. The peritubular capillaries receive blood 

from both the renal portal veins and the efferent arterioles leaving 

the glomerular capillaries. This dual blood supply makes it possible 

to isolate functionally glomerular filtration from peritubular capillary 
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perfusion. Nussbaum tied off the renal arteries which caused the urine 

flow to cease. Urea was then injected into the renal portal system." 

This produced urine formation at about one-fourth the rate of urine flow 

before the renal arteries were ligated. Glucose injected in the same 

manner produced no urine formation. 

Gurwitsch (1902) extended Nussbaum's experiments on the frog. 

The renal portal vein (RPV) was ligated unilaterally and the amount of 

urine coming from each kidney was measured. When urea was administered, 

the kidney with the occluded RPV elaborated significantly less urine 

than the control kidney. Injected dyes were found in trace amounts in 

the experimental kidney and in abundant amounts in the control kidney. 

Impressive evidence favoring filtration built rapidly. Experi

ments from Ludwig's laboratory showed a parallel between urine formation 

and renal blood pressure. Hermann (1862) demonstrated decreased urine 

formation following a partial occlusion of the renal artery. Tammann 

(1896) calculated that the total osmotic pressure of the solutes in the 

blood was 5840 mm Hg. Pressures higher than this would be required in 

the vascular system to filter pure water through the glomerulus. No 

pressure of this magnitude is found anywhere in the body. From the ob

served arterial blood pressures it appeared that only protein would be 

separated from the water and crystalloid solutes at the glomerulus. 

Starling (1899) found the osmotic pressure of plasma proteins 

to be 25-30 mm Hg. If this force must be overcome to filter fluid 

through the glomerulus and thus form urine, then decreasing arterial 

pressure to this range should eliminate urine formation. His experi

ments showed cessession of urine formation at pressures below 40 mm Hg. 
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He attributed the difference from the predicted value to pressure in 

Bowman's capsule opposing filtration. 

Cushny (1917) put forth his "modern theory" of urine formation 

in his extremely influential monograph on renal physiology entitled 

The Secretion of the Urine. Cushny received his early training from 

Schmiedeberg who had been trained by Ludwig. The "modern theory" pro

posed kidney function as filtration of the non-colloid constituents 

through the capsule and the absorption of "Locke's fluid" through the 

tubule cells. "The capsule furnishes the tubules with the fluid as it 

exists in the circulation, the tubules return to the blood the fluid 

best adapted for the tissues, and allow the rest to escape in the urine" 

(Cushny 1917, p. 47). Cushny felt all the experimental evidence could 

be explained by the "modern theory" without any requirement for tubular 

secretion. Even after Marshall and Vickers (1923) presented their ex

perimental data providing strong evidence for tubular secretion, Cushny 

(1926) rejected the concept of tubular secretion as a "vitalistic" ac

tion. He even dismissed evidence generated in his laboratory in 

Edinburgh by Mayrs (1924) for the secretion of uric acid in the chicken 

kidney. In summing his view of the status of renal function, Cushny 

(1926, p. 62) stated: 

It may perhaps prove necessary to supplement the modern view with 
active secretion in the tubules, though in any case this must be 
a comparatively minor factor in the production of the urine; for 
it is admitted that some urea passes in the filtrate and is con
centrated by the reabsorption of the fluid in the tubules. But 
the necessity for this assumption has not yet been shown, and it 
should be held in reserve, to be invoked only if the simpler view 
which I have presented proves inadequate; and perhaps not even if 
it fails in obscure and occasional cases, but only if it fails 
all along the line. There is as yet no reason to regard the two 
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factors of filtration and reabsorption as inadequate, except such 
as arises from our limited knowledge of the kidney function. 

Cushny died in 1926, believing, to the end, that tubular secretion was 

only a hypothesis which impeded the advancement of renal physiology. 

His stand against tubular secretion appears to be based more on preju

dice than experimental evidence. 

Wearn and Richards (1924) added a great deal of supportive evi

dence to the concept of glomerular filtration with the development of 

the micropuncture technique. Frog glomeruli were punctured with a 

micropipet which was used to withdraw fluid from Bowman's space. Fluid 

analysis showed no plasma protein in the ultrafiltrate. Dye injected 

into the renal artery was found in the ultrafiltrate formed in Bowman's 

space. This clearly demonstrated that dye was added, at least in part, 

by filtration, and was used as an argument against the theory of secre

tion. Extensive experiments showed the concentration of solutes found 

in the ultrafiltrate to be the same as the concentration of these 

solutes in the plasma (Richards 1935). Micropuncture experiments in the 

frog performed by Walker and Elson (1931) failed to provide any evidence 

favoring secretion of urea in the glomerulus, although some experiments 

in which they acknowledged back flux of fluid from the proximal tubule 

showed tubule fluid-to-plasma (TF/P) ratios for urea greater than one. 

The early 1920's saw both groups of supporters widely split with 

no apparent common ground in sight. The absorption concept, embodied 

in Cushny's "modern theory," carried the main stream of renal physiolo

gy. The more "conservative" element, a smaller group indeed, clung to 

the earlier experimental evidence of Nussbaum and Heidenhain for 



support of the belief in tubular secretion. Evidence for both mecha

nisms was strong, though not conclusive, and neither group had concrete 

evidence to disprove either theory. 

Marshall in collaboration with Crane (1923) and Vickers (1923) 

proposed that kidney function embodied all three mechanisms, working 

together, to produce the urine. Marshall's hypothesis was rejected by 

physiologists favoring tubular absorption because he was a strong sup

porter of tubular secretion, a concept they would not accept. Proof of 

tubular secretion came through experiments with the aglomerular goose-

fish. Marshall (1930) injected phenol red and glucose or phlorizin or 

both into the goosefish and the flounder, whose kidneys have glomeruli. 

Only traces of glucose could be found in the urine of the aglomerular 

goosefish, but glucose appeared readily in the urine of the flounder. 

However, phenol red was rapidly removed by kidneys of both fish. This 

was the strongest evidence to date favoring tubular secretion. Richards 

was not yet ready to accept secretion as a normal kidney function. 

In response to Marshall's paper at a 1930 Woods Hole seminar, Richards 

(cited in Schmidt-Nielsen, 1970, p. 227) commented, "I am glad that at 

last Marshall has found an animal that fits in with his theory." 

Marshall's finding that glucose was not secreted by the renal 

tubules of the goosefish led Jolliffe, Shannon, and Smith (1932) to 

examine several non-metabolized sugars in hopes of finding a substance 

suitable for a volume marker. Xylose, sucrose and raffinose all gave a 

good approximation of glomerular filtration rate. All compared closely 

to glucose clearance when the animals had been pretreated with phlori

zin, an inhibitor of tubular glucose transport. Armed with a volume 
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marker, Marshall (1933) repeated his experiments on the frog. 

Urine-to-plasma (U/P) ratios for urea always exceeded those for xylose 

leaving little doubt that tubular secretion did exist. Jolliffe and 

Chasis (1933) showed that man secreted 42% of ingested creatinine. 

These experiments proved that secretion was not an isolated phenomenon. 

Acceptance of secretion as a renal tubular function came only 

after much experimentation and discussion. It is almost certain that 

the depth of the controversy stimulated research in this area. 

Tubular Secretion of Urea in the Frog 

Renal tubular secretion of urea in the frog has been the sub

ject of experimentation since the 1870"s. It was not until Marshall 

(1933) examined urea transport with xylose as a volume marker that tubu

lar secretion was proved to exist in the frog. Today there are still 

many unanswered questions regarding the mechanism of urea secretion. 

Urea secretion in the frog has been approached experimentally 

using at least four different techniques: clearance studies; micro-

puncture studies; isolated perfused kidneys in situ; and kidney slices. 

Each of these techniques has provided new information about urea se

cretion. Yet the precise nature of the process remains unclear. The 

magnitude of secretion, the segment of the tubule involved and the cel

lular site of active transport seem to differ depending on the experi

mental design. 

Clearance studies have shown that the frog is capable of gener

ating a very high urine-to-plasma (U/P) ratio for urea but there is much 

variation found. Marshall and Crane (1923), and Crane (1927) cannulated 



the bladders of unanesthesized Rana catesbiana to obtain uncontaminated 

urine for analysis. To obtain an estimate of cell urea concentration 

in the kidney, they injected distilled water into the dorsal lymph sac. 

In theory, a marked diuresis would decrease the luminal concentration 

of urea, thus giving a more accurate estimate of cell concentration. 

The animals were stunned and the kidneys were rapidly removed and ana

lyzed, for urea content. In all cases urea concentration was greater in 

the kidney than in the blood or any other tissue (Table 1). In most, 

urea concentration in the kidney tissue was higher than that in the 

urine. The dorsal segment of the kidney, consisting primarily of proxi

mal tubules, contained more urea than did the ventral portion, contain

ing the distal tubules. When urea was injected into the dorsal lymph 

sac to raise the plasma concentration, the urea U/P ratio decreased 

toward unity. This indicated saturation of a carrier system. The urea 

U/P ratio averaged 7. Mien frogs were dehydrated the urea U/P ratio 

reached 74. Brief mention was made of the observation that urea secre

tion was less in frogs examined during the winter than those examined 

during the summer, but no experimental figures were given. 

The findings by Jolliffe et al. (1932) that xylose could be 

used as a volume marker prompted Marshall to re-examine urea secretion 

in the frog. From the data in Table 2 there came the first conclusive 

evidence that renal tubular secretion does occur in Rana catesbiana. 

The urea U/P/xylose U/P ratio averaged 9.55 ± 1.67 (SE). The table 

also shows an inverse relationship between urine flow rate and the 

fractions of excreted urea secreted by the renal tubules. The reason 

for this is not clear. It could be due to a constant secretory 
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Table 1. Analysis of urea concentrations in the frog. 

Adapted from Marshall and Crane (1923). 

Experiment 

Urea Concentrations in mM 

Experiment Blood Urine Kidney 

35B 4.0 11.99 17.82 

35 1.67 2.66 7.66 

29 1.17 4.66 9.16 

43 1.67 2.16 3.83 

36 22.81 17.32 
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Table 2. Concentration ratios of urea and xylose. 

Adapted from Marshall (1933). 

Urine Flow Urea U/P Urea Excretion 
Experiment ml hr"l Urea U/P Xylose U/P % Secreted 

1 1.2 34.1 12.72 92 
2.7 23.7 11.91 92 

2 8.2 8.4 4.72 79 
1.6 17.8 7.91 87 

3 11.1 3.3 2.37 58 
6.5 5.8 3.97 75 

4 6.5 23.7 17.17 94 

5 12.8 9.3 4.79 79 

6 1.0 28.4 15.43 94 

7 7.0 8.2 7.07 86 

8 2.4 19.2 6.40 84 

9 1.6 29.0 20.14 95 
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transport rate in one part of the tubule with increased back flux of 

filtered urea at low flow rates in an earlier part of the tubule. How

ever, no absolute transport values were given in this study and it is 

difficult to make any clear interpretation of these variations. It is 

also interesting to note the wide range of urea U/P ratio values as 

well as the variation among animals in the fraction of excreted urea 

secreted by the tubules even when the urine flow is the same (number 2, 

second value, and number 9 in Table 2). 

Schmidt-Nielsen and Forster (1954), examining Rana clamitans, 

found no significant decrease in urea/creatinine clearance from the 

control level with water injection or cold exposure. The urea clearance 

averaged 7.0 times the creatinine clearance. Renal plasma flow divided 

by urea clearance averaged 3.4. This indicates either a large back 

flux of urea to the peritubular fluid or a low transport maximum (Tm) 

for urea which leads to saturation of the available transport sites at 

normal plasma urea concentrations. There were insufficient data to 

differentiate between the two. 

Forster (1954) compared urea secretion in the frog with other 

substances actively transported by the kidney. Bladders were cannulated 

and evacuated prior to collection of control samples. After 3 collec

tion periods of 90 minutes each, an inhibitor was injected into the 

dorsal lymph sac. All experiments using inhibitors were carried out at 

urea plasma concentrations higher than necessary to saturate the trans

port mechanism. Using creatinine as a volume marker, Forster generated 

a saturation curve for urea in Rana catesbiana. The curve shows satu

ration of the transport mechanism at a plasma urea concentration of 



2.5 mM. 2,4-Dinitrophenol (DNP), an uncoupler of aerobic phosphoryla

tion, completely blocked the secretion of urea, showing, at least in 

this condition, that urea is absorbed (Table 3). Probenecid completely 

blocked the secretion of urea, at times unmasking urea absorption. 

Pi'obenecid has been shown to inhibit the secretion of penicillin, phenol 

red and para-aminohippurate (PAH). Forster noted with interest that 

while penicillin, phenol red, and PAH are weak acids at the pH of the 

plasma, urea is essentially neutral, and in no way demonstrates any 

chemical resemblance to the other inhibited substances. Forster did 

not speculate about the biochemical events involved in this inhibition. 

PAH, an actively secreted organic acid, inhibited the urea secretory 

mechanism. Forster did not vary the concentration of PAH to try to 

determine if PAH were a competitive inhibitor of urea transport. 

Although the liver is the primary site of urea production, the 

kidney cells can produce limited amounts of urea. The enzyme arginase 

converts arginine to ornithine and urea. Schmidt-Nielsen and Shrauger 

(1963) examined the effect of various plasma levels of arginine on renal 

cellular urea production. The Conway technique (1947) was used to mea

sure unlabeled urea concentrations in plasma and urine. ^C-Labeled 

urea was also used as a tracer. During control clearance experiments, 

the 14C urea U/P/unlabeled urea U/P ratio averaged 1.0 indicating neg

ligible renal cellular urea production. Administration of DNP (1 mg/100 

g body weight) with "^C urea blocked tubular secretion of urea but did 

not alter the ratio of and unlabeled urea (Table 4). Arginine, 

injected with "^C urea, stimulated renal urea production from 0.6 to 

35 jjM gm wet wt hr \ causing the- "^C urea U/P/unlabeled urea U/P 



Table 3. Effects of various inhibitors on urea excretion. 

Adapted from Forster (1954).* 

Urea Excretion 

Inhibitor Control Experimental 

DNP 8.5 -1.0 

Probenecid 15.3 0.4 

PAH 14.3 5.4 

^Average values in mg kg"-1- hr"l. 
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Table 4. Effect of DNP and arginine on tubular urea production. 

Adapted from Schmidt-Nielsen and Shrauger (1963). 

Urea U/P 14c Urea U/P 14c Urea T/P* 
Creatinine U/P Unlabeled Urea U/P Unlabeled Urea T/P 

"^C Control 7.21 1.04 0.78 

14C + DNP 0.85 1.12 0.54 

14C + Arg. 5.85 0.57 0.31 

14 C + Arg. 
+ DNP 

3.30 0.06 0.12 

*(T/P), (Tissue/Plasma). 
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ratio to decrease 50%. Urea production in the liver would also have 

been increased by the arginine injection, thus contributing to the de

creased C unlabeled urea ratio. When "^C urea, arginine and DNP were 

all administered, urea secretion was decreased but not eliminated. The 

14C urea U/P/unlabeled urea U/P ratio dropped to 0.06. 

Several points emerge from this work. 1) Renal urea production 

is minimal at normal plasma levels of arginine. 2) Administration of 

arginine stimulates urea production. 3) DNP blocks urea secretion, 

presumably by blocking urea uptake at the peritubular membrane. 4) The 

administration of arginine and DNP in the same frog showed that the re

nal cells could produce sufficient urea from arginine to generate urea 

secretion even when the normal urea uptake at the peritubular membrane 

was blocked by DNP. 

In an attempt to determine the active part of the urea molecule 

involved in the transport steps, thiourea, methylurea and acetamide 

were tested to see if they were secreted by the kidney (Schmidt-Nielsen 

and Shrauger 1963). Only thiourea was actively secreted by the renal 

tubule cells but at a much lower rate than urea. DNP administration 

blocked active secretion of thiourea and decreased cellular uptake. 

Plasma thiourea concentrations of 10 mM decreased urea secretion below 

control values. Schmidt-Nielsen and Shrauger (1963) postulated that 

thiourea shared a single transport mechanism with urea but had a much 

lower affinity for the carrier. 

Carlisky, Jard, and Morel (1966) also measured the ability of 

the renal tubule to produce urea. Tissue studies had shown the kidney 

possessed the enzymes necessary to transform both uric acid and arginine 
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to urea. They felt Schmidt-Nielsen and Shrauger's work did not accu

rately measure urea production because the preparation had not been in 

an equilibrium state. Constant infusions of radioactively labeled 

arginine or uric acid were maintained throughout the experiments. In

fusions were administered through the renal portal vein. Analysis 

showed that the renal tubule cells produced 8.7% of the excreted urea, 

7.7% from arginine and 1% from uric acid. 

Long (1973) measured the urea concentration in the renal tissue 

of Rana catesbiana and Rana pipiens during normal and dehydrated states 

(Table 5). The cell water urea concentration was higher in R. pipiens 

than in R. catesbiana in both states of hydration. However, it in

creased in both species during dehydration. During control conditions, 

the urine urea concentration did not differ from that of the renal 

tissue in R. pipiens while the urine urea concentration was twice that 

of the renal tissue in R. catesbiana. The urea concentration in the 

plasma averaged 3.32 mM during control conditions and 3.54 mM during 

dehydration in R. pipiens. It averaged 0.67 mM during control condi

tions and 1.19 mM during dehydration in R. catesbiana. It can be seen 

that the significant difference in the urea U/P ratio between the two 

species is due to both an elevated urine urea and a decreased plasma 

urea in Rana catesbiana. R. catesbiana is considered a strong urea 

secretor while R. pipiens is considered a weak urea secretor. 

Micropuncture studies have provided an analysis of the urea con

tent as fluid moves along the renal tubule to the bladder. During 

micropuncture, the kidney is exposed, supported in a stabilizing cup, 

and covered with mineral oil to prevent drying. In free flow 
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Table 5. Tissue, plasma and urine analysis of urea in Rana pipiens and 
Rana catesbiana. 

Adapted from Long (1973). 

R. pipiens R. catesbiana 

Renal tissue urea, mM 

Normal 

Dehydrated 

6.29 ± 1.08 

9.00 ± 1.41 

4.60 ± 1.55 

7.68 ± 1.34 

Urine urea, mM 

Normal 6.44 ± 1.52 9.88 ± 2.11 

Plasma urea, mM 

Normal 

Dehydrated 

3.32 ± 1.13 

3.54 ± 1.43 

0.67 ± 0.13 

1.19 ± 0.32 

Urea K/P 

Normal 

Dehydrated 

2.97 ± 0.66 

3.40 ± 0.52 

7.18 ± 2.27 

7.26 ± 1.10 

Urea U/P 

Normal 2.76 ± 0.26 14.44 ± 2.48 

Concentration 
gradients (K-P), mM 

Nonnal 

Dehydrated 

2.97 ± 0.38 

5.46 ± 0.65 

3.73 ± 1.33 

6.83 ± 1.23 



micropuncture, the renal circulation and tubular fluid flow, except for 

the puncture site, are left undisturbed. The earliest data concerning 

urea came from the work of Wearn and Richards (1924). They punctured 

the glomerulus and withdrew ultrafiltrate from Bowman's space. Samples 

of bladder urine were also collected. Urea was found in samples from 

both sites but in much greater concentration in the bladder urine. This 

experiment provided good evidence that urea was eliminated, at least in 

part, by glomerular filtration. However, no statement could be made 

denying or confirming urea secretion based on these experiments. Walker 

and Elson (1931), with refined techniques for urea deteimination, demon

strated that the concentrations of urea in glomerular urine and plasma 

were the same. Richards (1935) and Walker and Hudson (1937a, 1937b), 

using the micropuncture technique, examined the urea concentration at 

different sites along the tubule. They found that the urea concentra

tion increased throughout the length of the tubule. Richards finally 

admitted that secretion was a tubular function for urea in the frog 

(Figure 4). Based on the increase in slope, he concluded that the dis

tal tubule would be the primary site for urea transport. The average 

tubule fluid-to-plasma (TF/P) ratio obtained at the last portion of the 

distal tubule was 7.2 with a high value of 20. Using a glucose TF/P 

ratio of 2.0 obtained from frogs treated with phlorizin the urea TF/P/ 

glucose TF/P ratio equaled 3.6. I have assumed here that the phlorizin 

completely blocked glucose reabsorption and that glucose therefore be

came an acceptable volume marker. 

Most recently micropuncture studies by Long (1973) confirmed the 

work of Richards and his colleagues. The urea TF/P/inulin TF/P ratio 



GLOM. PROXIMAL DISTAL URETER 

cx 

4.5 r-

4.0 

3.5 

3.0 

2.5 

2.0 

1.5 

1.0 

1/4 1/2 3/4 

UREA 

-x--' 

1/3 2/3 

LUCOSE (phlorizin) 

DISTANCE ALONG NEPHRON 

Figure 4. Urea and glucose concentrations along the frog renal tubule. 

Adapted from Richards (1935). 



greater than 1.0 in the proximal tubule indicates that net tubular se

cretion of urea occurred somewhere in this portion of the nephron. 

Identifying the segment of proximal tubule from which micropuncture 

samples were taken may be difficult. A review of the tubule geometry 

(see Anatomy section in Introduction) shows that there are at least two 

bends in the proximal tubule at the dorsal surface of the kidney which 

could be punctured. This leaves the puncture site in the proximal tu

bule where the samples were obtained open to some question (Table 6). 

The inulin concentrations in the proximal and distal tubules 

were identical, indicating that no water absorption occurred in the 

distal tubule. However, the urea concentration increased markedly in 

the distal tubule, indicating that additional net secretion of urea oc

curred in this region. The urea TF/P/inulin TF/P ratio in the collect

ing duct equal to that in the distal tubule indicated that no further 

net secretion of urea occurred in the collecting duct. 

The earliest work on controlled perfusion of the kidney was 

carried out by Nussbaum (1886). The glomerular blood supply had been 

cut off by ligation of the renal arteries causing urine flow to cease. 

Injection of urea into the renal venous system or into the lymph sacs 

caused urine to flow, though at one-fourth the rate of the control 

state. The injection of glucose alone did not initiate urine flow.' 

Mien urea and glucose were injected together, the urine began to flow 

and glucose was found to be present in the urine. No quantitative data 

concerning the amount of urea or glucose present in the urine were ob

tained, but it appeared that urea was being secreted and that fluid was 

being added to the lumen concomitantly. 
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Table 6. Renal handling of urea in Rana catesbiana as determined by 
micropuncture experiments. 

Adapted from Long (1973). 

Site Inulin TF/P Urea TF/P 
Urea TF/P 
Inulin TF/P 

Proximal TF 1.20 ± 0.06 1.94 ± 0.20 1.62 ± 0.14 

Distal TF 1.21 ± 0.10 5.11 ± 0.71 4.44 ± 0.82 

Collecting 
duct and 
ureter TF 

2.81 ± 0.44 13.02 ± 2.16 4.57 ± 0.33 

Bladder 3.51 ± 0.47 17.94 ± 2.40 5.20 ± 0.16 



Gurwitsch (1902) modified the experiment by unilaterally ligat-

ing the renal portal vein. The contralateral kidney served as the con

trol. A urea injection into the lymph sac caused the control kidney to 

establish an extensive diuresis while the ligated kidney produced 

markedly less urine. Again no values for urea excretion are available. 

Injected dyes were present only in trace amounts in the experimental 

kidney, but in abundant supply in the control kidney. Gurwitsch argued 

that the renal portal system must be functional for secretion to occur 

and that this mechanism played a major role in urine formation. 

Doubly perfused kidneys have provided evidence on the unidirec

tional fluxes of urea across the renal tubule cells. Cullis (1906), 

doubly perfusing frog kidneys, found that urea was added to the urine by 

both filtration and secretion. She compared the effect of weak urea 

solutions (up to 0.41) with strong urea solutions (up to 4%) and found 

that the higher concentration was much more effective in producing urine 

formation than the lower concentration when only the renal portal vein 

was perfused. Love and Lifson (1958) perfused the renal artery with 

14C urea and the renal portal vein with urea (in some experiments 

the isotopes were reversed) and measured the isotopic unidirectional 

fluxes. The average total secretion rate was 2.9 mg kg ^ hr "K The 

-1 -1 average total absorption was 2.1 mg kg hr leaving an average net 

-1 -1 secretion of 0.83 mg kg hr . Only 28.6% of the total secretion was 

present in the urine as net secretion. Love and Lifson questioned the 

large absorptive value for urea. They proposed that the higher net se

cretion values seen in the intact frog might be due to a decrease in 

flux of urea in the absorptive direction. 



Conway and Kane (1935) examined the uptake of urea by whole frog 

kidneys (Rana temporaria) immersed in Locke solution. Both kidneys were 

removed from the frog and washed in Locke solution for 20 minutes to 

lower the urea concentration to about 5 mM. One kidney was used as a 

control to provide a baseline value for the urea concentration. The 

other kidney was then placed in a urea-Locke solution or in a 

urea-cyanide-Locke solution for 30 minutes. The results showed that the 

kidneys bathed in the urea-Locke solution took up more urea than did the 

kidneys bathed with the cyanide solution (Table 7). The kidneys incu

bated in the control solutions developed a urea concentration about 2.55 

mM higher than those in the cyanide solutions. It should be noted that 

only kidneys placed in the bath containing 3.3 mM urea, which is slight

ly higher than the 2.5 mM urea saturation point determined in vivo by 

Forster (1954) developed an average urea concentration higher than that 

of the bathing solution. However, at each bath concentration, at least 

one experimental kidney did develop a urea concentration higher than 

that of the bath. Based on their experimentally determined diffusion 

-5 2 -1 coefficient for urea of 1.1 x 10 cm min , Conway and Kane felt that 

the inactive kidneys were at the equilibrium values while the active 

kidneys transported more urea than could be accounted for by passive 

distribution. They assumed that diffusion of urea out of the tissue 

would proceed at the same rate as diffusion into the tissue. The tissue 

urea concentrations obtained were 5.66, 3.5, and 4.66 mM greater than 

equilibrium for the three bath concentrations. 

Slice work in its present form was introduced by Forster in 

1948 when he demonstrated phenol red uptake in isolated frog kidney 



Table 7. Effect of cyanide on urea uptake by isolated frog kidneys. 

Adapted from Conway and Kane (1935).* 

Inactive Kidneys Active Kidneys 

Urea Bath Urea Concentration Urea Concentration Urea Concentration Urea Concentration 
Concentration Control After Incubation Control After Incubation 

3.33 

6.67 

13.33 

4.5 

5.2 

4.8 

4.0 
(3.5-4.3) 

6 . 2  
(5.0-8.0) 

9.3 
(8.5-10.0) 

5.2 

5.5 

4.3 

6 . 8  
(4.5-11.8) 

8.3 
(5.2-17.1) 

12.0 
(7.0-17.3) 

*A11 values in mM. 

w to 



slices. O'Dell and Schmidt-Nielsen (1961) examined the urea question 

using frog kidney slices. They followed closely the technical procedure 

used by Conway and Kane (1935). Slices were cut and then washed in a 

urea-free medium for one hour to decrease the tissue urea concentration. 

Some of the slices were removed and analyzed for the baseline urea con

centration while the remaining tissue was incubated in various bath 

concentrations of urea for two hoursSlices from Rana catesbiana were 

divided into dorsal and ventral halves. Slices maintained almost the 

same urea concentration difference from the medium whether they were 

maintained in a urea-free medium or a urea-containing medium. The 

slice-to-medium (S-M) concentration difference was characteristic for 

slices from each portion of the kidney. The S-M urea concentration 

difference averaged 12.9 mM for the dorsal section and 5.5 mM for the 

ventral section. Inhibitors significantly decreased the concentration 

difference. An free environment caused 481 inhibition while DNP 

(2.7 x 10 ̂  M) caused 57% inhibition. 

When slices were incubated with urea in the bath, the con

centration of 14C in the tissue only reached equilibrium with that in 

the bath. At the same time, the unlabeled urea S-M concentration differ

ence averaged 5.63 mM with a siice-to-medium (S/M) ratio of 1.39. 

O'Dell and Schmidt-Nielsen suggested that cellular binding of chemical 

urea blocked the uptake of urea above equilibrium levels and ac

counted for the constant concentration difference between slice and 

medium for unlabeled urea. The binding was believed to be very tight 

since no significant increase above unity was found in the S/M ratio 

after two hours. In a later paper, Schmidt-Nielsen and Shrauger (1963) 



reported the S/M ratio increase of the unlabeled urea was due to the 

protein breakdown in the tubule cells. This breakdown was inhibited by 

DNP. 

Frogs of the genus Rana and cartilagenous fishes are the only 

animals that demonstrate active urea transport. Squalus acanthias (the 

dogfish shark), absorbs 95% of the filtered urea but only 35% of the 

filtered thiourea. This indicates selective transport but not neces

sarily active transport. Boylan (1972) proposed a model for the passive 

absorption of urea in the elasmobranch kidney. Figure 5 shows a sche

matic drawing of the skate (Raja erinacea) nephron. The many convolu

tions may permit urea exchange between adjacent segments and the 

surrounding interstitium. Boylan suggests that the primary loop or the 

later investing segment, or both, would lower the urea concentration in 

the surrounding interstitium by the osmotic absorption of sodium and 

water without urea. Urea could then move passively down a concentration 

gradient from the terminal segment (segment VIII in Figure 5) of the 

nephron which lies in the same interstitial area. For this model to 

work, the primary loop and the later investing segments would have to 

be permeable to urea but relatively impermeable to water. Thurau, 

Antkowiak and Boylan (1969) demonstrated low permeability to water in 

the most distal segment of the Squalus nephron. The rest of the model 

remains to be tested. 

This overview has brought out several important points which 

should be considered. One point which stands out very clearly is the 

wide range of plasma and urine urea concentration values found in the 

same species under theoretically identical conditions. Care must be 



Figure 5. Schematic drawing of an entire skate nephron. 

From Boylan (1972). 
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exercised when comparing results from different laboratories. It is 

also important to notice the variation among the several species of 

frogs. This is especially well pointed out by Long (1973) in the com

parative tissue study between Rana pipieris and Rana catesbiana (Table 

5). The final point of importance is the marked variation in values 

obtained with the different experimental approaches. 

The experiments can be divided arbitrarily into experiments 

where the main blood supply to the kidney is maintained, and experiments 

where it is compromised. Using this division, I would include clearance 

and micropuncture studies in the former group, and doubly-perfused kid

ney experiments and slice experiments in the latter group. In clearance 

and micropuncture studies the urea U/P ratio was always significantly 

higher than in perfused kidneys or slice experiments. There is much 

less double perfusion data than clearance data, but the trend is clear. 

Forster's (1954) study of urea excretion in R. catesbiana weighing 300-

-1 -1 500 gm gave control values of 8.5, 15.3 and 14.3 mg kg hr . Love and 

Lifson's (1958) double perfusion study of R. catesbiana in the same 

weight range showed an average unidirectional secretory flux of 2.9 mg 

-1 -1 -1 -1 kg hr and a net secretion of 0.83 mg kg hr . If urea absorption 

were totally disregarded, the secretion rates determined by Love and 

Lifson would still be three to five times lower than those seen in the 

clearance studies. In "^C urea clearance studies the urea U/P ratio 

averaged 7.0, a value equal to the unlabeled urea value in these 

studies. Yet in kidney slice studies, urea does not appear to be taken 

up into the cell above equilibrium concentrations. 
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It is also possible that some required hormone or other plasma 

factor is removed from the tubular epithelium when the kidney is iso

lated functionally, as in the double perfusion experiments, or physi

cally, as in the slice experiments. Indirect experimental evidence 

could provide support for this hypothesis: the large urea absorptive 

flux observed by Love and Lifson may be under humoral control; lack of 

uptake of "^C urea by the tubule cells in kidney slices could also be 

due to the absence of a required factor. Finally, variations between 

urea excretion seen in summer and winter frogs when kept in the labora

tory under the same conditions throughout the year would seem to add 

credence to the hypothesis of hormonal regulation of urea secretion. 

It may be possible that the urea transport in the frog is not 

active.. BoyIan's model for passive urea absorption in the elasmobranch 

kidney depends on the position of various segments of the nephron. The 

frog nephron folds sufficiently to allow recirculation of urea which 

could then be interpreted as active secretion of urea. 

Para-aminohippurate Transport 

The observation of Heidenhain (1874) that injected indigo carmen 

dye stained the cells of the renal proximal tubule marked the beginning 

of the study of the renal organic acid transport. Analysis of the cel

lular processes involved in organic acid transport began in earnest with 

the slice work of Forster (1948). The slice technique provided a power

ful new tool to help clarify the organic acid transport mechanism. 

Cross and Taggart (1950) examined para-aminohippurate (PAH) 

secretion using the slice technique. Thin slices (0.3-0.4 mm) of rabbit 
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kidney cortex were incubated for two hours in Krebs-Ringer containing 

1 mM PAH. They were then extracted and analyzed for slice PAH content. 

Slices thicker than 0.4 mm showed decreased PAH accumulation. The 

slice-to-medium ratio (S/M) continued to increase with time to an aver

age steady-state value of 20 following two hours of incubation (Table 

8). Maximum steady-state S/M ratios were obtained with a potassium con

centration in the medium of 30-60 mM. The ratio was depressed when the 

potassium concentration was above 70 mM. Substitution of air or nitro

gen for oxygen during the incubation markedly reduced PAH accumulation. 

The addition of 10 mM sodium acetate to the bathing medium increased the 

mean S/M ratio from 6.5 to 11.3. The ratio also increased in the pres

ence of lactate or pyruvate, but not as significantly as in the presence 

of acetate. The steady-state S/M ratios decreased progressively as in

creasing concentrations of DNP were added to the medium, reaching a low 

value of 1.1 at 5 x 10 5 M DNP (Table 9). 

Mudge and Taggart (1950) examined further the stimulation of 

PAH secretion in the presence of acetate. Using clearance techniques 

in the dog, they found that increased acetate concentration in the 

plasma caused an increased maximum rate of transport (Tm) for PAH. The 

simultaneously measured showed no change. On the basis of 

these studies, they proposed that acetate has a direct effect on the PAH 

transport process. If acetate is the main energy supply for PAH trans

port, it may normally be a rate limiting step in PAH transport. The 

maximal transport rate also could have been increased by an increase in 

the number of functioning nephrons or an increase in the cellular 
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Table 8. Accumulation of PAH by kidney slices. 

Adapted from Cross and Taggart (1950). 

Time in Minutes 15 30 60 120 

(s/M)pAH 5.1 8.7 13.5 20.5 

Table 9. Inhibition of PAH accumulation by 2,4-dinitrophenol. 

Adapted from Cross and Taggart (1950). 

DNP x 10"6 0.0 6.25 12.5 25 50 

(s/M)pAH 12.5 10.3 7.3 2.1 1.1 
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transport capacity. Since no change was found in the ̂ glucose' 331 

increase in the number of functioning nephrons seemed unlikely. 

Taggart, Silverman and Trayner (1953) investigated the require

ment for potassium for PAH transport. Potassium concentrations of 30-60 

mM did not consistantly provide maximum PAH transport. This observation 

led to a consideration of the importance of the cellular potassium con

centration for PAH transport. In order to examine the effect of de

creased cellular potassium, rabbit kidney slices were leached in either 

a potassium-free medium or one containing 20 mM potassium for three 

hours. Slices were then transferred to various media listed in Table 

10 for one hour. The control slices, which were not leached, were able 

to concentrate PAH. The addition of 10 mM sodium acetate to the medium 

bathing increased the S/M ratio from 9.0 to 13.5. The further addition 

of 10 mM potassium to the medium produced only a small additional in

crease in the S/M ratio. Leaching in 150 mM sodium chloride partially 

depleted both the potassium and the substrate. Addition of either po

tassium or acetate alone was not sufficient to cause PAH accumulation 

to approach the maximum level. However, addition of both potassium and 

acetate to the medium increased the S/M PAH ratio to 13.0. Tissue 

leaching in 20 mM potassium maintained the normal compliment of cellular 

potassium but removed the substrate. In this case, only the addition 

of substrate was necessary to return S/M ratios to control values. 

Taggart et al. (1953) concluded that acetate provided the energy to re

turn cell potassium content to normal They felt that, in the presence 

of a normal cell potassium concentration, acetate directly augmented PAH 

secretion. They stressed the importance of a constant ratio between 
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Table 10. Effect of potassium and acetate on PAH transport in control 
and leached slices of rabbit kidney. 

Adapted from Taggart, Silverman and Trayner (1953). 

Incubation Medium 

(m Eq 1 1) PAH Transport 
Leaching Solution Na K Ac S/M 

None 150 9.0 

140 10 9.2 

150 10 13.5 

140 10 10 14.3 

0.15 M NaCl 150 2.8 

140 10 2.9 

150 10 4.0 

140 10 10 13.0 

0.13 M NaCl 150 4.0 
0.02 M KC1 

140 10 4.5 

150 10 15.9 

140 10 10 16.3 
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sodium and potassium for maximum PAH transport. The absolute concentra

tion of these ions did not seem to be very important as long as the 

ratio remained the same. 

Active transport sites for PAH could involve the peritubular 

membrane, the luminal membrane, or both. The kidney slice studies sug

gested an active transport step for PAH at the peritubular membrane. 

However, the transport at the luminal membrane remained unclear. 

Foulkes and Miller (1959a) further examined the question with clearance 

studies in rabbits. Initial experiments were performed to determine 

the PAH concentration in the tissue water. The renal cortex PAH con-

centration in the renal cortex averaged 10 yM ml . Rabbits were placed 

in a mannitol diuresis to minimize fluid absorption and to reduce the 

luminal PAH concentration. This technique was used to estimate the 

renal cellular concentration of PAH and to determine the PAH secretory 

rate. At no time during the diuresis did the urine PAH concentration 

reach 10 yM ml The authors postulated that an active transport step 

was unnecessary at the luminal membrane since there was no uphill gra

dient from cell to lumen. It was not possible to distinguish between 

passive and facilitated diffusion across the luminal membrane from 

their data. 

Foulkes and Miller (1959b) felt that they could identify two 

intracellular PAH fractions. One fraction appeared to diffuse and 

equilibrate rapidly in the tissue. The other fraction appeared to dif

fuse and equilibrate more slowly. They felt that the slow PAH fraction 

was responsible for the high S/M ratios. On the basis of these find

ings, the authors proposed a four step model for PAH movement from 
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peritubular fluid to lumen. The steps were as follows: step I, diffu

sion of PAH from medium to extracellular space; step II, facilitated 

diffusion across the peritubular membrane; step III, buildup of PAH to 

a high concentration within the cell; and step IV, transfer from the 

cell to the lumen across the luminal membrane. 

DNP (5 x 10 ^ M) blocked the cellular uptake of PAH, presumably 

by blocking step II. The same concentration of DNP greatly enhanced the 

efflux of PAH from tissue slices (Figure 6). Reduction of the tempera

ture of the medium to 0° C blocked the accelerated PAH efflux in the 

presence of DNP. Foulkes and Miller identified step II as the site of 

the blocking action. They assumed that DNP did not affect the passive 

permeability. 

Kinter and Cline (1961) proposed another mechanism to account 

for these observations. DNP appears to act as a competative inhibitor 

of PAH. It can be actively concentrated in the cell. If the efflux 

of PAH across the peritubular membrane is mediated by facilitated dif

fusion, exchanging PAH for DNP could account for the increased rate of 

PAH efflux. When the temperature is reduced to 0° C, the rate of facil

itated diffusion decreases sufficiently to drop below control levels. 

Measurement of the cellular uptake of DNP during the PAH efflux could 

provide the answer to the alternative hypothesis. 

Burg and Orloff (1962) examined the potassium requirement for 

PAH transport using the cardiac aglycone strophanthidin. Strophanthidin 

acts similarly to cardiac glycosides in directly inhibiting the renal 

tubule transport of electrolytes. Figure 7 show£ the effect of stro

phanthidin on the cellular potassium content as the concentration of 
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Figure 6. Effect of DNP on efflux of PAH in rat kidney slices. 

Adapted from Foulkes and Miller (1959a). 
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potassium in the medium was increased from 2 to 48 m Eq 1 Increasing 

potassium concentration in the medium overcame the inhibitory effects 

of 3 x 10 5 M strophanthidin. However, 3 x 10 ^ M strophanthidin 

blocked potassium uptake independent of the potassium concentration in 

the medium. Strophanthidin (3 x 10 ̂  M) decreased PAH S/M ratios 84% 

when the medium potassium concentration was 2 mM (Figure 8). Increasing 

the medium potassium concentration was ineffective in stimulating PAH 

slice uptake in the presence of 3 x 10 ̂  M strophanthidin (Figure 8). 

Figure 9 shows the results of experiments designed to test the possible 

direct effects of strophanthidin on PAH accumulation. Slices were in

cubated with various concentrations of potassium in the presence and 

absence of 3 x 10 ̂  M strophanthidin. It can be seen that strophanthi

din did not decrease PAH S/M ratios below control levels. Burg and 

Orloff concluded that decreased PAH accumulation could be explained on 

the basis of reduction of cell potassium without assuming a direct ef

fect of strophanthidin on PAH transport. 

Huang and Lin (1965) investigated PAH uptake and efflux with 

tubule and cell fragments separated from rabbit kidney cortex with 

collagenase. DNP and probenecid inhibited the uptake of PAH and had a 

biphasic effect on PAH efflux. Five x 10 ̂  M DNP enhanced efflux above 

-2 control values, but 1 x 10 M DNP reduced the efflux rate. Probenecid 

in the same concentrations produced similar changes in PAH efflux. Re

duction of temperature from 25° to 0° C depressed efflux. DNP was very 

rapidly taken up by the tubules, with a S/M ratio approaching 20 in 

less than ten minutes (Figure 10). Probenecid competitively inhibited 
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DNP uptake. Huang and Lin did not propose a mechanism to account for 

the biphasic response. 

Dantzler (1969) examined PAH transport in chicken and snake 

kidney slices. The acetate stimulation of PAH uptake reported by Cross 

and Taggart (1950) could not be demonstrated with either chicken or 

snake tissue. Slices leached in a potassium-free medium showed a re

duced PAH uptake upon incubation. Snake kidney slices in potassium-

free medium developed a steady-state PAH S/M ratio of 5.2 which 

increased to 8.3 as the medium potassium concentration was raised to 

40 mM. PAH S/M ratios for chicken kidney slices averaged 3.5 in 

potassium-free medium, rose to a maximum of 10.4 at a potassium concen

tration of about 10 mM, and decreased slightly to 9.6 at 40 mM potas

sium. PAH S/M ratios for snake and chicken kidney slices dropped 

significantly when the sodium concentration in the bathing medium was 

reduced to 25 mM. Ouabain (10 ^ M) in the bathing medium significantly 

decreased the PAH S/M ratio for the chicken kidney slices. Snake kidney 

slices, however, did not demonstrate a statistically significant de-

_2 crease in the PAH S/M ratio even with 10 M ouabain in the bathing 

medium. 

The isolated perfused renal tubule technique lias been exten

sively applied to the study of PAH transport mechanisms. Tune, Burg, 

and Patlak (1969), comparing PAH secretion rates in rabbit proximal 

convoluted tubules (PCT) and proximal straight tubules (PST), found 

that the convoluted tubules secreted at about one-third the rate of the 

PST (235 vs 869 x 10 moles min mm ^). The PAH secretion rate was 

independent of the perfusion rate when the latter varied from 2 to 12 



nl min*. The tubule fluid-to-bath (TF/B) concentration ratio for PAH 

was always lower than the cell-to-bath (C/B) concentration ratio, sug

gesting uphill transport across the peritubular membrane and passive 

diffusion into the lumen. The permeability of the peritubular membrane 

- S -1 
(Pp) was 0.37 x 10 cm sec . The permeability of the luminal membrane 

(P]0 was 5.86 x 10 ^ cm sec The greater permeability of the luminal 

membrane with respect to the peritubular membrane supports the above 

model for PAH transport. Probenecid (1.2-4.8 x 10 ̂  M) inhibition of 

PAH secretion averaged 40%. 

Burg and Weller (1969), using the isolated perfused renal tu

bule technique, examined iodopyracet transport in the flounder. With 

2 x 10 ^ M iodopyracet in the bathing medium, net transport occurred 

from bath to lumen against a concentration gradient. The iodopyracet 

concentration in the collected tubule fluid averaged 20 times that in 

the bath. In these tubules, the transepithelial transport rate de

creased progressively with time (Figure 11). Saturation of the trans

port mechanism occurred with an iodopyracet concentration in the bath 

_5 
of 2 x 10 M. The maximum rate of transport with this concentration 

-15 -1 -1 in the bath was about 610 x 10 moles min mm . The transepithelial 

transport rate was not significantly altered by changes in perfusion 

rate. When the tubule was bathed with 2 x 10 ^ M iodopyracet, the 

iodopyracet C/B ratio averaged 133. A cellular concentration greater 

than that in the bath or lumen suggests active uptake on the peritubular 

membrane and passive diffusion into the lumen. This is in agreement 

with the generally accepted model for active secretion of organic acids. 
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Figure 11. Time course of iodopyracet transport by isolated perfused 
flounder proximal renal tubule. 

Adapted from Burg and Weller (1969). 



53 

The downhill gradient from cell to lumen differs from that ob

served by Forster and Taggart (1950) for phenolsulfonphthalein dyes in 

flounder renal tubules. They found the dye concentration to be greater 

in the lumen than in the cells. However, their work suffered from a 

lack of methods for the direct measurements of dye concentrations in the 

various compartments. They determined the dye concentrations by examin

ing the intensity of the color visually. Unfortunately, the color of 

these dyes is pH sensitive. At pH values below the pK, the dyes are 

yellow; at pH levels above the pK, the dyes are red. If the cell pH 

was below the pK (6.3 for chlorphenol red, 7.9 for phenol red), the 

dyes would have been yellow. This color might have been difficult to 

visualize. 

Dantzler (1974a, 1974b) continued studies of PAH secretion in 

the snake using the isolated perfused renal tubule technique. Distal 

segments of the proximal tubules secreted PAH at three times the rate 

of the proximal segments of the proximal tubules. The distal-proximal 

tubule corresponds roughly to the straight portion of the proximal 

tubule in mammals. In agreement with earlier work (Dantzler, 1969, 

1970) 10 mM acetate did not increase PAH accumulation in nonperfused 

tubules (Dantzler, 1974a) or transepithelial transport in perfused 

tubules (Dantzler, 1975). The transport mechanism became saturated at 

a bath concentration of about 6 x 10 Si PAH. Distal-proximal tubules 

developed a greater PAH C/B ratio than TF/B ratio. The P^ was calcu-

-5 -1 -5 
lated to be 3.5 x 10 cm sec , while the Pp averaged 1.17 x 10 cm 

sec Later improved methods (Dantzler, 1974b) allowed a more direct 

determination of Pp which then was found to be about 0.5 x 10 ^ cm 



sec "'". The potassium concentration was altered in either the bath, 

perfusate, or both in order to examine the effects on PAH transport 

(Table 11) (Dantzler, 1974b). With control perfusate and no potassium 

in the bath, the cell PAH concentration and net secretion were signif

icantly depressed but the PAH concentration in the tubules fluid was 

only slightly reduced. Reversing the medium and perfusion fluids pro

duced similar results. Potassium removal from both bath and perfusate 

markedly decreased cell and tubule fluid concentrations and net secre

tion of PAH. No significant change occurred in Pp or P^ during any of 

the experimental procedures. Dantzler (1974b) concluded that removal 

of potassium from the bathing medium inhibited the pumping mechanism 

causing lower C/B ratios without affecting the rate of PAH efflux from 

cell to bath. The role of potassium in PAH transport appeared to be 

specific since neither cesium nor rubidium could substitute for potas

sium as a requirement for PAH transport. 

Gerencser, Park, and Hong (1973) demonstrated the dependence 

of PAH transport in rabbit kidney slices on the sodium concentration in 

the bathing medium. Decreasing the sodium concentration from 100 mM to 

10 mM decreased the S/M ratio from 9.43 to 1.60. The rate of uptake 

was also significantly slowed with 10 mM sodium in the incubation 

medium. 

Tanner and Kinter (1966) found evidence in Necturus to suggest 

that PAH could be actively transported into the cell across both peri

tubular and luminal membranes. Secretion or absorption occurred ran

domly during control clearance studies. Intravenous infusions of small 

concentrations of octanoate or phenylacetate stimulated PAH secretion 



Table 11. Data from perfused tubules in which cell water PAH concentration was determined. 

From Dantzler (1974b). 

Treatment 
[pAH]Cell 
M x 10"5 

[PAH] Tp 

M x 10"5 
Net Secretion 

moles mm"l min"l x 10"15 
PL 

cm sec"l x 10^5 

Control (3 mM K+ in 
bath and perfusion) 

34.81 9.91 303.6 3.50 

0 mM K+ in bath 
3 mM K+ in perfusion 

9.36 7.23 85.34 3.33 

3 mM K+ in bath 
0 mM K* in perfusion 

11.97 6.81 110.0 3.74 

0 mM K+ in bath 
0 mM K* in perfusion 

3.85 2.83 35.52 3.43 

cn 
cn 
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and reversed absorption when it was present during control periods. 

Kidneys perfused in situ always demonstrated net absorption of PAH dur

ing control periods. This averaged 92% of the filtered load. Iodopy-

racet added to the perfusion medium inhibited net PAH absorption and, 

in some experiments, caused a transient net PAH secretion. Tanner and 

Kinter postulated that the transient secretion was due to release of the 

cellular PAH. Octanoate (1 mM) produced a sustained secretion of PAH 

in the perfused kidney preparation when it was added to the perfusion 

fluid. Double perfusion experiments provided an opportunity to study 

unidirectional fluxes of PAH. During control periods, net absorption 

occurred. Net secretion never occurred in the doubly perfused kidney 

experiments. The absorptive unidirectional flux was four times as 

large as the secretory unidirectional flux. Octanoate (1 mM) in the 

perfusate decreased net absorption by decreasing unidirectional absorp

tion without changing unidirectional secretion. Net transport is the 

algebraic sum of the absorptive and secretory processes. No explanation 

for the lack of net secretion during the double perfusion was given. 

Kinter and Tanner's model for PAH transport in Necturus renal tubules 

differs from models proposed for other species by having a mechanism 

for active uptake on the luminal membrane (Figure 12). 

Kinter and Wong (1974) performed additional studies of PAH 

transport in Necturus with the kidney slice technique. PAH S/M ratios 

reached 7.0 after two hours of incubation in a medium containing 5 yM 

PAH. The presence of 2 mM acetate in the bathing medium increased the 

S/M ratio to 10.1. Autoradiographic studies showed PAH accumulation 

only in the proximal tubule cells. 
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Figure 12. Model of PAH and iodopyracet transport in Necturus kidney. 

Adapted from Tanner and Kinter (1966). 



Grantham, Qualizza and Irwin (1974) modified the isolated per

fused renal tubule technique by crimping shut the collection end of 

perfused proximal straight tubules. When PAH was present in the bath, 

the PSTs from rabbit kidneys demonstrated net fluid secretion. Fluid 

flux was determined by measuring the excursion of a naptha drop in the 

perfusion pipet. When fluid secretion occurred, the drop moved away 

from the tubule. During fluid absorption, the drop moved down the pipet 

toward the tubule. The rate of fluid secretion depended on the PAH con

centration in the bath and on the quantity of PAH secreted. Maximum 

fluid secretion occurred with a PAH concentration of 1.3 mM in the bath. 

The average luminal PAH concentration was 39 mM, a value relatively in

dependent of bath concentration and the rate of fluid secretion. Fluid 

secretion dropped to zero in the presence of 5 x 10 ̂  M ouabain, 2.5 x 

10 4 M probenecid or hypothermia. When no PAH was present in the 

bathing medium, all tubules demonstrated normal fluid absorption. Fluid 

-1 -1 -1 -1 
absorption decreased from 0.83 nl min mm to 0.16 nl mm mm in 

the PCT when PAH was added to the bath, but fluid secretion never oc

curred. This confirmed the findings of Tune, Burg, and Patlak (1969) 

that the PAH secretory mechanism is weaker in the PCT than the PST. 

Analysis of the secreted fluid showed that it was isosmotic with the 

bath and that the sodium concentration was the same. The potassium 

concentration of the secreted fluid ivas slightly higher than the bath. 

Chloride and bicarbonate concentrations were not measured. Grantham 

et al. (1974) proposed that sodium and water passively entered the 

lumen through the paracellular shunt pathway since the ion concentra

tions more closely resembled bath fluid than cellular fluid. 
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Few PAH studies in frogs have been conducted. Clearance studies 

by Schmidt-Nielsen and Forster (1954) in Rana clamitans indicated that 

the Tmp^ was proportional to the filtration rate. The authors sug

gested that nephron intermittancy accounted for the variation in Trrtp^ 

with filtration rate. The saturation of the transport mechanism oc

curred at about 9.3 x 10 ^ M PAH. 

Vogel, Lauterbach and Kroger (1965) and Vogel and Kroger (1966) 

demonstrated sodium dependence of PAH transport in isolated perfused 

kidneys from Rana ridibunda. Using the double perfusion technique, 

they were able to show that, when only the peritubular capillaries were 

perfused with sodium, PAH transport decreased below control levels. 

This suggested the possibility of a sodium PAH exchange at the peri

tubular membrane. 

Fluid Absorption 

The earliest values for fluid absorption in amphibian proximal 

renal tubules came from the micropuncture experiments of Walker and 

Hudson (1937a). In some of these experiments, frogs were pretreated 

with phlorizin which blocked tubular absorption of glucose. When glu

cose absorption is blocked, its clearance is similar to that of inulin. 

The glucose TF/P ratio averaged 1.21 for samples collected at various 

sites along the proximal tubule. Long (1973) obtained inulin TF/P 

ratios of 1.20 in Rana catesbiana. 

Following the very early micropuncture studies from Richard's 

laboratory using frogs, the bulk of the micropuncture work concerning 

fluid absorption in the amphibian proximal tubule was performed on 
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Necturus. Walker and Hudson (1937b) found an average of 30% of the 

filtered fluid had been absorbed by the time it reached the end of the 

proximal tubule. 

Schatzmann, Windhager and Solomon (1958) examined the effect of 

ouabain and DNP on fluid absorption in Necturus proximal tubules. Using 

free flow and split oil drop micropuncture techniques, they found that 

control animals absorbed 32.7% of the filtered fluid during the free 

flow experiments and 27.2% in the split oil drop experiments. Ouabain, 

given intravenously (0.01 mg), decreased water absorption to 15.4% in 

the free flow experiments. Ouabain in the perfusion drop (1.4 x 10 ̂  M) 

decreased fluid absorption to 9.8% in the split oil drop experiments. 

DNP (2 x 10 ̂  M) decreased fluid absorption to 10.2% in split oil drop 

experiments. From this work, Schatzmann et al. (1958) concluded that 

water absorption was dependent on ion transport in the proximal tubule 

and that it could be inhibited by blocking the energy source or the 

sodium transport directly. 

Windhager et al. (1959), using stopped flow microperfusion, 

examined the effect of the luminal sodium concentration on net fluid 

absorption. Drops of fluid containing 50, 62.5, 75, or 100 m Eq 1 

of NaCl, made isotonic with mannitol, were perfused into the proximal 

tubule. The sample was collected 20 minutes later and analyzed for the 

inulin volume marker. Water absorption decreased proportionately to 

decreases in luminal NaCl concentrations (Table 12). The maximum ca

pacity for sodium transport was against a 35 m Eq 1 ̂  gradient. A 

transcellular potential difference of -20 mv, lumen negative, was found 

in the proximal tubule. Comparison of water and solute flux showed that 
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Table 12. Effect of varying sodium chloride concentrations on tubular 
water movement. 

Adapted from Windhager et al. (1959) 

Sodium Concentration of 
Perfusion Fluid 

m Eq I"1 

(Perfused)Inulln 

[Collected) Inulin 

Percent 
Water 

Absorption 

100 

75 

62.5 

50 

1.37 

1.22 

1.00 

0.93 

26.2 

16.4 

-0.9 

-9.4 
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as net solute flux approached zero, the net water flux also approached 

zero. Windhager et al. interpreted this to mean that the driving force 

for fluid absorption was the active transport of NaCl. 

Whittembury et al. (1959) examined the effect of osmotic gra

dients on fluid movement. Fluid flux due to NaCl absorption was mini-

mized by decreasing the sodium concentration to 62.5 m Eq 1 in the 

perfusate, the value previously found to produce zero net water flux. 

By varying the concentration of mannitol in the perfusate and measuring 

net water flux, the membrane water permeability coefficient was calcu

lated to be 0.15 x 10 ^ ml (cm^ sec cm H^O) The addition of 3.5 g 

dl ̂  of bovine serum albumin to the perfusate decreased fluid absorption 

from 27% to 15%. This concentration of albumin exceeded the normal 

plasma concentration by 67%. It was concluded that protein does not 

play a significant role in fluid absorption. The discrepancy in the 

fluid absorption values was ascribed to increased viscosity of the per

fusate. Effects of variations in the protein concentration in the 

peritubular fluid were not examined. Calculation of the protein effect 

on fluid absorption, using 9 cm 1^0 as the average colloid osmotic 

pressure, showed that only 1.6% of the net fluid absorption could be 

attributed to protein. 

In 1938 Wilbrandt first measured electrical potential differ

ences (PD) in Necturus renal tubules. PD measurements across the epi

thelium of the early proximal tubule ranged from +0.4 to -11.6 and 

averaged -3.46 mV with the lumen negative compared to the peritubular 

surface. The PD across the intermediate tubule averaged +6.03 mV with 

the lumen positive compared to the peritubular surface. Wilbrandt 
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believed that the low values were due to electrical shunting and that 

all values below 2 mV should be disregarded as not significant. He also 

disregarded potentials generated by the placement of the tip of the 

microelectrode against the inner surface of the luminal membrane. He 

felt that the potentials obtained in this way might be due to injury to 

the wall since the PD disappeared after about ten minutes. Wilbrandt 

believed that the changing polarity of the PD along the nephron indi

cated functional differences. 

Potential measurements were not reported again in Necturus 

proximal tubules until 1958 when Giebisch returned to the preparation 

to extend his studies of ion fluxes. The mean PD that he measured 

across the proximal tubule was -20 mV, lumen negative. He attributed 

the difference between his PD measurements and those of Wilbrandt to 

tubule damage from the large electrodes used in the latter's experi

ments. Giebisch also found that the mean PD across the peritubular 

membrane was -72 mV, cell negative compared to the peritubular surface. 

He proposed that the negative transcellular potential difference was 

generated by the active transport of sodium and potassium across the 

cell and that chloride followed passively to maintain electrical 

neutrality. 

In 1966 Fromter and Hegel forced a re-evaluation of the poten

tial measurements reported for the proximal tubule. Their PD measure

ments in the rat proximal tubule gave a'mean value of -0.5 mV, lumen 

negative. They tested several types of electrodes. Occasionally PDs of 

about -30 mV were found, but in these cases ejection of dye from the 

electrode tip indicated that it was actually located in a tubule cell. 
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The dye ejections allowed positive identification of-the tubule lumen. 

Fromter and Hegel found a distal tubule transepithelial PD value of -60 

mV which agreed well with that found by other investigators. They con

cluded that previous reports of negative potential differences across 

the proximal tubule epithelium were due to improper location of the 

microelectrode. 

The extension of electrophysiological methods to resistance 

measurements in Necturus provided data concerning paracellular shunt 

pathways. Boulpaep (1972) measured resistances across the peritubular 

membrane, the luminal membrane, and the cell in control conditions and 

during volume expansion. The sum of the resistances across the two 

3 2 
membranes was 7.9 x 10 ohm cm . The control value for the transcellu-

2 lar resistance was 70 ohm cm . The transcellular resistance decreased 

? 
to 22 ohm cm during saline diuresis. The large difference between 

transcellular measurements and the sum of the individual membrane resis

tances suggested the presence of a paracellular shunt pathway. During 

volume expansion, individual membrane electrical conductance changes 

were insufficient to account for the observed large change in the trans

cellular electrical conductance. Boulpaep argued that the shunt pathway 

was responsible for the decreased total resistance. In this case the 

conductance changes would be passive and the flux changes would 

therefore be passive. 

It is well known that volume expansion causes decreased proximal 

tubule absorption of sodium and water. Bentzel (1972) performed ex

periments to determine if a correlation exists between structure and 

function in renal proximal tubules of Necturus exposed to volume 
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expansion. NaCl transport was measured using free flow micropuncture 

techniques. The tissue was then fixed by venous infusion of buffered 

2% glutaraldehyde. Proximal tubule cell height decreased 251 from 

26.7 p to 19.9 u and the luminal sides of the junctional complex seemed 

to change configuration during volume expansion. Bentzel did not draw 

any firm conclusions about the junctional changes. He proposed that 

the shorter path length from lumen to peritubular fluid, due to compres

sion of the cells and possible junctional configuration, could account 

for the decreased fluid absorption seen during volume expansion. 

Decreased fluid absorption could be mediated through inhibition 

of the active transport mechanism, increased back flux of solutes and 

water, or both. Bentzel (1974) attempted to differentiate among the 

possibilities by examining paracellular back flux of NaCl and water 

using the expanding drop technique. Sodium-free solutions made iso

tonic with dextran were injected into the oil-filled proximal renal 

tubule of Necturus. The rate of expansion and the increase in volume 

were measured. Control conditions were compared with volume expansion 

or with inhibition of active transport by ouabain and potassium iodo-

acetate (KIM) (Figure 13). Compared to control values, volume expan

sion caused an increased initial rate of drop expansion, a more rapid 

increase in NaCl concentration, and a larger steady-state volume, but 

no increase in the time required to reach equilibrium. Metabolic inhi

bition caused no change in the initial expansion rate, but an increase 

in the steady-state volume, in the steady state NaCl concentration, and 

in the time required to reach steady-state equilibrium when compared to 

controls. The initial rate of expansion is a function of the rate of 
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Figure 13. Expanding drop analysis in Necturus proximal tubule. 

Adapted from Bentzel (1974). 



passive diffusion of NaCl into the lumen. As the NaCl concentration 

in the lumen increases, the active transport of NaCl out of the lumen 

slows the expansion rate. The increased time to equilibrium seen during 

the partial metabolic inhibition was absent during volume expansion. 

This indicated that decreased NaCl and water absorption observed during 

volume expansion is due to increased back flux of NaCl and water rather 

than inhibition of the active transport mechanism. Bentzel et al. 

(1974) prepared an analog computer model to account for the experimental 

findings in the Necturus proximal tubule. This model operated on the 

"pump-leak" hypothesis Bentzel used to explain his data. 

Villey and Anagnostopoulos (1973), using the split-drop micro-

puncture technique, examined the effect of sodium replacement with 

other ions on solute and water absorption in the Necturus proximal tu

bule. Sodium was replaced by the chloride salts of lithium, potassium, 

rubidium, cesium or choline. Glucose (400 mg 1 "*") was present in all 

experimental solutions. Table 13 shows that the time required for the 

drop to decrease 50% in volume (t^-) did not increase when sodium was 

-3 replaced by other cations. Addition of 10 M ouabain perfused into the 

renal portal vein more than tripled the of the sodium phosphate solu

tion and in most cases completely blocked absorption in the choline 

drop. The authors concluded that transepithelial transport of electro

lytes in Necturus lacked specificity. 

Since 1966 the isolated perfused renal tubule technique has 

been used to study the fluid absorption question. This technique has 

allowed rigid control of perfusion solution and bathing solution, thus 

allowing studies of the intrinsic factors effecting fluid absorption. 
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Table 13. Effects of cation substitution on fluid absorption in the 
proximal tubule. 

Adapted from Villey and Anagnostopoulos (1973). 

Mean ti Range Tubules 
Cation Min z Min ± SEM N 

Sodium bicarbonate 49.8 20 to 90 4.2 17 

Sodium phosphate 55.8 40 to 90 3.4 14 

Lithium 42.4 12 to 80 3.9 26 

Potassium 52.0 30 to 90 3.8 17 

Rubidium 56.5 26 to 120 5.0 22 

Cesium 50.2 15 to 100 4.8 22 

Choline 54.8 15 to 130 6.3 23 
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Burg and Orloff (1968) examined the possibility that the pro

portional relationship between glomerular filtration rate and fluid 

absorption (glomerulo-tubular balance) observed in vivo might still be 

present in vitro in rabbit isolated perfused proximal tubules. Eleva

tion of perfusion rate through the proximal convoluted tubule (PCT) from 

8 to 19 nl min \ as an equivalent of an increased filtration rate in 

vivo, caused fluid absorption to increase only from 1.24 to 1.37 nl 

min ̂  mm Proximal straight tubules (PST) increased absorption only 

-1 -1 from 0.42 to 0.57 nl min mm when perfusion rate was increased from 

6 to 18 nl min Therefore, there appeared to be no significant evi

dence of the maintenance of glomerulo-tubular balance in isolated 

perfused tubules. The tubule diameter and the hormone angiotensin had 

been postulated as regulators of glomerulo-tubular balance in the proxi

mal tubule. However, increasing tubule lumen diameter by 73% without a 

change in perfusion rate led to only a 19% increase in fluid absorption. 

Addition of angiotensin did not markedly increase fluid absorption. Al

though all the possible regulating mechanisms produced change in the 

direction necessary to provide glomerulo-tubular balance, Burg and 

Orloff felt that the changes were of insufficient magnitude to account 

for the observed in vivo changes. 

The studies of Koklco, Burg and Orloff (1971) demonstrated a zero 

net flux of sodium when the sodium concentration in the perfusate was 

33-35 m Eq 1 ̂  below the bath concentration in rabbit proximal tubules. 

This value, obtained for rabbits using the isolated perfused tubule 

technique, is very close to that obtained for Necturus (37.5 m Eq 1 ̂ ) 

using the micropuncture technique. The NaCl reflection coefficient for 
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the rabbit PCT, measured with two different approaches, was calculated 

to be 0.68 to 0.71. The hydraulic conductivity was calculated to be 

between 2.9 and 6.3 x 10 cm sec atm . The good agreement of these 

values with micropuncture data supports the validity of both techniques. 

Electrical properties of isolated renal tubules have received 

much experimental attention. The measured potential and the resistance 

are believed to give an indication of sodium transport and ion permea

bilities. Since fluid absorption is apparently coupled to sodium trans

port, electrical measurements provide an indication of fluid absorption 

in certain conditions. Burg et al. (1968) measured a PD of 0.7 ± 0.6 

(SE) mV in the PCT of the rabbit. This value was not statistically dif

ferent from zero. Burg and Orloff (1970) improved the electrical insu

lation through the addition of an encapsulating resin (Sylgard, Dow 

Corning) to the left hand holding pipet and the collecting pipet to 

decrease electrical shunting. With the improved technique, an average 

PD of -3.8 mV, lumen negative, was recorded in the PCT when perfusing 

with ultrafiltrate of rabbit serum. Ouabain (10 ^ M) added to the bath 

rapidly reduced the PD to zero. They concluded the negative PD was 

generated by active sodium transport. 

Kokko and Rector (1971) found an average PD of -5.8 mV at per

fusion rates above 10 nl min * in the rabbit PCT. Ouabain and cooling 

to 25° C from 37° rapidly decreased the PD toward zero. Both effects 

were reversible. Perfusion rates below 10 nl min caused the PD to 

approach zero (Figure 14). They examined the possibility that either 

the decrease in hydrostatic pressure or tubule radius were responsible 

for the decreased PD. However, distal occlusion experiments which kept 
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Figure 14. Relationship between transmembrane potential and perfusion 
rate in isolated perfused tubule. 

From Kokko and Rector (1971). Representative experiment of a single tu
bule illustrating the relationship between transmembrane potential, 
closed circles, hydrostatic perfusion pressure, abscissa, and perfusion 
rate, open circles. 



72 

the hydrostatic pressure high and the tubule radium large at slow per

fusion rates did not bring the PD back to levels found at high perfusion 

rates. Two possible mechanisms were proposed. First, the flow rate 

might regulate entrance of a transported substance into the cell. Sec

ond, the composition of the tubule fluid might be altered by the absorp

tion of substances which would limit the active transport of sodium. 

Lutz, Cardinal and Burg (1973) extended the electrical studies 

to the PST and found a PD of -2 mV, lumen negative. It is unlikely that 

the -2 mV PD found in the PST with the isolated perfusion technique ac

curately reflects the PD found in vivo since the tubule fluid is modi

fied as it moves along the tubule lumen. Unless the tubule was perfused 

in vitro with a good duplication of the fluid found at varying distances 

along the proximal tubule, the PD values may well be wrong. 

Kokko (1973) analyzed the effects of glucose, bicarbonate and 

alanine on the PD in the PCT. An artificial medium was prepared which 

closely resembled the ultrafiltrate of rabbit serum used for control 

perfusate. The PD generated with the artificial medium as perfusate 

averaged -5.4 mV compared to a value of -6.1 mV with ultrafiltrate as 

perfusate. This difference was attributed to the absence of unknown 

constituents in the artificial medium. Examination of Table 14 shows 

that removal of glucose, bicarbonate or alanine alone caused the PD to 

decrease. Removal of glucose and alanine together caused the PD to 

approach zero. Removal of all three at once produced a PD of +3.2 mV. 

The removal of bicarbonate seemed to unmask a chloride diffusion poten

tial. When methyl sulfate was added to prevent the chloride gradient, 

the PD did not become positive. Addition of ouabain (10 ^ M) to the 



Table 14. Transmembrane potential differences using various perfusion solutions. 

Adapted from Kokko (1973). 

Control Perfusion Solution Experimental Perfusion Solution 
Control PD 

mV 
Experimental PD 

mV 

Ultrafiltrate 

Ultrafiltrate 

Artificial medium 

Artificial medium 

Artificial medium 

Artificial medium 

Artificial medium 

HCOj free ultrafiltrate -5.3 

Artificial medium -6.1 

Artificial medium less glucose -5.7 

Artificial medium less alanine -5.8 

Artificial medium less alanine and glucose, -5.1 
HCOj = 5.6 m eq 1"! 

Artificial medium less alanine and glucose, -4.9 
HC03 = 26 m eq 1"1 

Artificial medium less alanine and glucose, -4.9 
HCOj = 5.4 m eq 1~1; CH^SO^ = 20 m eq 1"! 

-3.3 

-5.5 

-3.5 

-4.7 

+3.2 

-0.5 

-1.1 
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bath decreased the PD to -1.0 mV, while the addition of ouabain to the 

perfusion fluid in the same concentration was without effect. Phlorizin 

(10 ** M), which inhibits glucose absorption had only minimal effect when 

placed in the bathing solution but reversibly decreased the PD to -3.7 

mV when it was added to the perfusion solution. Acetazolamide, which 

inhibits carbonic anhydrase, had no effect on the PD regardless of the 

site of application. Kokko concluded that glucose and amino acids are 

each coupled to sodium in some way in their movement across the luminal 

membrane. He suggested that as bicarbonate, glucose, and amino acids 

are absorbed in vivo the PD would become positive along the proximal 

tubule. 

Barratt et al. (1974) examined the potential difference at 

sites along the PCT using micropuncture techniques in the rat. The 

mean PD at the first loop of the PCT was -0.8 mV. The PD taken randomly 

at more distal loops averaged +1.5 mV. Phlorizin injected intravenously 

changed the measured PD in the early PCT from -0.8 to +0.3 mV. Since 

phlorizin blocks glucose absorption, these data suggest that the nega

tive PD in this part of the tubule is dependent upon glucose absorption. 

The intravenous infusion of acetazolamide caused the PD in the later 

loops of the PCT to decrease from +1.5 mV to zero. Since this drug 

should reduce bicarbonate absorption and prevent the development of a 

significant chloride gradient from lumen to bath, these observations 

indicate that the positive potential in this part of tubule is a chlo

ride diffusion potential. Mien acetazolamide and glucose were infused 

together, a negative potential was generated in the later loops of the 

PCT. These observations indicate that when glucose is present in this 



portion of the renal tubule and bicarbonate absorption is blocked, the 

epithelium has the capacity to generate a negative potential. The 

authors suggest that this results from an electrogenic sodium pump 

coupled to glucose absorption. This concept is further supported by 

the observation that the administration of phlorizin with glucose and a 

actezolamide returned the potential to approximately zero. Taken to

gether, these experiments support Kokko's hypothesis of potential 

changes along the length of the proximal tubule related to the absorp

tion of amino acids, glucose and bicarbonate. 

Peritubular oncotic pressure has long been considered a factor 

in the regulation of net fluid absorption. The isolated perfused tu

bule technique provided the opportunity to examine the oncotic pressure 

effect as the only variable in fluid absorption. Imai and Kokko (1972) 

perfused rabbit PCT with ultrafiltrate of rabbit serum while varying the 

protein concentration in the bathing solution. One of three bath solu-

-1 -1 tions was used: hypooncotic, 0.0 g dl protein; isocotic, 6.4 g dl 

protein; or hyperoncotic, 12.5 g dl protein. Fluid absorption, so

dium fluxes and permeability coefficients for sodium, urea and sucrose 

were determined. The hypertonic bath increased net fluid absorption by 

281 and net sodium flux by 30% when compared with the isooncotic con

trols. The hypooncotic bath decreased fluid absorption 38% and net 

sodium flux 40%. The permeability coefficients for sodium and urea did 

not change from control values, but the permeability coefficient for 

sucrose increased 78% when the hypooncotic bath was used. Imai and 

Kokko proposed that protein acted across the basement membrane to draw 

fluid from the intercellular spaces to the peritubular bath fluid. 
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Crucial to their argument was the fact that the permeability coefficient 

for sodium and urea did not change while that for sucrose increased in 

the presence of hypooncotic bathing fluid. Since urea can move readily 

through cellular channels and since the permeability coefficient for 

urea remained constant with changes in oncotic pressure, the protein was 

not thought to act directly across the cells. The increase in the 

permeability coefficient for sucrose, thought to move only through 

extracellular pathways, supported the idea that the oncotic pressure 

acts across the basement membrane to draw fluid from the intercellular 

spaces. Grantham, Qualizza and Welling (1972) obtained the same results 

using a modification of the perfusion technique in which the distal end 

of the tubule was occluded. 

Welling and Grantham (1972) perfused isolated basement membranes 

of PCT and PST. Cells were separated from the membranes by placing 1.5% 

sodium deoxycholate in the bath. Basement membrane hydraulic conduc

tivity (Lp) was measured by transmural flow due to hydrostatic pressure 

"6 3 2 
or colloid osmotic pressure. The PST Lp was 9 x 10 cm (cm min cm 

Ho0) ̂ and the PCT L was 7 x 10 ̂  cm^ (cm^ min cm FLO) The L 
L p 2 p 

-3 3 2 
values for the basement membranes alone were 2.5 and 5.3 x 10 cm (cm 

min cm F^O) ̂ . The hydrostatic conductance exceeded the osmotic conduc

tance because the basement membrane was permeable to albumin. The 

authors proposed that hydrostatic and oncotic pressure both played an 

important role in the movement of tubular absorbate from the epithelial 

compartment into the renal interstitium. 

Imai and Kokko (1974) entended their earlier observation of 

protein effects on fluid absorption. The addition of 3.5 g dl ̂  dextran 



or polyvinylpyrrolidone to an ultrafiltrate of rabbit serum caused the 

epithelial cells to disintegrate and the transcellular PD to go irre

versibly to zero. Tubules perfused with an ultrafiltrate of rabbit 

serum in a bathing medium of ultrafiltrate without added protein ab

sorbed fluid at a lower rate than controls with protein in the bath. 

Tubules perfused with serum absorbed fluid at the same rate as the con

trol tubules with no protein present in the perfusate. Imai and Kokko 

concluded that the effects of protein were due, at least in part, to a 

specific action of protein involved in maintaining the adhesion of the 

epithelium to the basement membrane. The effect of protein was unidi

rectional suggesting that there is not a large volume of water flux 

across the tight junction. 

Active sodium transport in the isolated perfused proxijnal con

voluted tubule is believed to be responsible for fluid absorption and 

the negative transepithelial potential difference. Cardinal et al. 

(1975) performed experiments to evaluate the relationship among fluid 

absorption, electrical PD and active electrolyte transport in proximal 

convoluted tubules. Control experiments were carried out to assess the 

effect of bicarbonate removal from the bath and the perfusate on these 

parameters. PCT's were initially bathed in rabbit serum and perfused 

with an ultrafiltrate of rabbit serum. The PD averaged -4.4 mV lumen 

negative, and the fluid absorption averaged 1.15 nl min ̂  per mm tubule 

length. Removing bicarbonate from both the bath and perfusate produced 

no change in either the PD or fluid absorption. 

In order to verify Kokko's (1973) results and extend his work, 

Cardinal et al. perfused PCT's with a solution containing no amino acids 



or glucose and a low bicarbonate concentration (5 mM). The chloride 

concentration in the perfusate was greater than that in the bath. This 

perfusate changed the PD from -4.4 mV lumen negative to +1.1 mV lumen 

positive and the fluid absorption decreased from 1.15 to 0.81 nl min 

per mm tubule length. Since the fluid absorption decreased despite a 

PD favoring sodium absorption and a chloride concentration difference 

favoring chloride absorption, the authors felt that this decrease might 

have resulted from the removal of amino acids or glucose. The chloride 

gradient from lumen to bath appeared to be responsible for the positive 

PD found in these experiments. When the chloride gradient was now 

eliminated and all bicarbonate was removed from both the perfusate and 

the bath, the potential difference went to zero but there was no further 

change in the fluid absorption. The authors concluded that the chloride 

concentration difference (lumen greater than bath), which was also ob

served as bicarbonate was absorbed in control experiments, did not in

fluence fluid absorption. 

Ouabain (10 ^ M), added to the serum bath during control condi

tions reduced the PD and fluid absorption to zero. Ouabain in the same 

concentration added to the serum bath of tubules perfused with a 

solution containing no amino acids or glucose and low bicarbonate caused 

the fluid absorption to decrease from 0.81 to 0.07 nl min per mm 

tubule length. The PD remained at +1.1 mV lumen positive during the 

addition of ouabain. In this case, the ouabain depressed the fluid ab

sorption without altering the potential difference. Similarly, when 

the chloride gradient was removed, addition of ouabain to the bath pro

duced decreased fluid absorption while the PD remained at zero. 
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It is clear that the measured PD is not a good indicator of 

fluid absorption since changes in potential difference did not produce 

equivalent changes in fluid absorption. If active sodium transport 

generates the PD, it cannot be assumed that the measured potential 

difference accurately reflects fluid absorption under all experimental 

conditions. Cardinal et al. believed that sodium transport is the 

major driving force for fluid absorption, but that uncertain mechanisms 

of anion transport may account for the lack of correlation between fluid 

absorption and potential difference. 

Aim of Present Study 

Secretion of urea by frog renal tubules has been well documented 

in clearance studies (Marshall, 1933; Schmidt-Nielsen and Forster, 1954) 

and micropuncture studies (Walker and Elson, 1931; Walker and Hudson, 

1937b; Long, 1973). I found that segments of proximal renal tubules 

could be dissected from the kidney of Rana catesbiana without the aid 

of collagenase or other enzymes. This allowed me to determine whether 

urea transport in isolated perfused proximal renal tubules accounted for 

the secretion observed in intact frogs and to examine the characteris

tics of any such transport. Many of the experimental results found in 

tissue slice studies (O'Dell and Schmidt-Nielsen, 1961; Schmidt-Nielsen 

and Shrauger, 1963) did not support the findings of the clearance and 

micropuncture studies. The isolated perfusion technique provided the 

opportunity to examine transport characteristics across the individual 

membranes comprising the tubular epithelium free from extra renal fac

tors which could modify the behavior of the transport system. These 



studies could provide the opportunity to resolve the conflicts in the 

data already in the literature. Part of the analysis of the urea trans

port system centered around a comparison with other transport processes 

in the frog kidney. For these comparisons, I chose to examine PAH se

cretion and fluid absorption. The early results of the urea transport 

studies led to a much more detailed study of PAH secretion to evaluate 

the transport capabilities of the proximal segments of the frog renal 

tubule under the experimental conditions of the isolated perfused tubule 

technique. 



METHODS 

Animals and Dissection of Tubules 

Bullfrogs (Rana catesbiana) of both sexes, weighing 182-758 g 

(average weight: 450 g for 128 frogs used) were obtained from Nasco 

(Wisconsin) and Southwestern Scientific (Tucson, Arizona). The primary-

source was Mexico except during the breeding season of July and August 

when the frogs came from Wisconsin. The frogs were maintained in a 

large tank where they had access to water and dry surface. The animals 

were killed by decapitation and the caudal portions of the kidneys were 

removed and placed in chilled Ringer solution. The caudal portion of 

the kidney is the only portion not covered by adrenal tissue, the pres

ence of which made dissection difficult. Thin cross sectional slices 

(1-2 mm) of kidney were cut and transferred to a glass dish filled with 

oxygenated frog Ringer at 25° ± 2° C (see below for composition of 

Ringer). The tubules were dissected using finely ground steel needles 

and microdissection forceps (Dumont #5B). The dissection was accom

plished under a stereomicroscope at 14-80 X magnification. Two differ

ent segments of the proximal tubule were studied. Divided anatomically, 

these segments are designated: proximal-proximal, and intermediate-

proximal. The perfused segments varied in lengr- from 0.2 to 1.7 mm 

(0.68 ± 0.29; mean ± SD). The segments of proximal tubule in these 

studies were dissected from nephrons similar to the nephron shown in 

Figure 3. The more convoluted tubules located at the kidney borders 

were not studied due to insufficiently long straight segments. The 

81 
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outside diameter of both tubule segments studied averaged 75.31 ± 2.32 y 

(mean ± SE). 

Ringer Composition 

Various media were used in these experiments. The control 

Ringer used for dissection and perfusion, unless otherwise specified, 

contained, in millimoles per liter: NaCl, 80; KC1, 2.5; CaC^^f^O, 

1.8; MgCl2-6H20, 1.0; NaHCO^, 24; NafL^PO^-f^O, 1; glucose, 5.5. This 

Ringer was bubbled with 951 0^, 5% CO^ to maintain the pH at 7.4 and to 

provide mixing of the bathing fluid. In some experiments 10 mM sodium 

acetate was added to the bathing solution to examine its effect of PAH 

transport. The NaCl concentration was decreased to maintain control 

sodium concentration during these experiments. 

Perfusion of Tubules 

Tubules were perfused in vitro using the technique first devel

oped by Burg et al. (1966) and modified in our laboratory by Dantzler 

(1973). Further modifications in the perfusion technique were developed 

during the course of the research. Tubules were transferred in a drop 

of Ringer solution to a special lucite chamber with a volume of 0.5 ml 

and were viewed through a dissection microscope. One end of a tubule 

was drawn into the left-hand holding pipet by means of suction applied 

with a 20 ml syringe (Figure 15). The perfusion pipet was advanced into 

the lumen of the tubule and the perfusion begun. The fluid was moved 

along the tubule lumen by positive air pressure applied directly to the 

end of the column of perfusion fluid in the perfusion pipet. The pres

sure was regulated via a three-way stopcock from an air reservoir made 
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of a 500 ml flask. The pressure applied to the perfusion pipet was 

monitored by two pressure gauges (Marshalltown Manufacturing, Inc.) 

covering a range of 0-300 mm Hg. The start of tubule perfusion was de

termined visually by the opening of the lumen in the tubule segment and 

the washout of cellular debris from the distal end. When the tubule was 

perfusing freely, the distal end was drawn into the collecting pipet by 

the same technique used at the perfusion end. The distal end of the 

tubule was sealed into position with Sylgard 184 (Dow Corning), a bio

logically inert encapsulating resin which provides a functional seal 

between the tissue and the glass collecting pipet. The collecting pipet 

was first precoated with polymerized Sylgard 184 to provide better con

tact between the non-polymerized Sylgard and the glass. 

In most experiments designed to study the secretion of urea or 

PAH, the bathing medium contained 2 x 10 ^ M tritiated PAH (New England 

Nuclear Corporation; specific activity: 141-268 mCi mM ^), or 1.7 x 

10 ̂  M 14C urea (Amersham/Searle Corporation; specific activity: 58-61 

mCi mM "*"). The PAH concentration was chosen because work with reptilian 

renal tubules (Dantzler, 1974a) suggested that this would be below the 

concentration necessary to saturate the transport system. The urea con

centration was chosen because in vivo work with frogs (Forster, 1954) 

indicated that this should also be below the level required to saturate 

the transport system. In some experiments the PAH concentration in the 

bathing medium was increased or decreased in order to study the satura

tion characteristics of the transport mechanism. In these experiments, 

the bath was changed completely for each new concentration. The tubules 

were exposed to the various PAH concentrations in random order. In a 
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few experiments designed to determine the effect of urea on PAH trans

port, 20 mM urea was added to the bath with 2 x 10 M PAH. No PAH or 

urea was present initially in the perfusate in any of the secretion 

studies. After twenty minutes of equilibration, the collected perfusate 

was discarded and the experiment was begun. During the course of the 

experiment, the bathing medium was bubbled with 95% C^, 51 CC^ at room 

temperature (25° ± 2° C). 

The flow rate through the tubules varied from 0.5 to 10 nl min ̂  

but in most experiments was maintained between 2 and 4 nl min . The 

perfusate was collected every ten minutes in a pre-calibrated constant 

bore capillary and the volume determined by measuring the length of the 

fluid column. The collected fluid was then added to 10 ml of scintilla

tion fluid for counting. 

In some experiments, PAH efflux was studied by perfusing the 

tubules with 2 x 10 ̂  M PAH with no radioactivity in the bath initially. 

The total bath was collected every ten minutes and added to scintilla

tion fluid for counting. 

In two experiments, frog serum extracted from frogs in the 

laboratory was added to the bathing medium to evaluate possible humoral 

factors which might affect urea transport. 

In several experiments, fluid absorption was evaluated in 

proximal-proximal tubules by the addition of tritiated inulin (New 

England Nuclear Corporation; specific activity: 701 mCi g to the 

perfusion fluid. Prior to use, the inulin was dialyzed (dialysis tub-

3 
ing, molecular wt cutoff 3.5 x 10 ; Arthur H. Thomas Co.) against dis

tilled water overnight to eliminate any small fragments. After a 
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series of control collection periods, ouabain of various concentrations 

was added to the bath to block sodium transport. Following four collec

tion periods with ouabain, the bath was returned to control conditions. 

Tissue Water 

Several experiments were performed to determine the tissue water 

content of the tubule. The tubules were dissected free in normal frog 

Ringer. Each tubule was transferred in a very small volume of Ringer 

to a glass dish for incubation. The tubule was drawn from the Ringer 

drop into 0.1 ml of tritiated water (THO) (New England Nuclear Corpora

tion; specific activity 1 mCi ml ~^). The THO was immediately covered 

with a mineral oil. The tubule was incubated in the THO for one hour at 

which time it was drawn through the mineral oil into 10 yl of 0.75 N 

nitric acid to be extracted for one hour. The tubule was placed in 

chloroform for 2-3 minutes. The dried tubule was weighed on a quartz 

fiber ultramicro balance (see Tubule Weighing). The 10 yl of nitric 

acid were added to scintillation fluid for counting. Samples of the THO 

were taken with a calibrated constant bore capillary tubing and trans

ferred to scintillation fluid for counting. The tissue water was calcu

lated to be 4.56 times the corrected dry weight of the tubule. 

Extraction Correction 

Some weight is lost from the tubules during the extraction in 

trichloroacetic acid or nitric acid, and chloroform. A series of ex

periments was carried out to determine this weight loss. Proximal 

tubules were dissected free in Ringer solution. The tubules were trans

ferred to a siliconized glass microscope slide in a small volume of frog 
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Ringer. Each tubule was drawn out of the Ringer solution and allowed 

to dry to stiffness. The tubule was then weighed on the quartz fiber 

ultramicro balance. After weighing, the tubule was extracted for one 

hour in either trichloroacetic acid or nitric acid and then transferred 

. to chloroform for three minutes. The tubule was again weighed and a 

correction factor determined for the weight loss during extraction. 

Tubule Weighing 

Tubules were weighed on a quartz fiber ultramicro balance. This 

balance was constructed in the laboratory following the design of 

Bonting and Mayron (1961). Quartz fibers (Bjorksten Research Labora

tories, Madison, Wisconsin) were attached to a stationary glass housing 

at one end. The other end was allowed to float free with a small glass 
v 

chip attached to it to serve as weighing pan. The deflection of the 

quartz fiber when stressed with various weights was observed through a 

stereomicroscope and measured with an ocular micrometer. The balance 

was calibrated with individual quinine hydrobromide crystals. A crystal 

was placed on the balance and the resulting deflection was recorded. 

The crystal was then dissolved in 1 ml of 0.1 N I^SO^. Using a Turner 

fluorimeter, the sample fluorescence was measured and compared with 

quinine hydrobromide standard solutions to determine the concentration 

in the sample. The original weight of the crystal was then calculated 

from its concentration in the sulfuric acid solution. Quinine hydro

bromide was used for the calibration because its crystalline structure 

makes it relatively easy to weigh and transfer, and the fluorescence it 



88 

produces peimits simple and accurate determinations of its concentra

tion. 

Tissue PAH 

At the termination of perfusion, tubules were recovered to de

termine PAH concentration in the cell water. A 1:1 (v:v) mixture of 

mineral oil and silicone oil (Dow Corning 200 Fluid 1 cs viscosity) was 

introduced into the perfusion pipet after the last experimetal collec

tion had been made. The perfusion pipet was then removed from the 

tubule lumen. The oil was rapidly advanced to the tip of the perfusion 

pipet. The perfusion pipet was replaced into the lumen and the tubule 

was filled with oil. As soon as the tubule was filled with oil, both 

pipets were drawn up into silicone oil which had been placed above the 

bathing Ringer solution. The tubule was then removed from the holding 

pipets using glass needles and transferred to 10 pi of 3% TCA. In early 

studies, tubules were extracted for one hour. Later analyses of extrac

tion time indicated that all radioactivity was extracted in 15 minutes. 

This extraction time was used for most of the tubules. The TCA was then 

placed in 10 ml of scintillation fluid for counting. Following extrac

tion, tubules were placed in chloroform for 3 minutes. Dried tubules 

were weighed on the ultramicro balance. Corrections were made for the 

fraction of the tubule in the holding pipets and for the weight loss 

during extraction. 

Uptake of Urea and PAH by Nonperfused Tubules 

Segments of proximal-proximal and intermediate-proximal tubules 

were teased from fresh tissue. Five to ten tubules were incubated in 



Ringer containing either 1.7 x 10 ̂  M urea or 2 x 10 ^ M PAH. Sodium 

acetate in a concentration of 10 mM was added to the PAH bath in some 

experiments. In these cases, the NaCl concentration was reduced by a 

comparable amount to maintain a constant sodium concentration in the 
/ 

bath. In some urea uptake studies, the temperature of the incubation 

medium was maintained at 35° C in a Dubnoff metabolic shaking incubator. 

Bathing solutions for urea inhibition of PAH transport contained non-

labeled urea in a concentration of 20 mM. All bathing solutions were 

bubbled with 95% C^, 5% CC^ at 25° ± 2° C (unless otherwise stated) for 

the 60 minute incubation. Extraction and counting of radioactivity and 

weighing of tubules were accomplished as outlined previously. 

Efflux Across Peritubular Membranes 

In some studies the efflux of PAH across the peritubular mem-

brane of renal proximal tubules was studied to determine the permeabil

ity of the peritubular membrane to PAH. Proximal-proximal tubules were 

dissected in frog Ringer from fresh tissue. The tubules were filled 

with mineral oil by perfusion. The presence of mineral oil in the lumen 

blocked PAH efflux from cell to lumen, thus allowing analysis of the 

permeability of the peritubular membrane along. Tubule length was mea

sured with a Filar micrometer. The peritubular membrane area was cal

culated from these measurements and the mean tubule diameter of 75.3 y. 

The tubules were incubated together in a control frog Ringer containing 

2 x 10 ^ M PAH for 60 minutes. Dantzler (1974b) has previously shown 

that no PAH enters the mineral oil during a 60 minute incubation period. 

After the incubation period, tubules were transferred with a glass 



needle to 0.5 ml of PAH-free control Ringer for 15 seconds to wash off 

PAH on the outside surface of the tubule. The tubules were then trans

ferred through a series of 0.5 ml baths of PAH-free control Ringer for 

various time periods ranging from 15 seconds in early periods to 3 

minutes at the end of the washout. The total time of efflux ranged from 

17.5 to 20.5 minutes per expriment. The 0.5 ml baths were collected and 

counted to determine PAH content. Following the last washout bath, tu

bules were extracted for 15 minutes in 10 yl TCA.. The TCA was then 

counted to determine the amount of PAH remaining in the tubules at the 

end of the washout. The tubules were dried in chloroform and weighed as 

described previously. The total PAH content of cell water at the begin

ning of the experiment was determined by summing the total radioactivity 

of all the efflux baths and the TCA extraction at the end of the experi

ment. The PAH concentration in the tubule cell water at the beginning 

of each efflux period was determined by subtracting the PAH lost during 

the preceding efflux period. 

Pipet Design 

Glass pipets were used to hold the tubule in the bathing cham

ber. Properly prepared and aligned pipets were critically important to 

the success of the experiments. Pipet designs were constantly modified 

during the course of the experiments to provide the simplest yet most 

efficient system for the experimental protocol. The present design 

allows rapid tubule hookup and can be easily used for all experimental 

procedures described in the dissertation. The pipet holders were spe

cially made and modified to accommodate the changing pipet designs. In 
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every modification, simplicity of design has proved to be the most suc

cessful approach. 

All pipets were first pulled to a sealed tip on a vertical pipet 

puller (Narishige or Stoelting) and then shaped on a Stoelting micro-

forge. The left hand holding pipet was made from 3 mm O.D. pyrex glass 

(Figure 15). The pipet was pulled and a hook fashioned in the tapered, 

sealed end. The tapered end of the pipet was placed through the heating 
t 

element loop in order to provide even heating, and a light weight (>0.07 

g) was placed on the hook. The shaft was pulled to provide a constant 

bore of 20 to 40 y I.D. for 3 to 4 mm to guide the perfusion pipet. A 

slight further constriction was pulled in the holding pipet to prevent 

the tubule from being drawn into it beyond the tip of the perfusion 

pipet. The holding pipet was then broken off to provide an orifice of 

40 to 60 y. Pipet breaking was accomplished by placing the pipet in the 

microforge in a horizontal position. The heating element was lowered 
t 

from above to contact the pipet. As soon as the glass pipet had adhered 

to the wire, the heating element was turned off. The wire contracted as 

it cooled causing the pipet to break at the point of adhesion. 

Figure 16 shows the perfusion pipet design. The perfusion pipet 

was made of 1.2 to 1.5 mm O.D. pyrex glass. The pipet was drawn to a 

sealed tip. At an appropriate distance from the tip, the pipet was 

heated over a microflame burner and bent to a 90° angle. A hole was 

then blown in the 90° angle of the perfusion pipet. This was accom

plished by placing the perfusion pipet in the microflame and applying 

positive pressure from a 20 cc syringe. This hole was made just large 

enough to accommodate a pressure pipet (0.46 mm O.D.) pulled with a 
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Figure 16. Perfusion pipet design. 
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slightly tapered tip. This pressure pipet was then advanced through the 

hole in the perfusion pipet and sealed in place with epoxy. It was 

necessary to leave sufficient space between the tip of the pressure 

pipet and the inner wall of the perfusion pipet so that fluid could be 

exchanged easily without application of sufficient pressure to dislodge 

the tubule. Polyethylene tubing was then placed on the inlet of the 

pressure pipet and the outlet of the perfusion pipet. Perfusate was 

introduced to the system through the pressure pipet to fill the perfu

sion pipet. A volume of 50 pi of perfusate was sufficient to make a 

complete change of fluid. During perfusion, the outlet arm of the per

fusion pipet was sealed off so that positive pressure applied to the 

pressure pipet forced fluid out the tip of the perfusion pipet: 

Figure 17 shows the collecting pipet design. The right hand 

holding pipet was made from 1.2 to 1.5 mm O.D. pyrex glass. A hook was 

fashioned in the tapered end. The main shaft was drawn to 300 y I.D. 

for 3 to 4 mm to accommodate the fluid sampling constant bore capillary 

pipet (Figure 15). Below the 300 y I.D. level, the pipet was further 

drawn to 30 y I.D. for 2 mm then flared to 40 to 60 y where it was 

broken as described for the left hand holding pipet. 

The Sylgard holding pipet was made from 4 mm glass. The pipet 

was pulled to a taper, broken off at 500 y, and fire polished. The 

pipet was coated with polymerized Sylgard which was allowed to dry to 

hardness. A small volume of nonpolymerized Sylgard was then placed in 

the Sylgard holding pipet. After the tubule had been positioned in the 

holding pipet, the pipet was drawn back into the Sylgard. This approach 

kept the end of the tubule from coming into contact with the Sylgard. 
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Analytical Methods 

The activities of the radioactive compounds were determined by 

counting in a liquid scintillation spectrometer (Nuclear Chicago Corp., 

Unilux II or Isocap 300). The scintillation solution used for perfu

sion samples and small bath samples was the same as that described by 

Truniger and Schmidt-Nielsen (1964). It contained toluene: ethanol 

8:2, PPO (2,5-dephenyloxazole, 7.0 g 1 and POPOP [l,4-bis-2-(5-

phenyloxazolyl)-benzene, 0.3 g 1 . Aquasol (New England Nuclear) was 

used as the scintillation solution for large volumes of bath solution. 

PAH fluxes across perfused tubules are expressed as moles per minute per 

-1 -1 millimeter tubule length (moles min mm ). The efflux from the cells 

is expressed as moles per square centimeter of peritubular surface per 

- 2 - 1  -second (moles cm sec ). Fluid absorption is expressed as nanoliters 

-1 -1 per minute per millimeter tubule length (nl min mm ). All calcula

tions, except linear regressions, were performed on the Hewlett-Packard 

45 calculator. Linear regressions were determined by the method of 

least squares. The slope, y intercept, mean y, and correlation coeffi

cients of the regression lines were calculated with a Hewlett-Packard 

9100 calculator and plotted with a Hewlett-Packard 9125B plotter. 

Levels of statistical significance were determined by Student's t test. 



RESULTS 

PAH Uptake by Nonperfused Tubules 

I initially examined the uptake of PAH by nonperfused tubules 

with collapsed lumens to determine the contribution of the various seg

ments of the proximal tubule to PAH secretion. The steady-state cell 

water PAH concentration in the proximal-proximal tubule averaged 12.03 

± 3.32 (mean ± SE for 17 tubules) times the bath concentration. The 

steady-state cell water PAH concentration in the intermediate-proximal 

tubule averaged 17.28 ± 4.44 (mean ± SE for 20 tubules) times the bath 

concentration. There was no statistical difference between cell water 

PAH concentrations in the two tubule segments (0.40 < P < 0.30). 

The effect of acetate on PAH uptake by isolated segments of 

proximal-proximal and intermediate-proximal tubules was evaluated. The 

cellular uptake of PAH by tubules incubated in 10 irM sodium acetate 

averaged 65% (65.08 ± 10.31; mean ± SE) of control values (Figure 18). 

This inhibition of uptake was statistically significant (0.002 < P < 

0.005). Since there was no significant difference in the effect of ace

tate on PAH uptake between the proximal-proximal and the intermediate-

proximal tubules, the data were combined. 

The effect of 20 mM urea in the bathing medium on PAH cellular 

uptake in the isolated segments of proximal tubule was also examined in 

a similar study. The nonperfused tubules in the urea containing bath 

were able to attain a cell water PAH concentration equal to 59% (59.03 

± 9.23; mean ± SE) of the concentration found in control tubules 

96 
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Figure 18. Comparison of PAH uptake in nonperfused tubules incubated 1n 
control or acetate bathing medium. 

Uptake by control tubules is expressed as 100%. Uptake by tubules incu
bated in acetate is expressed as percent of control. Vertical line indi
cates SE. Nwnber in parentheses indicates number of tubules . 



(Figure 19). The difference between cell water PAH concentrations is 

statistically significant at a P value less than 0.005. 

PAH Secretion by Perfused Proximal Tubule Segments 

Net PAH secretion in perfused tubules occurred from bath to 

lumen against a concentration gradient in both proximal-proximal and 

intermediate-proximal tubules (Figure 20). The ratio of the concentra

tion of PAH in the collected tubule fluid to that in the bath (PAH 

TF/B) exceeded 1.0 at flow rates of 2 to 9 nl min The PAH TF/B 

ratios tended to decrease with increasing perfusion flow rate (Figure 

21) but averaged 3.8 over the range of flow rates studied. 

Varying perfusion rate had very little effect on net PAH secre-

-l tion rate in individual tubules over the range of 2 to 8 nl min (Fig-

-15 • -1 -1 
ure 22). PAH transport averaged 746.22 ± 64.56 x 10 moles min mm 

(mean ± SE). The transport rates in the proximal-proximal and 

intermediate-proximal tubules did not differ significantly. Therefore, 

the data from the two tubule segments were combined. 

In 20 tubules, the PAH bath concentration was varied from 2 x 

10 ̂  to 2 x 10 ̂  M during perfusion. Net secretion rate increased 

rapidly as the bath concentration was increased from 2 x 10 ̂  to 6 x 

10 ̂  M PAH, at which point the transport mechanism appeared to saturate 

(Figure 23). Thus it appears that the concentration of 2 x 10 ̂  M PAH 

used in the bath in most of these experiments was well below the level 

necessary to saturate the transport mechanism. The apparent Michaelis 

constant (K^) and the maximum transport rate (ymax), taken from a 
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fusion flow rate for segments of the proximal tubule. 

Each bar represents mean PAH transport rate for all periods over that 
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Lineweaver-Burke plot of these same data, were 1.5 x 10 ̂  M and 659.08 

-15 -1 -1 
x 10 moles min mm , respectively. 

The cell-to-bath (C/B) PAH concentration ratio always exceeded 

the collected tubule fluid-to-bath concentration ratio obtained during 

perfusion experiments (Figure 24). In 8 tubules, the C/B ratio averaged 

18.56 ± 3.77 (mean ± SE) while the TF/B ratio averaged 3.03 ± 0.68 (mean 

± SE). From these values it can be seen that during PAH secretion, the 

cell water PAH concentration always exceeded that in the collected 

tubule fluid or in the bath. These data suggest that active transport 

of PAH into the cells occurs at the peritubular membrane with subsequent 

diffusion into the lumen across the luminal membrane. 

_ 2  
In eight tubules, the effect of 2 x 10 ,_M urea on net PAH se-

cretion was evaluated. The tubules were first exposed to a bathing 

solution containing 2 x 10 ̂  M urea and 2 x 10 ^ M PAH. The bathing 

medium was then changed to control medium containing 2 x 10 ^ M PAH but 

no urea. This sequence was followed to avoid an apparent decrease in 

PAH transport in the presence of urea which was actually only a decrease 

with time. Each tubule was used as its own control when determining 

changes in net secretion rate. Transepithelial transport of PAH was 

only 69% (68.5 ± 7.7; mean ± SE) of control values in the presence of 

_2 2 x 10 M urea (Figure 19). The degree of inhibition was significant 

(0.005 < P < 0.01). 

PAH Efflux From Lumen to Bath In 
Perfused Renal Proximal Tubules 

The efflux of PAH from lumen to bath was examined in 9 tubules 

perfused with 3 x 10 ̂  M PAH. This concentration was chosen because it 
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amounted to half the average concentration of PAH in the collections of 

tubular fluid made during the secretion studies. Thus, this concentra

tion approximated the mean PAH concentration in the tubule lumen during 

the secretion studies. There was no PAH in the bath initially. The 

efflux from lumen to bath averaged 31.52 ± 6.18 moles min ̂  mm ^ (mean 

± SE). The ratio of the PAH concentration in the cell water to that in 

the perfusate averaged 0.71 ± 0.18 (mean ± SE) during these efflux 

experiments. 

PAH Permeabilities 

The permeability of the luminal membrane (P^) to PAH was mea

sured in individual tubules during perfusion experiments in which tu

bules were harvested to determine the cell water PAH concentration. 

This was accomplished following the technique of Tune, Burg and Patlalc 

(1969) and Dantzler (1974a). The following equation was used: 

\ CS - cLm 

pL ^ (1) 

In equation 1, is the net secretion of PAH from bath to 

lumen, A^ is the surface area of the luminal membrane per unit length 

-5 2 -1 
(for a mean luminal diameter of 32.2 y, A^ is 101.2 x 10 cm mm ), 

Gj, is the mean PAH concentration in cell water, and is the PAH con

centration in the collected tubule fluid. C^/2 was used to approximate 

the mean PAH concentration in the tubule lumen since no PAH was present 

initially in the fluid entering the tubule lumen and it was assumed that 

the PAH in the collected fluid was the maximum concentration attained. 
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The mean value for was 3.8 ± 0.53 x 10 ^ cm sec ^ (mean ± SE for 

21 tubules). 

The permeability of the peritubular membrane (Pp) to PAH was 

determined by measuring PAH efflux from the cells of tubules with oil-

'filled lumens following the technique of Dantzler (1974b) as outlined 

in the Methods section. The permeability was calculated from the efflux 

of PAH from cells to bath and the concentration difference between the 

cells and the bath across the peritubular membrane. 

The mean cell water PAH concentration during each efflux period 

was determined by plotting the concentration at the beginning of each 

efflux period against time on semilog paper. A typical plot is shown 

in Figure 25. The concentration decreased linearly with time. This 

indicated that the efflux of PAH was a one component system. The PAH 

concentration in the cell water was determined by reading the value from 

the plot at the midpoint of each efflux period. 

PAH efflux from the cells to the bath is proportional to the 

concentration difference between the cells and the bath, and the con

stant of proportionality is the permeability coefficient for the peri

tubular membrane. Short efflux time periods and efflux bath volumes 

greater than 10^ times the cell water volume permitted the assumption 

that the PAH concentration in the bath during each efflux period was 

zero. Under these circumstances, the concentration difference from cell 

to bath equaled the PAH cell water concentration. The net efflux of PAH 

for each efflux period was plotted against the mean cell water concen

tration for that efflux period. A curve for each experiment was fitted 

by the method of least squares, and the permeability was determined from 
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MINUTES 

Figure 25. Change in PAH concentration in tubule cell water with time 
during efflux study. 

Lines are fitted by eye. Note that scale on ordinate is logarithmic. 
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the slope of the curve. The Pp averaged 0.66 ± 0.08 x 10 ̂  cm sec ̂  

(mean ± SE for 8 tubules). 

Urea Uptake by Nonperfused Tubules 

I initially examined the uptake of urea by nonperfused tubules 

to determine the contribution to urea secretion of the proximal tubule 

and to verify the proposed active transport step at the peritubular 

membrane. The steady-state cell water urea concentration to that in the 

bath (urea C/B) in the proximal tubule averaged 0.48 ± 0.05 (mean ± SE 

for 19 tubules). 

The effect of temperature elevation on cell water urea concen

tration was examined in nonperfused proximal-proximal tubules. The urea 

C/B ratio in tubules incubated at 35° C was 0.73 ± 0.07 (mean ± SE for 

6 tubules). The urea C/B ratio in tubules taken from the same frog and 

incubated at 25° C was 0.46 ± 0.03 (mean ± SE for 6 tubules). The dif

ference between the urea C/B ratios was statistically significant (0.01 

< P < 0.005). 

Urea Transport in Perfused Tubules 

Proximal tubule segments were perfused at rates ranging from 0.7 

to 25 nl min The urea tubule fluid-to-bath (urea TF/B) ratio aver

aged 0.57 ± 0.11 (mean ± SE for 14 tubules). In most experiments the 

TF/B ratio decreased with increasing perfusion rates. The net transepi-

-15 • -1 -1 
thelial urea transport averaged 68.02 ± 6.64 x 10 moles min mm 

(mean ± SE for 82 collection periods) with 1.7 x 10 ^ M urea in the bath 

bath. Frog serum added to the bath in two experiments did not increase 

the urea TF/B ratio or urea transport rate. 
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Net urea transport increased with increasing perfusion rates. 

The slope of the curve averaged 16.07 ± 3.94 (mean ± SE for 16 tubules) 

with a correlation coefficient of 0.68 + 0.05 (mean ± SE for 16 tu

bules) . Figure 26 shows an experiment with the slope very close to the 

average value and an exceptional correlation coefficient. Table 15 

provides the raw data for the slopes and correlation coefficients. The 

increase of net transepithelial urea transport with increasing perfusion 

flow rates is compatible with either actove or passive transport of 

urea. 

Urea transport, measured using urea, increased to 319.23 

-1 R -1 -1 
± 33.44 x 10 moles min mm (mean ± SE for 52 collection periods) 

when the urea gradient from bath to lumen was increased by the addition 

of 1 mM unlabeled urea to the bathing medium. The direct relationship 

between urea transport and flow rate still existed in the presence of 

the 1 mM unlabeled urea. 

Fluid Absorption in Isolated Perfused 
Proximal-Proximal Tubules' 

Fluid absorption was evaluated in the proximal-proximal tubules 

3 
of Rana catesbiana by the addition of H inulin to the perfusate. Dur

ing control conditions, fluid absorption averaged 0.34 ± 0.07 nl min ̂  

mm * (mean ± SE for 29 tubules). Ouabain was added to the bath in con

centrations of 10 4, 10 5, and 10 ̂  M. All doses of ouabain tested 

blocked fluid absorption (Figure 27). When ouabain was removed from 

the bath, fluid absorption increased, but it did not completely return 

to the control level. However, it should be noted that, under control 

circumstances, frog tubules generally showed some decrease transport in 
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Figure 26. Relationship between transepithelial urea transport and per
fusion flow rate for segments of the proximal tubule. 

This figure is taken from a single experiment. The slope is 16.87. The 
correlation coefficient is 0.99. 
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Table 15. Relationship between transepithelial urea transport and per
fusion flow rate for segments of the proximal tubule: slope 
and correlation coefficients. 

Experiment Slope 
Correlation 
Coefficient 

18 20.42 0.86 

19 35.03 0.83 

26 7.73 0.70 

27 32.99 0.98 

30 4.32 0.62 

36 3.0 0.75 

40 6.27 0.76 

43 16.87 0.99 

44 14.49 0.30 

45 59.58 0.84 

46 25.96 0.79 

58 3.56 0.65 

65 5.09 0.30 

66 14.47 0.55 

86 3.40 0.59 

87 3.92 0.41 

Mean 16.07 0.68 

SE ±3.94 ±0.05 

Number of tubules (16) (16) 



Figure 27. Effect of ouabain on fluid absorption. 

Each collection period is 10 min. Vertical lines indicate SE. Fifteen min equilibration periods 
follow bath changes to ouabain (10~4, 10~5, or 10"6 M) and back to control Ringer. 
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experiments lasting longer than 90 minutes. Normally, experiments were 

not continued for longer than 90 minutes. Because it was necessary to 

obtain adequate samples during control, experimental, and recovery 

periods in the present series of experiments, however, the recovery 

phase could not be started until after 80 minutes of perfusion. 



DISCUSSION 
* 

PAH Transport 

The PAH uptake by nonperfused frog renal tubules was similar in 

the proximal-proximal and intermediate-proximal segments of the proximal 

tubule. These findings are in marked contrast to those reported by 

Dantzler (1974a) in snakes of the genus Thamnophis where the cellular 

PAH uptake by the distal-proximal segment was 9.8 times larger than that 

in the proximal-proximal segment. Tune, Burg and Patlak (1969) re

ported that PAH secretion rates were 3.7 times larger in the proximal 

straight tubule when compared to the proximal convoluted tubule. The 

uniformity of PAH uptake in the frog tubules allowed me to use either 

segment for study and to combine data obtained from the two segments. 

I generally used the proximal-proximal segment since the presence of 

the glomerulus provided positive identification of this segment. 

Cross and Taggart (1950) reported that the addition of sodium 

acetate to the incubation medium stimulated PAH uptake in rabbit kidney 

slices. Kinter and Wong (1974) have recently found the same results in 

Necturus kidney slices. Their results indicate that acetate may possi

bly be acting as an energy source for PAH transport. Proximal-proximal 

and intermediate-proximal segments of frog renal tubules incubated in 

sodium acetate had PAH cell water concentrations which averaged 65% of 

control values. Dantzler (1969) reported finding no stimulatory effect 

of acetate on PAH uptake in either snake or chicken slices and no 

stimulatory effect on uptake of PAH in nonperfused snake tubules 
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(1974a). It seems likely that acetate is not acting as a primary energy 

source in the frog renal tubule. 

Schachter, Manis and Taggart (1955) showed that many metabolic 

intermediates form acyl glycines which compete with PAH for transport 

sites. They proposed that the stimulatory effect of acetate on PAH was 

due to the large amount of acetylglycine that was formed which does not 

compete with PAH for transport. Formation of large quantities of 

acetylglycine would depress the formation of inhibitory acyl glycines, 

thus decreasing the inhibition of PAH transport that was normally pres

ent. Schachter et al. (1955) reported that 7 mM acetate inhibited 60% 

of the PAH uptake in kidney slices of the dogfish (Squalus acanthias), 

but they were unable to describe a mechanism for inhibition based on 

their theory. It is possible that the acetate may directly compete with 

PAH for transport into the cell in dogfish and bullfrog proximal renal 

tubules. 

Net transepithelial PAH secretion occurred in perfused frog 

proximal renal tubules from bath to lumen against a concentration gra

dient. Moreover, during secretion the concentration of PAH in the cells 

was consistently greater than that in the bath and collected tubular 

fluid. These findings are consistent with the model for PAH transport 

shown in Figure 20. In this model, PAH is actively transported into the 

cell across the peritubular membrane. A concentration gradient is de

veloped from the cell to the lumen for the passive diffusion of PAH into 

the lumen. The passive efflux of PAH from lumen to bath is small in 

comparison with active secretion. This model for PAH transport in the 

frog closely resembles models for PAH transport in the rabbit proposed 
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by Tune, Burg and Patlak (1969) and in snakes of the genus Thamnophis 

proposed by Dantzler (1974a). 

Net PAH transport in frog isolated renal tubules exceeded that 

-15 
in snake isolated renal tubules (Dantzler, 1974a) by about 500 x 10 

moles minmm""'". The average surface area of the peritubular membrane 

- 5  2 - 1  •  -of frog proximal renal tubules is 236.6 x 10 cm mm . This is 1.35 

times larger than that of the snake distal-proximal renal tubules 

(Dantzler, 1974a). The larger surface area available for transport 

in frog renal tubules may, in part, account for the greater transport 

rate. 

In these secretion studies, I have assumed that the PAH is not 

bound to the tissue and is in free solution in the cell water as pro

posed by Foulkes (1963). Support for this assumption comes from the 

studies on efflux from tubules with oil-filled lumens and the studies 

on efflux from lumen to bath. The final PAH cell water concentration at 

the end of the former studies averaged 5.6% of the total calculated cell 

water PAH concentration at the beginning of the experiment. Therefore, 

almost all the PAH came out of the cells in a single component. In the 

studies on efflux from lumen to bath the cell water PAH concentration 

averaged only 71% of the perfusate PAH concentration. More than 25 

times the amount of PAH found in the cells diffused across the tubules 

during these studies. If there had been significant tissue binding, 

this should have been more than enought PAH to have produced a cell con

centration greater than that in the perfusion fluid. Since this was not 

the case, the cell water PAH concentration appears to be representative 

of the free intracellular transport pool. 
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The net PAH secretion rate increased rapidly as the bath con

centration was increased from 2 x 10 ̂  to a saturation level of about 

6 x 10 ** M PAH. Schmidt-Nielsen and Forster (1954) reported saturation 

of the PAH transport mechanism at a plasma concentration of 9.28 x 10 ^ 

M PAH determined by in vivo clearance studies in Rana catesbiana. Al

though the difference is small, it may be accounted for by a variable 

threshold for saturation among the tubules in the intact kidney. How

ever, the lack of data points near the saturation point of the curve on 

the intact animals (Schmidt-Nielsen and Forster, 1954) also makes it 

difficult to determine exactly where saturation occurs. Dantzler 

(1974a) reported a PAH saturation level of about 6 x 10 ^ M in distal-

proximal tubules of snakes of the genus Thamnophis. 

Forster (1954) demonstrated PAH inhibition of urea uptake in 

frog kidney slices. He did not believe that PAH competed with urea for 

transport sites but did not propose a mechanism to account for this 

inhibition. I evaluated the effect of urea on PAH transport in non-

perfused and perfused segments of proximal tubules. In both cases, PAH 

transport was decreased in the presence of urea. Forster felt that the 

lack of structural similarity between urea and PAH would prevent compe

tition for a common transport mechanism. However, structural dissimi

larity is not an adequate indication that competition for transport 

sites does not occur. 

The degree of backdiffusion of PAH from lumen to bath was ex

amined in a series of experiments. A large degree of backdiffusion of 

PAH from lumen to bath would lower the net PAH secretion rate. If 

backdiffusion played an important role in the net secretion rate in the 
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present studies, more rapid perfusion rates resulting in lower luminal 

PAH concentrations should have led to increased net secretion rates. 

Such was not the case. The small amount of PAH backdiffusion found in 

the present studies is in agreement with the results of Tune et al. 

(1969) and Dantzler (1974a). The average rate of PAH efflux when PAH 

was present in the perfusate but absent from the bath was only 41 of the 

net secretion rate of PAH from bath to lumen. Moreover, the conditions 

of these studies optimized the efflux of PAH from lumen to bath to pro

vide an upper limit for the efflux actually present during the secretion 

experiments. 

The apparent peritubular membrane permeability to PAH, deter

mined from efflux from tubules with oil-filled lumens, averaged 0.66 x 

-5 -1 
10 cm sec . This technique, in which the oil-filled tubule lumen 

prevents PAH movement from cell to lumen, offers a reasonably direct 

measurement of the PAH efflux across the peritubular membrane only and, 

therefore, a more accurate assessment of the peritubular membrane per

meability than the earlier approach used by Tune et al. (1969) and 

Dantzler (1974a). This earlier approach depended on the use of the mean 

cell water PAH concentration and net transport from one group of tubules 

and the cell water PAH concentration from a separate group of non-

perfused tubules to obtain a single estimate for all tubules. This 

previous calculation also depended on the assumption that the rate of 

PAH transport into the cells of the group of nonperfused tubules at the 

peritubular membrane at steady-state was exactly the same as that in the 

group of perfused tubules. The validity of this assumption could never 

be assessed with any degree of certainty. 
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Two possible criticisms of the present efflux technique for 

determination of the peritubular membrane permeability are the loss of 

PAH across the cut ends of the tubule and an unstirred layer around the 

tubule which would add an in-series resistance. The surface area of the 

cut ends of the tubule is only about 1/100 of the total surface area of 

the peritubular membrane. This small value could not account for any 

significant loss. The small amount retained in the cut cells at the 

tubule ends would have been lost very rapidly during the first 15 sec 

efflux period which was used as a wash period to remove the PAH on the 

outer surface of the peritubular membrane. The effect of an unstirred 

layer was minimized by vigorous stirring of the tubules during each 

efflux period. Moreover, because of the relatively low permeability 

being measured, the effect of an unstirred layer would have been small. 

Dantzler (1974b), using the same technique for efflux from 

tubules with oil-filled lumens, reported a PAH permeability for the 

peritubular membrane of the distal portion of snake proximal renal 

tubules of 0.50 x 10cm sec This is almost identical with the 

value for frog proximal tubules determined in the present study. The 

apparent luminal membrane permeability to PAH found in frog proximal 

tubules (3.8 x 10 ̂  cm sec ^) is also strikingly similar to that (3.5 

x 10 ̂  cm sec ^) reported by Dantzler (1974a) for the distal portion of 

snake proximal tubules under the same experimental conditions. Thus, 

both frog and snake proximal renal tubules have similar luminal and 

peritubular membrane permeabilities to PAH. The P^ was 5.8 times the 

Pp in the present study. This difference favors the passive movement of 

PAH, which has been transported into the cells on the peritubular side, 
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into the lumen rather than back into the bath and supports the basic 

cellular model for PAH transport (Figure 20). 

Assuming the correctness of the apparent membrane permeabili

ties, I predicted passive transepithelial efflux of PAH from lumen to 

bath during the efflux studies using the following equation (Tune et 

al., 1969): 

Aj pj * Ap pp • CT 
u . Ji-i k (2) 

\ PL + PP 

In equation 2, A^ and Ap are the areas of the luminal and peritubular 

membranes respectively; P^ and Pp are the apparent permeabilities of 

the luminal and peritubular membranes respectively; is the mean con

centration of PAH in the perfusate (3 x 10 ^ M); is the flux of PAH 

from lumen to bath per millimeter tubule length. Using this equation, 

-15 
the predicted PAH efflux from lumen to bath was 33.32 x 10 moles 

min * mm The measured efflux from lumen to bath was 31.52 ± 6.18 x 

-15 -1 -1 
10 moles min mm (mean ± SE for 9 tubules). The difference be

tween the values is not statistically significant (0.80 < P < 0.70). 

The similarity between the measured and predicted values for the efflux 

of PAH lends credence to the experimentally determined membrane perme

abilities for PAH. 

The cell water PAH concentration established during the studies 

of PAH efflux from lumen to bath is dependent upon the degree of tissue 

binding and the permeabilities of the membranes to PAH. Assuming the 

tissue binding to be minijnal, as stated previously, I calculated the 
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expected ratio of the PAH concentration in the cell to that in the lumen 

Gp 
( p- ) with the following equation used by Tune et al. (1969): 

LL 

? = A p -a p C3) 
L L L P P 

All terms have been defined previously. The predicted C^/C^ ratio was 

0.71. The experimental value averaged 0.71. Tune et al. (1969) argued 

that, since the PAH is in its anionic form at the physiological pH, this 

would decrease the PAH efflux rate and the Gp/C^ ratio. However, the 

effect of the anionic form of the molecule on transport and cell water 

concentration is already taken into account in the formula since the 

apparent membrane permeabilities were determined experimentally under 

conditions where the negative charge within the cell would effect the 

measured permeability. It therefore seems likely that the C^/C^ ratio 

further supports the values experimentally determined for the apparent 

membrane permeabilities. 

In order to evaluate the total PAH transported across the peri

tubular membrane, the average net transepithelial PAH transport rate 

from bath to lumen was added to the average estimated backflux of PAH 

from cell to bath during the perfusion experiments. The backflux (M^g) 

was calculated using the following equation (Dantzler and Bentley, n.d.). 

B = ̂  PP * (CT " CB} * 60 Sec (4) 

In equation 4, Gp, Ap and Pp have been previously defined. Cg is the 

bath PAH concentration (2 x 10M). It should be noted that this 
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estimate of the backflux from cell to bath only applies at the end of 

perfusion when the concentration of PAH in the cell water (C^) was mea

sured and it assumes a steady-state at this time. The calculated back-

-15 -1 -1 
flux was 351.33 x 10 moles min mm . When this value was added to 

the net transepithelial PAH transport from bath to lumen (737 x 10 ̂  

moles min ̂  mm *), the estimated total PAH transported by the pump was 

1088 x 10 ̂  moles min ̂  mm The ratio of the PAH backflux to the 

total PAH transport was 0.32. The efficiency of the peritubular PAH 

transport pump was 68%. This calculation of the total PAH transport 

across the peritubular membrane does not take into account the passive 

backflux of PAH from lumen to bath. Although a value for the backflux 

-15 
of PAH from lumen to bath was determined in this study (33.32 x 10 

-1 -1 moles min mm ), it was not incorporated in the calculation of total 

PAH transport because the experimental conditions were designed to maxi

mize the backflux and minimize the secretion of PAH. Dantzler and 

Bentley (n.d.), evaluating the total PAH transport by the distal portion 

of snake proximal renal tubules, found a net transepithelial secretion 

-15 -1 -1 rate of 303.6 x 10 moles min mm , and a backflux from cell to bath 
-I c _1 _1 

of 171.9 x 10 moles min mm . The estimated total PAH transported 

-15 -1 -1 by the pump was 475.5 x 10 moles min mm . The ratio of the back

flux to the total PAH transported was 0.36. The efficiency of the peri

tubular PAH transport pump was 64%. It is interesting to note that 

although the net transepithelial secretion rate, backflux from cell to 

bath, and total peritubular transport of PAH in the frog proximal renal 

tubule exceeded that in the distal-proximal tubule of the snake, the 

efficiencies of the peritubular transport pumps were.very similar. 
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Urea Transport 

An initial examination of urea uptake by nonperfused segments of 

frog proximal renal tubules did not demonstrate active transport of 

urea across the peritubular membrane. The steady-state "^C urea C/B 

concentration ratio was 0.48. O'Dell and Schmidt-Nielsen (1961) re

ported 14C urea slice to medium ratios of 0.92 in kidney slices taken 

from Rana catesbiana. Unlabeled urea siice-to-medium ratios in the same 

slices averaged 1.39. They stated that the difference between the un-

14 labeled urea and C urea concentrations was due to tightly bound area 

in the tissue. More recently, Schmidt-Nielsen and Shrauger (1963) re

ported the increase in unlabeled urea was due to cellular production 

from protein breakdown. It is not clear why the urea C/B ratio in non-

perfused tubules did not approach unity. 

Elevation of the ambient temperature from 25° to 35° C did 

cause the urea C/B ratio to increase 1.6 times (from 0.46 to 0.73). 

However, the C/B urea ratio obtained at 35° C is still significantly 

below unity (0.02 < P < 0.01). Schmidt-Nielsen and Forster (1954) 

found a decrease in urea transport in frog clearance studies when the 

ambient temperature was decreased to 5° C, indicating a temperature sen

sitive urea transport mechanism. Elevation of the temperature should 

have caused the urea C/B ratios to exceed one if a temperature sensitive 

active transport step was functioning at the peritubular membrane in 

these isolated tubules. 

Perfusion experiments proved no more useful in elucidating an 

active secretory transport system in the isolated segments of the proxi

mal tubule. TF/B ratios did not exceed unity during perfusion 
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experiments even at very low perfusion rates. Long (1973) found tubule 

fluid-to-plasma urea ratios of 1.94 near the end of the proximal tubule 

using micropuncture techniques in the frog. However, Love and Lifson 

(1958), performing double perfusion experiments to measure unidirec

tional urea fluxes found that the effective urea flux from peritubular 

fluid to lumen (2.93 mg hr ̂  kg ^) was greatly blunted by the flux from 

lumen to peritubular fluid (2.1 mg hr ̂  kg ^). The net secretion aver-

-1 "I aged 0.83 mg hr kg . This indicated a low net urea secretion. If 

net secretion was indeed present in the isolated perfused tubules in 

the present study, it could not be clearly shown. The low urea TF/B 

ratios do not support the active transport of urea in the proximal tu

bule of the frog. 

The increase in urea transport seen with increasing perfusion 

rates may simply have indicated a passive diffusion of urea from bath to 

lumen in the perfused tubule experiments. Since no urea was present in 

the perfusate initially, all urea found in the collected fluid entered 

the lumen from the bathing medium. If an active mechanism had been pri

marily responsible for the urea entry into the lumen, the TF/B ratios 

should have been above unity at low perfusion rates. In this case, if 

backflux from lumen to bath were significant, an increasing perfusion 

rate could have increased transport by reducing backflux. However, the 

TF/B ratio never exceeded 1.0, and urea probably entered the lumen by 

simple diffusion. Nevertheless, a weak active transport system could 

have been masked by the large passive diffusion from bath to lumen. 

Since PAH transport did occur readily in these tubules under 

similar conditions, it seems reasonable to compare the capabilities of 
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the PAH and urea transport systems observed in intact animals in other 

studies. Long (1973) reported average urea secretion rates of 7.9 mg 

-1 -1 -1 -1 
hr kg (range of 0.84 to 30.2 mg hr kg ) m renal clearance 

studies on Rana catesbiana. Schmidt-Nielsen and Forster (1954) found 

PAH secretion rates of 11.7 mg hr ^ kg ^ at plasma levels which satu

rated the carrier mechanism in these animals. Thus, the overall 

capabilities of the two secretory systems are similar in intact bull

frogs. PAH secretion occurs only in the proximal renal tubules, but 

Long's (1973) micropuncture data suggest that urea transport can occur 

in both the proximal and distal tubules. 

Experiments performed on isolated perfused segments of frog 

renal tubules in the present study do not clearly support the theory of 

active urea transport. Several possible explanations could account for 

these results: 1) the perfused segments are not sufficiently long to 

demonstrate net secretion; 2) the transport mechanism is destroyed dur

ing the tubule dissection; 3) urea secretion is under the control of 

some humoral factor not present in these experiments; or 4) active urea 

transport does not exist in the proximal tubule of the frog. Each of 

these possibilities 'is considered in the following discussion. 

The Perfused Segments Are Not Sufficiently 
Long to Demonstrate Net Secretion 

The total length of the frog proximal tubule is about 4 mm 

(Huber, 1917), but the average length of the perfused segments of the 

proximal tubule in the present study was only 0.68 mm. Long's (1973) 

micropuncture site was about 3.4 mm along the length of the proximal 

tubule. The urea TF/P ratio was 1.94 at this point. If the initial 
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TF/P ratio at the start of the tubule was 1.0 and the urea concentration 

increased linearly, then the increase in the TF/P ratio would have been 

0.28 per mm tubule length. If this were the expected rate of increase, 

then the isolated tubules perfused without urea in the initial perfusate 

in the present study would not have achieved a TF/B ratio above 1.0 and 

there would have been no evidence of net secretion. However, it seems 

equally likely that, at low perfusion rates, the concentration in the 

tubule fluid would rise to an equilibrium with a concentration in the 

cells that was greater than that in the bath at an early point in the 

tubules, if there were a reasonably effective secretory mechanism oper

ating. Moreover, tubules of the same length demonstrated significant 

PAH transport. Therefore, it seems unlikely that the perfused segments 

were simply too short to demonstrate net secretion of urea. 

The Transport Mechanism Is Destroyed During 
the Tubule Dissection 

It seems unlikely that the urea transport system would be more 

sensitive to damage from the dissection procedure than the PAH trans

port or the fluid absorption mechanisms. There were, of course, tubules 

that did not show any evidence of PAH transport or fluid absorption when 

they were perfused. These were simply not considered viable and were 

discarded. However, a sufficient number of tubules (52) were examined 

for evidence of active urea secretion that it should have been apparent 

if it were present. 
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Urea Secretion Is Under the Control of Some 
Humoral Factor Not Present In These 
Experiments 

This appears to be a reasonable possibility. Several experi

ments by others indirectly support humoral regulation of urea secretion. 

The urea secretion rates reported by Love and Lifson (1958) for the 

doubly perfused kidneys of Rana catesbiana were an order of magnitude 

lower than those found in intact animals. Slice studies (O'Dell and 

Schmidt-Nielsen, 1961; Schmidt-Nielsen and Shrauger, 1963) did not show 

active uptake of urea in Ringer incubation medium. Marshall and Crane 

(1923) reported seasonal variation in urea secretion in intact frogs. 

If some humoral agent is responsible for the regulation of the urea se

cretory mechanism, its absence in these experiments could account for 

the failure to demonstrate active urea secretion. Frog serum was not 

available commercially. However, it was taken from frogs for two ex

periments in which it was added to the bath without apparent affect on 

urea transport. Since many things could have been altered in the prepa

ration and use of this serum, the absence of an effect in these two 

experiments does not rule out possible humoral regulation. 

Active Urea Transport Does Not Exist in the 
Proximal Tubule 

It is possible that active transport does not occur in the prox

imal tubule of the frog, but that recirculation of urea may account for 

the increase in the urea TF/P/inulin TF/P ratio observed proximally by 

Long (1973). Boylan (1972) has proposed a model for passive urea ab

sorption in the dogfish shark (Squalus acanthias) (see Historical 

Review). This model required urea to diffuse out of the terminal 
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segment of the nephron (Figure 5). In order to generate a urea clear

ance greater than the inulin clearance, active secretion of urea must 

take place in some segment of the nephron. Long (1973) found evidence 

for significant active secretion of urea in the distal convoluted tu

bule. The urea concentration in the fluid in this segment of the neph

ron was actually 2.6 times greater than that at the end of the proximal 

tubule and this increase could not be explained by fluid absorption. 

Unfortunately, the distal convoluted segment cannot be dissected intact 

for use in isolated perfusion studies. However, the anatomical configu

ration of the frog nephron is such that recirculation of urea from the 

distal to the proximal tubule might account for the apparent active se

cretion of urea seen in this segment by Long (1973). The segments of 

the proximal tubule (Figure 3) fold together in a configuration which 

places the thin segment next to the glomerulus. The distal convolutions 

are found above the glomerulus. The straight segment of the distal 

tubule runs in close apposition to the segments of the proximal tubule. 

If the permeability of this straight segment to urea is sufficiently 

high normally or if it is increased by some humoral agent in vivo, urea 

may diffuse from this segment of the distal tubule into the proximal 

tubule to account for the elevated urea concentration seen proximally 

in intact animals. 

Fluid Absorption 

Fluid absorption in the isolated perfused proximal-proximal 

-1 -1 tubule of the frog averaged 0.34 ± 0.07 nl min mm (mean ± SE for 

29 tubules). In order to compare my fluid absorption data with that 
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expected in the intact frog, I used values from several sources to es

timate the normal fluid absorption rate. The average length of the frog 

proximal tubules reported by Huber (1917) is 4 mm. The single nephron 

glomerular filtration rate averaged 8.97 nl min ̂  in micropuncture stu

dies performed by Walker and Elson (1931). The tubule fluid-to-plasma 

inulin value taken near the end of the proximal tubule averaged 1.20 in 

micropuncture studies reported by Long (1973). Based on these figures, 

the predicted value for fluid absorption is 0.37 nl min mm The 

agreement between the observed and predicted values for fluid absorption 

is remarkably good. This agreement indicates that the tubules have not 

been damaged significantly during dissection. Normal fluid absorption 

strengthens the hypothesis that urea secretion may have some extrinsic 

control factor. 

The addition of ouabain to the bathing medium in concentrations 

of 10 4, 10 or 10 ̂  M blocked fluid absorption in the perfused proxi

mal tubule of the frog. This finding has been duplicated in many dif

ferent species (Burg and Orloff, 1962; Villey and Anagnostopoulos, 

- 2  
1973). In marked contrast, Dantzler and Bentley (n.d.) found that 10 

M ouabain added to the bathing medium did not block fluid absorption in 

isolated perfused segments of snake proximal tubule. However, earlier 

studies (Dantzler, 1969, 1973) indicated that snake renal tissue was 

very insensitive to ouabain. It is not clear why some net fluid secre

tion actually occurred when sodium absorption was blocked by ouabain. 

The incomplete recovery of fluid absorption when ouabain was removed 

from the medium was probably due primarity to the extended time course 

of these studies. If the ouabain concentration had affected the 
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recovery directly, tubules exposed to higher ouabain concentrations 

would have been expected to show slower and less complete recovery than 

those exposed to lower concentrations. No clear difference between the 

effects of different ouabain concentrations was observed. 

Proximal tubule fluid absorption rates were lower than those 

found inisolated perfused rabbit (Burg and Orloff, 1968; Grantham et 

al., 1972; Imai and Kokko, 1972) or snake proximal tubules (Dantzler 

and Bentley, n.d.). This finding is not unexpected since the bullfrog 

spends most of its life in fresh water. The renal function in Rana 

catesbiana requires salt retention while excess water is removed from 

the body. The bullfrog must guard against excess hydration, while the 

snake and rabbit must guard against dehydration. In each case, the 

kidneys are exquisitely controlled to accomplish this task. 
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