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ABSTRACT 

Glucose transport was studied in isolated, perfused 

proximal renal tubule segments (proximal-proximal and 

distal-proximal) from snakes (Thamnophis spp.). With equal 

concentrations of 14C-labeled glucose and nonlabeled glucose 

in the bathing medium and perfusion fluid, net transepi-

thelial glucose transport occurred from lumen to bath in 

both segments of the proximal tubule. The maximum rate of 

transport (Tm) in the proximal-proximal segment was 1,24 x 

-12 -1 -1 10 moles min mm . This is about half the maximum rate 

of transport (Tm) in the distal-proximal segment (2,17 x 

-12 -1 ^1 10 moles min mm ). Perfusing both segments with a 

sodium-free solution reduced glucose transport by about 80% 

while perfusing both segments with 0.1 mM phlorizin almost 

completely eliminated glucose absorption. When both seg-

14 ments were perfused with C-glucose present in the 

perfusion solution only, no Tm was reached because of the 

14 infinite gradient for C-glucose out of lumen. The 

-5 
transepithelial permeability (bath+lumen) was 0,23 x 10 

-1 -5 cm sec in the proximal-proximal tubule and 0.26 x 10 cm 

sec in the distal-proximal tubule. The permeability of 

-5 
the peritubular membrane (bath-^cell) was 0.50 x 10 cm 

-1 -5 sec for the proximal-proximal segment and 0,46 x 10 cm 

sec"1 for the distal-proximal segment. The permeability of 

viii 
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-5 -1 the luminal membrane (cell+lumen) was 0.29 x 10 cm sec 

-5 -1 for the proximal-proximal segment and 0.65 x 10 cm sec 

for the distal-proximal segment. The luminal membrane 

permeability in the opposite direction (lumen-^cell) was 

- 5 -1 10.62 x 10 cm sec for the proximal-proximal segment and 

-5 -1 10.0 x 10 cm sec for the distal-proximal segment. This 

luminal membrane permeability (lumen->-cell) in both tubule 

segments was reduced by about 50% when the tubules were 

perfused with a sodium-free solution and nearly eliminated 

when they were perfused with 0.1 mM phlorizin. The glucose 

concentration in the cells of perfused tubules of both 

segments was always less than that of the bath or lumen 

during maximum glucose absorption. This cellular glucose 

concentration increased to that of the bath and lumen in 

tubules that spontaneously stopped transporting glucose, 

Nonperfused tubules incubated with glucose also had a 

cellular glucose concentration at steady-state which was 

less than that of the bath. This low cellular concentration 

did not change significantly when the nonperfused tubules 

were treated with ouabain, phlorizin, iodoacetic acid, 

antimycin-A, or cold. But it did increase to the level 

of the bath when the tubules were incubated for 24 hours. 

These observations on the transport of glucose 

suggest that it enters the cells down a concentration 

gradient across the luminal membrane and is transported 

out of the cells against a concentration gradient at the 
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peritubular membrane. The movement into the cell across 

the luminal membrane appears to be mediated in some 

fashion. 



INTRODUCTION 

Historical Review 

Evidence for Glucose Filtration and 
Absorption 

Evidence for the major steps in urine formation and 

the renal handling of solutes, such as glucose, has been 

gathered during more than a century of research. In 1842, 

Bowman published his classic study on the anatomy of the 

nephron, From his work he came to the conclusion that 

urine formation was the result of solute secretion by the 

tubular system of the nephron and water secretion by the 

glomerulus. His view was that the glomeruli secreted the 

appropriate amount of water to dissolve the solutes that the 

tubules had secreted and that the volume of water secreted 

by the glomeruli equaled the urine output. Two years 

later, Ludwig (.1844) presented his theory that urine forma

tion was the result of ultrafiltration at the glomerulus 

with subsequent absorption of fluid and solutes in the 

renal tubules. 

During the following years support grew for both 

Bowman's and Ludwig's hypotheses. Heidenhain (1874) 

published data that he had obtained with the use of a dye, 

indigo carmine. He found that if he lowered the blood 

pressure of an experimental animal by hemorrhage or 

1 
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transection of the spinal cord until urine formation ceased 

and then injected indigo carmine into the animal, the dye 

could still be found in the cells and lumens of the renal 

tubules upon examination of the tissue. No dye was ever 

found in the glomerular tuft or Bowman's capsule. He felt 

that this supported Bowman's hypothesis of urine formation 

and concluded that secretion was the avenue for the addition 

of all solutes .to the urine and that the glomerular tuft 

added only water, To support his view he calculated the 

amount of fluid that would have to be filtered at the 

glomerulus to account for the daily excretion of urea if the 

urea were only filtered and appeared in this initial 

filtrate in the same concentration as in the plasma. The 

value amounted to 7 0 liters of filtrate per day. Heidenhain 

also determined that 68 liters of fluid would need to be 

absorbed by the renal tubules to account for a normal urine 

output of 2 liters per day. Because of these calculations 

and his experimental data, he could not accept the filtra

tion theory of urine formation. 

As the years went by, more data were collected to 

support both theories for urine formation. In 1917, Cushny 

published the first monograph describing the function of 

the kidney, The Secretion of Urine. In his monograph Cushny 

set forth his "modern theory" of urine formation. The 

"modern theory" was basically Ludwig's model of ultrafiltra

tion at the glomerulus with subsequent absorption of fluid 
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and solutes which the body needed to conserve. Cushny 

added no new data but he summarized available information. 

His "modern theory" was based solely on his interpretation 

of the literature, but it was generally accepted by 

physiologists. 

Direct evidence for ultrafiltration at the 

glomerulus was first reported by Wearn and Richards C.1924) . 

Richards had developed the micropuncture technique for 

collecting liquid samples from the glomerular tuft. When 

Wearn and Richards applied the micropuncture technique to 

frog glomeruli'they found a protein-free fluid which 

contained chloride and glucose. Since they assayed only 

qualitatively for proteins, chloride, and glucose, they 

could not determine if the fluid in Bowman's capsule was a 

true ultrafiltrate. However, since glucose was present in . 

the glomerular fluid and not present in the final urine, 

it was clear that glucose must have been absorbed by the 

renal tubules. This was the first direct evidence for a 

glucose transport system in the renal tubules„ Two years 

later White and Schmitt (1926) duplicated Wearn and 

Richards' (19 24) work on the mudpuppy, Necturus maculosus. 

They confirmed the observation that glucose was present 

in the fluid in the glomerular capsule, but they found no 

glucose at any site along the proximal tubule. Again, as 

in Wearn and Richards' (1924) work, their assay techniques 

were not capable of detecting or quantitating small amounts 
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of glucose, but their work suggested that the proximal 

tubule was absorbing glucose. 

The first quantitative study to measure glucose 

concentration in the fluid in the glomerular capsule was 

published by Walker and Reisinger in 1933. Armed with 

micropuncture and improved assay techniques, they found that 

in frogs and Necturus the glucose concentrations in the 

plasma and the.fluid in Bowman's capsule were identical. 

These observations substantiated Ludwig's theory by 

demonstrating that the fluid in the glomerular capsule wa,s 

truly an ultrafiltrate of plasma. 

Walker and Reisinger (1933) also reported that 

treating frogs or Necturus with phlorizin produced marked 

glucosuria without changing the glucose concentration in 

the glomerular capsule. This indicated that the reported 

glucosuric effect of phlorizin was due to inhibition of 

glucose absorption in the renal tubules rather than 

increased addition of glucose at the glomerulus. A decade 

earlier, Mayrs (1923) conceived the idea of using glucose 

clearance in a phlorizin treated animal as a measure of 

glomerular filtration rate, but he did not administer high 

enough doses of phlorizin to get good results. 

Operating on Mayr's assumptions that phlorizin 

completely blocks glucose absorption and that glucose is 

freely filtered, Jolliffe, Shannon, and Smith (1932) used 

glucose clearance measurements on phlorizin treated animals 
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to make the first reasonable estimates of normal glomerular 

filtration rate. The assumption that glucose absorption 

could be so completely blocked with phlorizin that it could 

be used as a marker for glomerular filtration rate was 

eventually verified when inulin had been established as a 

valid volume marker. It is apparent from this brief over'-

view that the study of glucose handling by the kidney has 

played an important role in the development of our knowledge 

of renal physiology. 

Tubule Location of Glucose Absorption 

Although Wearn and Richards (1924) first showed that 

glucose was absorbed by the renal tubules and White and 

Schmitt (1926) indicated that it appeared to be absorbed by 

the proximal tubules, it was not until the micropuncture 

studies of Walker and Hudson (1937) in frogs and Necturus 

that it was clearly established that the main site for 

glucose absorption is the proximal tubule. These investi

gators found that the early portion of the proximal tubule 

absorbed about 90 per cent of the filtered glucose while 

the late portion of the proximal tubule showed a reduced 

ability to absorb glucose. The neck region and the distal 

tubule of the nephron had no glucose absorbing capacity. 

In 1941, Walker et al. showed that the mammalian 

proximal tubule handled glucose much like the amphibian 

proximal tubule (Walker and Hudson, 1937). In this study, 
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they micropunctured tubules in kidneys of rats, guinea 

pigs, and opossums. 

Malvin, Wilde, and Sullivan (1958) used stop-flow 

analysis technique to determine the location of glucose 

absorption in the renal tubules of dogs. Initially, they 

loaded the dogs with glucose to saturate the glucose 

transport system. This maneuver filled the entire nephron 

with glucose. They then performed the stop-flow experiment. 

They found that glucose absorption coincided with PAH 

secretion. This indicated that glucose was absorbed by the 

proximal tubules. There was no indication that glucose was 

absorbed in distal portions of the nephrons. 

A more recent micropuncture study (Frohnert et al.f 

1970) in rats confirmed the absorption of glucose by the 

proximal tubule. With refined microassay for glucose and 

inulin it was determined that 98 per cent of the filtered 

glucose was absorbed by the first 50 per cent of the 

proximal tubules. The unabsorbed glucose (.2 per cent) that 

remained in the lumen was not absorbed by the second half 

of the proximal tubule, the loop of Henle, or the distal 

tubule. It appeared that the collecting ducts absorbed a 

major portion of this remaining glucose so that only 0,1 per 

cent of the filtered glucose appeared in the final urine. 

This is the first report of glucose absorption by the more 

distal portions of the nephron. 



7 

In 1971, Tune and Burg successfully examined glucose 

absorption in isolated perfused rabbit proximal tubules. 

In the perfused pars convoluta, glucose was absorbed at a 

-12 -1 -1 maximum rate of about 80 x 10 moles min mm tubule 

length. This contrasted with the lower maximum rate of 

-12 -1 -1 about 6 x 10 moles min mm in the pars recta. This 

study supports previous information indicating that the 

early portion of the proximal tubule of all animals studied 

to date (rat, guinea pig, dog, frog, and Necturus) has a 

greater capacity for absorbing glucose than does the late 

portion of the proximal tubule. However, these investiga^ 

tors did not isolate and perfuse distal portions of the 

nephrons to determine if these portions of the nephron were 

not capable of absorbing glucose. 

Maximal Rate of Glucose Transport 

Shannon (1938) and Shannon, Farber, and Troast 

(1941) produced data indicating that the kidney of the dog 

was limited in its ability to absorb glucose. They 

interpreted their data as showing a maximal transport rate 

(Tm) for glucose that was independent of the glomerular 

filtration rate. They suggested that glucose transport 

was mediated by some type of carrier system. They did not 

specify the cellular location of the carrier system but did 

contend that the amount of carrier was constant and limited. 

In their view, a Tm was reached because all the carrier 
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sites were occupied by glucose and each carrier was limited 

in the rate at which it could translocate glucose. Smith 

(1958) determined a Tm for glucose in man. Also, he 

generally agreed with the hypothesis of Shannon (1938) and 

Shannon et al, (1941) concerning the mechanism for the 

observed maximum transport rate. 

Since Shannon's and Smith's pioneering work, a Tm 

for glucose in the whole kidney has been widely accepted. 

However, there was still some question as to whether or not 

the individual proximal tubule was limited in its capacity 

to absorb glucose. The first report of a Tm for glucose in 

an individual tubule was by Baines (1971), He micros 

punctured the pars convoluta of the rat proximal tubule 

while loading the animal with glucose. He calculated a 

-12 -1 -1 transport maximum of 160 x 10 moles min mm tubule 

length. For this calculation he assumed an average proximal 

tubule length of 5 mm. 

Later, von Baeyer et al. (1973), in a microperfusion 

study, reported that the glucose transport system of the 

rat proximal tubule had a tendency to saturate with increased 

glucose delivery. They reported a Tm for glucose of about 

-12 -1 -1 100 x 10 moles min mm tubule length. This value was 

calculated using their data and assuming a 28 y tubule 

diameter. 

Hare and Stolte (1972) developed a model for glucose 

absorption for the rat proximal tubule. They incorporated 
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three components in their model: carrier-mediated D-glucose 

transport, net water transport, and water-coupled solute 

transport. From previous micropuncture data, they calcu-

-12 -1 -1 lated a Tm of about 12 x 10 moles min mm for the 

carrier-mediated transport component. Again, this value was 

calculated assuming a tubular diameter of 28 y, The glucose 

concentration along the length of the proximal tubule 

obtained from their micropuncture studies compared favorably 

with what their model predicted. An interesting feature of 

their model is that it predicts that the rate of glucose 

absorption should be proportional to the glomerular filtra

tion rate. 

The clearest example of a Tm for glucose in single 

proximal tubules was reported by Tune and Burg (1971), They 

perfused isolated proximal tubules of rabbits. The delivery 

rate of glucose to each tubule was changed by changing the 

perfusion rate or by changing the glucose concentration in 

the perfusion solution. They found the Tm for glucose in 

-12 ^1 -1 the pars convoluta, wa,s 78,5 x 10 moles min mm while 

-12 -1 that in the pars recta was only 5.6 x 10 moles min 

mm ^. They also showed that these Tm values were inde

pendent of perfusion rate. 

Although the concept of an absolute Tm for glucose 

is widely accepted, it has been challenged in recent years. 

Handley, Sigafoos, and LaForge (1949) reported that the Tm 

for glucose in dog kidneys was proportional to the glomeruler 
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filtration rate. They increased glomerular filtration rate 

by expanding the extracellular fluid volume of the dogs with 

a 0.9 per cent sodium chloride solution. A reduction in 

glomerular filtration rate was produced by dehydration. 

They found that any change in filtration rate was accompanied 

by a proportional change in the Tm for glucose. They 

explained their findings by suggesting that the nephrons 

functioned intermittently. Under these circumstances, an 

increase in measured total glomerular filtration rate would 

be the result of more nephrons filtering rather than all 

nephrons filtering at an increased rate. This recruitment 

of the nephrons would also increase the mass of tissue 

available to absorb glucose. Therefore, with any increase 

in glomerular filtration rate, there would be a propor

tional increase in the maximum rate of glucose absorption. 

This proportionality would remain constant until all 

nephrons were filtering. Any increase in glomerular 

filtration above this level would have to result from an 

increase in the filtration rate of individual nephrons. 

Since each nephron would be transporting glucose at its 

maximum rate, the proportionality between glomerular filtra

tion rate and glucose Tm would no longer exist, According 

to this nephron intermittency theory, any reduction in 

glomerular filtration rate would result in a proportional 

reduction in the Tm for glucose for the reasons given 

above, 
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Pitesky and Lost (1951) were the next to report that 

the glucose Tm was proportional to the glomerular filtration 

rate. They reduced glomerular filtration rate (1.5 to 27%) 

by placing dogs under chronic heat stress. More recently, 

this proportional reduction in glomerular filtration rate 

and glucose Tm for dogs has been confirmed by others 

(Dempster, Eggleton, and Shuster, 1956; Kurtzman et al,, 

1972; Baker and Kleinman, 1973; Schultze and Berger, 1973; 

Kwong and Bennett, 1974). This phenomenon has also been 

shown for chickens (Dantzler, 1966), frogs (Forster, 1942), 

rats (van Liew,' Deetjen, and Boylan, 1967), and man 

(Brodehl, Franken, and Gellissen, 1972), 

The concept of an absolute and constant Tm for 

glucose for each proximal tubule has also been challenged, 

Deetjen and Boylan (1968) found no Tm for D-glucose in the 

rat proximal tubule. They microperfused rat proximal 

-12 
tubules at glucose delivery rates from 192 x 10 moles 

-12 per minute to 286 x 10 moles per minute. This was 

accomplished by perfusing the tubules with a 12 mM glucose 

solution at rates of 16, 20, and 23 nl per minute. They 

found a linear relationship between the load of glucose 

delivered to the tubule and the amount of glucose absorbed. 

The glucose transport system did not appear to be saturated 

or even approaching saturation at the highest glucose 

-12 
delivery rate when the glucose transport rate was 67 x 10 

moles per minute per mm tubule length, Baines (1971) also 



found a linear relationship between the filtrated load of 

glucose and the rate of glucose absorption when he micro-

punctured the proximal tubules of a glucose loaded rat. The 

validity of the relationship he reports is somewhat 

questionable because he made the assumption that each of 

the puncture sites for tubular fluid collection was 5 mm 

from the glomerulus. Therefore, his values for glucose 

absorption per.unit length may be misleading. 

The concept of nephron intermittency has been used 

to explain the linear relationship between glomerular 

filtration rate and glucose Tm for the whole kidney, but 

nephron intermittency will not explain a linear relationship 

between perfusion rate and glucose absorption rate in single 

proximal tubules. Some other mechanism would have to be 

involved. 

In this respect Keyes and Swanson (1971) suggested 

that an increase in the Tm for glucose for single nephrons 

could be explained by an increase in the effective surface 

Area of the luminal membrane. Their idea was that an 

increased filtration rate would result in an increased 

luminal pressure which would expand the tubule diameter. 

This, in turn, would result in an increased number of active 

transport sites available to transport glucose. They 

demonstrated that this could be a possibility by partially 

clamping the ureter to increase luminal pressure in the 

nephrons. This maneuver resulted in a reduction in 
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glomerular filtration rate but not the proportional reduc

tion in the Tm for glucose that was seen when filtration was 

reduced by clamping the renal artery. This mechanism could 

explain the linear relationship between the glomerular 

filtration rate and the Tm for glucose for the whole kidney 

as well as the single nephron. 

Transport Specificity 

The glucose transport system is not restricted to 

the transport of D-glucose only. Cope (1933) reported that 

phlorizin blocked xylose absorption in the rabbit kidney. 

Since phlorizin was known to block D-glucose absorption, it 

was inferred that D-glucose and xylose shared a common 

transport mechanism. In the same year Chasis, Jolliffe, 

and Smith (1933) showed that phlorizin treatment in man 

produced glucosuria without any change in xylose clearance. 

This indicated that D-glucose and xylose do not share a 

common transport mechanism in man. In 19 38, Sha,nnon 

investigated the renal transport of xylose in dogs, He 

found that xylose was absorbed by the dog kidney and that 

this absorption was completely blocked by loading the dog 

with D-glucose. This suggested that, in dogs as in 

rabbits, the xylose and D-glucose transport systems inyolye 

the same mechanism, 

Woosley, Kim, and Huang (19 70) applied clearance 

techniques to rats and found that absorption of 



14 

2-deoxy-D-glucose was greatly inhibited by loading the 

animals with glucose or by treating them with phlorizin. 

This seemed to indicate that the glucose absorption 

mechanism could also transport 2-deoxy-D-glucose. 

Later the same year Silverman, Aganon, and Chinard 

(1970b) reported a study on the monosaccharide transport 

system in dogs. Using the sudden-injection multiple-

indicator-dilution technique, they examined the ability of 

dog kidneys to absorb 14 different monosaccharides. They 

found that D-glucose, 2-deoxy-D-glucose, and D-galactose 

seemed to share' the same transport system while D-mannose 

was transported by a separate system. The other 10 

monosaccharides did not appear to be transported. 

Ullrich, Rumrich, and Kloss (1974) used stop flow 

microperfusion with simultaneous perfusion of the peri-1-

tubular capillaries to investigate the absorption of 

monosaccharides by the rat proximal tubule. With, this 

approach the ability of the tubule to transport a 

monosaccharide was determined by the magnitude of the 

steady-state concentration gradient that the tubule cells 

could maintain between the lumen and the peritubular 

capillaries. The absolute value for monosaccharide 

transport could not be determined, but the relative ability 

to transport different monosaccharides was determined. 

Also, the ability of one monosaccharide to interfere with 

the absorption of another monosaccharide could be evaluated, 
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After examining the transport of 14 different 

monosaccharides, they came to the conclusion that the Crane 

(1962) specificity for monosaccharide transport by the 

intestinal epithelium holds for the rat proximal tubule. 

This specificity is that the hexose transported must have 

a OH-group in the d-position on the second carbon. These 

findings contrast with the report of Woosley et al. (1970) 

that 2-deoxy-D-glucose was transported by the rat proximal 

tubule. The reason for this difference is not clear, but 

it is possible that a passive absorptive step could have 

been interfered with by glucose or phlorizin in the free 

flow clearance studies of Woosley et al. (1970). It is 

also possible that the technical difficulties of the 

approach used by Ullrich et al, (1974) might have obscured 

a weak active transport process. These workers (Ullrich 

et al. , 1974) also reported that D^mannose was not trans*-

ported by the rat proximal tubule. In this case, there may 

be a species difference between rats and dogs which appear 

to transport D-mannose quite well (Silverman et al., 1970b). 

At this time it appears that the renal tubular mechanism 

for D-glucose transport is not exclusive, but it is not yet 

completely clear what other monosaccharides can share this 

transport pathway. 
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Mechanism of Glucose Absorption 

Ever since it became clear that glucose was absorbed 

by the proximal tubule, the nature of the absorptive 

mechanism has been the subject of extensive investigation. 

However, it has not yet been clearly defined. Several 

theories suggesting mechanisms for glucose absorption have 

been proposed. These theories can be divided into two main 

groups: metabolic theories and carrier theories. 

The metabolic theories for explaining glucose 

transport all operate on the idea that glucose is metabolized 

in some fashion at or near the luminal membrane and released 

into the interior of the cell in a new form. The luminal 

membrane is considered to be relatively impermeable to the 

metabolite produced. Thus, it is trapped in the cell where 

it is free to diffuse to the peritubular membrane. At the 

peritubular membrane the glucose metabolite can be converted 

back to glucose or remain in its metabolized form. In 

either case, the glucose or the glucose metabolite is now 

free to diffuse into the peritubular capillaries to be 

carried away by the blood. This entire process creates a 

sink inside the cell for glucose to diffuse into from the 

luminal fluid, 

The metabolic theories that have been proposed to 

explain the absorption of glucose are: the glucose oxidation 

theory, the phosphorylation-dephosphorylation theory, the 

mutarotase theory, and the trehalose theory. The glucose 
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oxidation theory for glucose absorption by the proximal 

tubule states that glucose is completely or partially 

oxidized inside the tubular epithelium. Oxidizing the 

glucose would lower the intracellular glucose concentration, 

thereby providing a concentration gradient down which the 

luminal glucose could diffuse. If glucose were completely 

oxidized, the end products would be CO 2 and f^O, both of 

which can be carried away easily by the blood. It is not 

reasonable that this mechanism is responsible for glucose 

absorption because it would require about six times the 

normal 0^ consumption of the kidney to completely oxidize 

all the glucose that is normally absorbed (Cohen and 

Barac-Nieto, 1973) . Partial oxidation of glucose by 

glycolysis would result in a net production of lactate by 

the kidney. Normally, lactate is taken up by the kidney, 

not produced by it. Therefore, it is unlikely that the 

complete or partial oxidation of glucose is responsible for 

glucose absorption by the kidney. 

The phosphorylation-dephosphorylation theory for 

glucose absorption states that glucose^^-PO^ is used as a,n 

intermediate in the transport process. According to this 

theory, hexokinase phosphorylates glucose in the epithelial 

cell. This produces a glucose sink into which luminal 

glucose is free to diffuse. The glucose<-6-P0^ produced in 

the cells diffuses to the peritubular membrane where a 
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phosphatase converts it back to glucose and inorganic 

phosphate. 

Lungsgaard (1933) showed that phlorizin inhibited 

renal phosphorylation and dephosphorylation processes. 

Since it was known that phlorizin blocked glucose absorption 

by the kidney, he proposed the phosphorylation-

dephosphorylation theory for glucose absorption. In 1935 

Lungsgaard rejected his own theory when he found that it 

took a much higher dose of phlorizin to inhibit phosphoryla

tion and dephosphorylation in the kidney than it did to 

block glucose absorption. 

Nevertheless during the 1930's the phosphorylation<-

dephosphorylation theory for glucose transport gained some 

support. Since then, the data generally have indicated 

that this theory is not correct. Cohen and Barac^Nieto 

(1973) pointed out that in the dog kidney 12% of the ATP 

would be required to phosphorylate all the glucose normally 

absorbed. If the dog were loaded with glucose, 30% of the 

kidney ATP would be used. Cohen and Barac-Nieto (1973) felt 

that this high rate of ATP utilization for glucose 

reabsorption was unreasonable. Mudge and Taggart (1950) 

felt that the intravenous administration of 2,4^-

dinitrophenol, which produces uncoupling of oxidation from 

phosphorylation, would be reflected as a decrease in glucose 

transport. Since this did not occur, they questioned the 
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validity of the phosphorylation-dephosphorylation theory 

for glucose transport. 

The distribution and activity of hexokinase and 

phosphatase in renal tissue also has been studied. Marsh 

and Drabkin (1947) found that the levels of acid and 

alkaline phosphatase in the rat kidney increased during 

periods of increased glucose absorption. Treating the 

animals with 0,01 M phlorizin inhibited the phosphatase 

activity. They interpreted the results as supporting the 

phosphorylation-dephosphorylation theory for glucose 

absorption, In 1953, Chicquoine used histochemical tech-

niques to pinpoint a high concentration of glucose-6-

phosphatase near the peritubular membrane of the proximal 

tubules of the mouse. This finding was compatable with the 

phosphorylation-dephosphorylation theory in that glucose-

6-PO^ would have to be dephosphorylated near the peritubular 

membrane, 

Waldman and Burch (1963) found the highest levels of 

hexokinase activity in the medullary region of the rat 

kidney while the cortical region had lower levels. These 

findings do not support the phosphorylation-dephosphorylation 

theory since hexokinase activity would be expected to be 

higher in the cortex where glucose absorption is known to 

occur. In the same study, these investigators presented 

data supporting the phosphorylation-dephosphorylation theory 
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by confirming a substantial glucose-6-phosphatase activity 

in the cortical region. 

McCann (1956) found hexokinase present in the 

greatest amounts in the straight portion of the proximal 

tubule of the dog. This appears to be incompatable with the 

phosphorylation-dephosphorylation theory because the 

greatest amount of glucose is absorbed by the convoluted 

portion of the proximal tubule. Another observation that 

does not support this theory is that glucosuria is not 

found in patients with congenital absence of renal 

phosphatase (Taggart, 1958). In summary, the studies on 

the distribution of renal hexokinase and phosphatase have 

not clearly shown that these enzymes are involved in the 

transport of glucose. 

The phosphorylation-dephosphorylation theory states 

that glucose-6-PC>4 is the intermediate for glucose absorp

tion, If this is true, glucose*-6-P04 would be expected to 

have a high turnover rate. With this fact in mind, Dratz 

and Handler (1952) injected a bolus of 32 P-labeled 

inorganic phosphate into cats and measured the rgte a,t 

which the inorganic phosphate equilibrated with the 

glucose-6-PO^ in the renal tissue. They found that the 

cellular glucose-6-PO^ was far from equilibrated with the 

injected inorganic phosphate after four hours. In $ddi>-

tion, they did not see an increase in this slow equilibra

tion rate in animals that had been loaded with glucose to 
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increase glucose absorption rate. Also, phlorizin treatment 

reduced renal glucose absorption without altering the rate 

of cellular glucose-6-PO^ equilibration with the plasma 

phosphate. The work of Dratz and Handler (1952) indicates 

that glucose-6-PO^ has a low turnover rate which is not 

compatible with the phosphorylation-dephosphorylation theory 

for glucose absorption. 

The mutarotase (aldose-o-epimerase) theory for 

glucose absorption was proposed in 1954 by Keston. He 

suggested that mutarotase was involved in all hexose 

absorption by epimerizing the a-hexoses to 3-hexoses. The 

3-hexoses were thought to be the preferred form to be 

transported into the cell and then to diffuse down a 

concentration gradient into the blood. Presumably the 

mutarotase was located on the lumen side of the brush 

border. This would provide a short path for entry into the 

cell by an active transport system or diffusion. Keston 

(1954) developed this unitary theory for renal and in

testinal glucose absorption after he found large amounts 

mutarotase, whose activity was inhibited by phlorizin, in 

the kidneys and intestines of hogs, rabbits, chickens, 

rats, cattle, and sheep. Since it was well known that 

phlorizin was a strong inhibitor of glucose absorption in 

the kidney and intestine, he felt this was evidence for 

mutarotase involvement in the transport of glucose and 

other hexoses. 
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Crane and Krane (1956) seriously challenged the 

mutarotase theory for glucose transport by showing that 

1-deoxyglucose is transported by the intestine. Since 1-

deoxyglucose is without a hydroxyl group on the first 

carbon atom (non-rautarotatable) it was doubtful that 

mutarotation was a requirement for glucose transport, In 

this respect Bailey and Pentchev (1964a, 1964b) and Keston 

(1964b) showed that 1-deoxyglucose and a-methylglucoside 

both competitively inhibited mutarotase. Bailey and 

Pentchev (1964b) suggested that mutarotation might be just 

coincidental to the transport of glucose across the membrane 

and that the mutarotase was really a permease, 

In support of his mutarotase theory, Keston (1964a) 

determined the of phlorizin on mutarotase to be 33 x 

_3 10 M, This agrees quite well with the of phlorizin for 

the whole kidney in respect to glucose transport. In 

addition, he quantitated the mutarotase activity per gm 

tissue weight in several species of animals (human, dog, 

rabbit, bullfrog, rat, and an aglomerular fish). He found 

a good correlation between the rats at which the kidneys of 

these animals absorb glucose and the amount of mutarotase 

per gram kidney weight. For example, in the aglomerular 

fish, which has no need to absorb glucose, the mutarotase 

activity was hardly detectable. On the other hand, the 

4 human kidney had 10 times the mutarotase activity that the 

aglomerular fish kidney had. Keston (1964b) felt that these 
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data strongly favored mutarotase involvement in the 

absorption of glucose by the kidney. 

Hill, Biber, and Huffines (1967) measured mutarotase 

activity in the kidneys of rats that had been treated with 

nephrotoxic salts (potassium dichromate, mercuric chloride, 

and uranyl nitrate), These nephrotoxic salts reportedly 

destroy only the proximal tubules. They observed that the 

activity of mutarotase decreases with the appearance of 

glucosuria after treatment with the nephrotoxic salts. 

Histological examination of the kidneys confirmed proximal 

tubule damage. 

Bailey, Fishman, and Pentchev (1970) measured the 

appearance of mutarotase in the developing kidney of the 

rat, They correlated appearance of mutarotase activity 

with the ability of kidney slices to accumulate galactose. 

Galactose accumulation was thought to reflect the ability 

to transport glucose. These investigators found that 

mutarotase activity appeared at the same time that the 

ability to accumulate galactose developed. Also, the 

amount of mutarotase activity and the ability to accumulate 

galactose increased proportionally during gestation and 

after birth. They also found that the increase in the mass 

of proximal tubules with age correlated well with the 

increase in mutarotase activity in the kidney tissue. These 

studies of Hill et al. (1967) and Bailey et al, (1970) 

suggest that mutarotase may be involved in the transport 



24 

of glucose, but do not provide definitive proof of such 

involvement. 

Sacktor (1968) proposed another metabolic model for 

renal absorption of glucose. In this model trehalose is 

assumed to be an intermediate in the transepithelial move

ment of glucose. In a series of reactions, at or near the 

luminal brush border, two glucose molecules are combined to 

form the disaccharide trehalose (a-D-glucopyranosyl-a'-D-

glucopyranoside), These reactions require energy supplied 

by two ATP molecules and one UTP. The rapidly forming 

trehalose then diffuses down its concentration gradient to 

the peritubular membrane where the enzyme trehalase converts 

the trehalose back into two glucose molecules. The free 

glucose then diffuses into the blood. The overall reaction 

for this process is: 

2 glucose + 2ATP + UTP -> 2 glucose + 2ADP + UDP 

+ PPi + P. 
x 

Sacktor (196 8) proposed this theory when he found 

high concentrations of trehalose in the kidney cortex of 

the rabbit, mouse, guinea pig, rhesus monkey, dog, and man. 

In this same study he also reported that all the enzymes 

were present that are required for the complete synthesis 

of trehalose. Later Grossman and Sacktor (1968) showed that 

the trehalose was located in the basal region of the cells 
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of the proximal tubule in these species. This finding is 

consistent with the trehalose model for glucose transport. 

Van Handel (1969) seriously challenged this model 

when he presented data showing the absence of trehalase in 

the renal tissue of some mammals, all birds, all reptiles, 

all amphibians and all fish he examined. This also con

firmed some data in Sacktor's (1968) original paper in which 

he showed extremely low levels of trehalase in hamster, 

rat, goat, and cat. In addition to this, Van Handel 

14 showed that C-glucose was not incorporated into the 

cellular trehalose in the kidneys of New Zealand white 

rabbits which have large amounts of the trehalase enzyme. 

He suggested that this information was not compatible with 

the trehalose model for glucose transport because it would 

14 be expected that C-glucose would be incorporated rapidly 

into cellular trehalose. Sacktor and Berger (196 9) 

14 
countered Van Handel's data when they showed C--U-glucose 

was readily converted into trehalose by rabbit kidney 

slices. The discrepancies between these studies have not 

yet been adequately explained. The theory involving 

trehalose as an intermediate for glucose absorption is not 

generally accepted, but final proof or refutation requires 

additional study. 

The most widely accepted model for glucose transport 

in the kidney is the carrier model introduced by Shannon and 

Fisher in 1938, He conceived of a special carrier molecule 
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that would reversibly combine with glucose at the luminal 

membrane. The glucose-carrier complex would then diffuse 

across the cell to the peritubular membrane where the 

glucose would come free of the carrier and diffuse into the 

blood. The carrier molecule was then free to return to the 

luminal membrane to combine with another glucose and repeat 

the cycle. He postulated that somewhere in the cycle energy 

would be required to drive this transport process. In 

contrast to Shannon's original theory, we now think of the 

carrier molecule as being restricted to the membrane rather 

than being free' in the cytoplasm. In this view the carrier 

molecule shuttles between the inner and outer surface of 

membrane rather than across the entire cell, 

In their original paper, Shannon and Fisher (1938) 

proposed that the amount of carrier was limited and constant. 

They suggested this idea when they found that the maximum 

transport rate for glucose by the dog kidney was limited and 

remained limited over a period of months, The carrier was 

conceptualized as being saturated when glucose was being 

transported at a maximum rate. 

Diedrich (1966) quantitated the number of carrier 

molecules in the dog kidney. He did this by treating dogs 

14 with C-phlorizin and measuring the per cent reduction in 

the maximum rate of glucose absorption along with tissue 

14 bound C-phlorizin. Assuming one phlorizin molecule binds 

with one carrier molecule and that the per cent reduction 
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in the maximum transport rate reflects the per cent of 

carrier molecules bound by phlorizin, he was able to 

calculate the moles of carrier (0.68 ymoles/100 g kidney 

cortex). Knowing this and the maximum rate of glucose 

absorption (945 ymoles/min x 100 g kidney cortex) he 

3 -1 
calculated a turnover number of 1,38 x 10 min . This 

indicated that each carrier molecule was transporting 

1,380 glucose molecules across the membrane every minute. 

This reduces to a complete cycle across the membrane every 
O 

0,04 of a second. Assuming a membrane thickness of 100 A, 

-12 2 
he calculated a diffusion coefficient of 4.2 x 10 cm 

sec ^ for the glucose-carrier complex in the membrane. 

Using the estimate of 3.5 x 10"^ proximal tubule cells per 

7 100 g of kidney cortex, he calculated that each cell had 10 

carrier molecules. 

At the present time the carrier model is the most 

widely accepted model for glucose transport. However, 

what the carrier is and how it operates is not clear. 

Location of the Active Step 

Shannon et al. (1941) considered that the active 

step for glucose absorption by the kidney occurred across 

the entire epithelium of the proximal tubule. In recent 

years, most studies have suggested that the active step for 

glucose absorption is located on the luminal brush boarder. 

Tune and Burg (1971) located the active step on the luminal 
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membrane on the basis of finding that the intercellular 

glucose concentration of isolated perfused rabbit proximal 

tubules was about twice that of the bath or perfusion 

fluid during absorption of glucose from the lumen. This 

indicated that glucose was being concentrated in the cells 

by an active process on the luminal membrane. Subsequently, 

the glucose could diffuse down its concentration gradient 

out of the cells at the peritubular membrane, thus com

pleting the transepithelial transport process. 

Silverman, Aganon, and Chinard (1970a) showed that 

glucose interacted preferentially with the luminal membrane. 

Using the sudden-injection multiple-indicator-dilution 

technique, they showed that this interaction was blocked by 

phlorizin. Since phlorizin also blocked glucose absorption, 

they concluded that the active step for glucose absorption 

was located on the luminal membrane. In addition, they 

found that glucose could interact with the peritubular 

membrane from the blood side. This interaction was not 

affected by phlorizin but was eliminated by probenecid, 

They felt that these data supported the concept of an active 

step for glucose absorption on the luminal membrane. 

Later Silverman (1974) again used the sudden-

injection multiple-indicator-dilution technique to investi

gate the interaction of phlorizin with the luminal and 

peritubular membranes of dog proximal tubules. Using 

3 
H-phlorizin, he showed that phlorizin did not interact with 
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the peritubular membrane. However, he recovered in the 

urine only 5-10% of the filtered phlorizin. The remaining 

85-90% was recovered in the urine when he subsequently 

injected a bolus of glucose or non-radioactive phlorizin 

into the renal artery. Since filtered phlorizin is not 

transported back into the peritubular blood, he interpreted 

his findings as indicating that there is a set of high 

affinity glucose receptors on the brush boarder of the 

proximal tubule that are involved with the absorption of 

3 
glucose. He suggested that, in his experiments, II-

phlorizin was bound to these receptors until it was dis

lodged by the bolus of glucose or non-radioactive phlorizin. 

Recently, techniques for disrupting cells and 

separating the various cellular debris have made it possible 

to isolate and separate fragments. Although the quantita

tive data from different laboratories are difficult to 

compare, some general characteristics of the binding of 

glucose to brush border fragments have been described CBode 

et al., 1970; Busse, Elsas, and Rosenberg, 1972; Heath and 

Aurbach, 1973; Chesney, Sacktor, and Rowen, 1973; Busse, 

Elsas, and Rosenberg, 197 5). It appears that there are two 

sites for glucose binding: a non-specific, low affinity 

site and a specific, high affinity site. The glucose 

binding is also phlorizin sensitive, stereo-specific, 

reversible, and saturable. It involves sulfhydral groups 

(<-SH) and is influenced by the ionic environment. All 
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these general characteristics have been interpreted to mean 

that the active step for glucose absorption is located on 

the luminal membrane. 

Recently, Kinne et al. (1975) have been able to 

fragment the luminal and peritubular membranes of the 

proximal tubule and reconstitute them into microvesicles, 

With these vesicles they have been able to study the 

transport of glucose across the membranes. They found that 

the vesicles of both luminal and peritubular membranes 

accumulated D-glucose more rapidly and to a greater extent 

than they did L-glucose. They also found that the rate of 

D-glucose accumulation was greatly inhibited by phlorizin. 

In this respect the peritubular membrane vesicles were 

affected to a lesser extent than the luminal membrane 

vesicles. These data also showed a marked difference in 

the response of the two types of vesicles to a sodium 

gradient. Without a sodium gradient from the bathing 

medium into the vesicles, the rate of D-glucose accumulation 

by the luminal membrane vesicles was greatly reduced while 

the rate of D-glucose accumulation by the peritubular 

membrane vesicles was not affected. Kinne et al. (1975) 

interpreted their data as showing that both the luminal and 

peritubular membranes have the capacity to transport 

glucose, but that the two membranes have different transport 

requirements and characteristics. 
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Even though the luminal membrane is generally 

accepted as the site for the active transport step in 

glucose absorption, the peritubular membrane has been 

considered to be involved. As noted above, Silverman et 

al. (1970a) used the sudden-injection multipler-indicator-

dilution technique to show that glucose in the peritubular 

blood interacted with the peritubular membrane. They also 

found that this interaction was eliminated when probenecid 

was given to the dog. 

Most of the evidence for glucose interaction with 

the peritubular membrane has been generated in studies 

with kidney slices. Although the degree to which such 

s]ices accumulate sugars placed in the bathing medium has 

often been interpreted as reflecting the activity of a 

transport step at the luminal membrane, it appears more 

likely that it reflects transport at the peritubular 

membrane. Krane and Crane (1959) were the first to show 

that slices of rabbit kidney cortex could accumulate D-

galactose. Tissue-to-medium concentration ratios (T/M) 

for galactose accumulation were inhibited by phlorizin and 

required oxygen. These findings implied that galactose 

used the glucose transport system and that energy was 

required. However, glucose was not accumulated by the 

kidney slices. The investigators suggested that glucose 

was being metabolized, 
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Since the work of Krane and Crane (1959), 

Kleinzeller and his colleagues have contributed the 

majority of the data concerning sugar commulation by kidney 

cortex slices. Kleinzeller1s first work on sugar accumula

tion by slices of rabbit kidney cortex (Kleinzeller and 

Kotek, 1961) confirmed the work of Krane and Crane (.1959) 

that glucose was not accumulated while galactose was 

accumulated. They also showed that the galactose 

accumulation (T/M = 4,1) was inhibited by phlorizin and 

ouabain. Sodium was required for the observed galactose 

accumulation, and lithium could not be substituted for it 

successfully. Over the next ten years, Kleinzeller and his 

colleagues examined the ability of slices of rabbit kidney 

cortex to accumulate 26 different monosaccharides under a 

variety of conditions (Kleinzeller, Kolinska, and Benes, 

1967a, 1967b; Kleinzeller, 1970a, 1970b; Kleinzeller et al.f 

1970), They found that 2-deoxy-D-glucose, 2-deoxy-D-

galactose, D-galactose, and a-methyl-D-glucoside were the 

monosaccharides most readily accumulated by these slices. 

The accumulation of these four monosaccharides was found to 

be phlorizin and pH sensitive and to require the presence 

of sodium, They suggested that D-galactose and a-methyl-

D-glucoside appeared to share a common transport system 

with glucose. This was in spite of the fact that glucose 

was not accumulated in slices (T/M < 1,0), In one paper 

Kleinzeller et al. (1967a) did report that glucose was 
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the glucose concentration in the medium was less than 0.5 mM 

and when gluconeogenesis was stimulated. 

Later, Kleinzeller and McAvoy (1973) studied the 

transport of sugars by the peritubular membrane of flounder 

proximal tubules. Using isolated proximal tubules, they 

found three separate pathways—the a-methy1-D-glucoside 

pathway, the 2-rdeoxy-D-glucose pathway, and the D-galactose, 

2-deoxy-D-galactose pathway—by which these sugars moved 

into the cells. All these pathways were phlorizin sensitive. 

These findings'supported the idea that the peritubular 

membrane was involved with the absorption of glucose 

(Silverman et al., 1970a; Kleinzeller, 1970b), 

McNamara, Rea, and Segal (1971) showed that slices 

of rat kidney cortex accumulated a-methy1-D-glucoside 

against a concentration gradient. As in the studies on 

rabbit kidney tissue, this glucoside was considered to be 

transported by the same system as glucose. The accumula,_ 

tion was greater at 20°C (T/M = 5,0) than at 37°C (T/M = 

2,5), These investigators demonstrated that the reason for 

this greater accumulation was that the efflux was reduced 

to greater extent than the influx when the temperature was 

lowered, Their data corresponded well with that of 

Kleinzeller et al, (1967a) which showed that the efflux of 

monosaccharides from slices of rabbit kidney cortex was 

greatly reduced at 0°C. These data indicate that the Q^Q 
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for the efflux is greater than that for the influx. This 

apparent asymmetry in the transport of glucosides across the 

peritubular membrane implies a mechanism different from 

simple diffusion. Finally, Tune and Burg (1971) reported 

that isolated rabbit tubules did not accumulate glucose in 

the tissue water to a concentration greater than that in the 

bath (T/M = 0,68). These findings are similar to the 

observations with slices from rabbit kidney cortex dis

cussed above. 

In summary, there is strong evidence that both the 

luminal and the peritubular membranes of the proximal 

tubule are more than just passively involved in the 

absorption of glucose. Which membrane contributes most to 

the transepithelial movement of glucose is not completely 

clear, but, at the present time, it is generally accepted 

that the luminal membrane is the site of the active step. 

Coupled Sodium-Glucose Transport 

The general requirement of biological systems for 

sodium has been recognized for many years, but Christensen 

and his colleagues (Riggs, Walker, and Christensen, 1958) 

were the first to suggest that the transport of an organic 

substance (e.g., glucose, amino acids) could be directly 

coupled to sodium transport. Later Crane (1962, 1965) 

described this sodium-coupled transport in more detail and 

presented data to support the hypothesis. This hypothesis 
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explains the transport of an organic molecule up a potential 

gradient into a cell on the basis of the energy derived from 

the diffusion of sodium down its electrochemical gradient 

into the cell. Since Crane's first explicit formulation of 

the "sodium-gradient hypothesis," it has been well docu

mented for the transport of sugars and amino acids by the 

intestinal epithelium (Schultz and Curran, 1970). In the 

case of glucose absorption by the intestine, it appears that 

the movement of the sugar from the lumen into the epithelial 

cell is tightly coupled wo the sodium flux in the same 

direction (Crane, 1965). It has been postulated that there 

is a specific carrier to which both glucose and sodium are 

bound on the luminal side of the membrane. This carrier 

then moves across the membrane into the cell on the basis of 

the diffusion of sodium down its electrochemical gradient. 

The glucose is freed from the carrier inside the cell and 

can diffuse down its own concentration gradient out of the 

cell across the basal membrane, thereby completing the 

transepithelial transport process. The requirement for this 

process is that the sodium gradient from the lumen into the 

cell be maintained. This is continuously generated by the 

active extrusion of sodium from the cell across the basal 

membrane, 

Since the kidney, like the intestine, is involved 

in absorbing glucose across an epithelium, it has been 

suggested that glucose absorption may also be coupled to a 
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sodium gradient in this organ. In this respect, Robson, 

Srivastava, and Bricker (1968) showed that the Tm for 

glucose absorption and the fracitonal absorption of sodium 

in rat kidneys were both reduced by about 15% when extra

cellular fluid volume of the animals was expanded. They 

suggested that this indicated a stoichiometric relationship 

between glucose and sodium transport. They also suggested 

that coupling between Na and glucose transport could explain 

the glucosuria seen in renal disease. As a renal disease 

progresses, the number of functioning nephrons decreases. 

To compensate for this loss, other nephrons can increase 

their filtration rate. In order to prevent volume expan

sion, the proximal tubules of these functioning nephrons 

absorb a smaller fraction of the filtered sodium than they 

normally would, Robson et al. (1968) suggested that this 

reduction in sodium absorption then would cause a reduction 

in glucose absorption, As the disease progressed, sodium 

absorption would be reduced to such low levels that not 

all the filtered glucose could be absorbed. This would 

account for the glucosuria observed in renal disease. This 

same relationship between the glucose transport maximum and 

the fractional absorption of sodium was shown in dogs by 

clearance studies (Schultze and Berger, 1973,- Kurtzman et 

al., 1972). 

The sodium requirement for maximum glucose transport 

has also been demonstrated more directly, Khuri et al. 
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(1966) found that when the lumen of the proximal tubule in 

Necturus was perfused with a sodium-free solution, maximum 

glucose absorption was reduced by about 50%. Vogel and 

Kroger (1966), studying isolated, doubly-perfused kidneys 

of frogs (Rana ridibunda), demonstrated that sodium was 

needed only on the luminal side of the epithelium for 

glucose absorption. However, Vogel and his colleagues 

(Vogel, Tervooren, and Stoeckert, 1966; Vogel and Stoeckert, 

1966) found that, although sodium appeared to be required 

for maximum glucose absorption, glucose did not appear to 

be necessary for normal sodium absorption. When they 

decreased sodium absorption by perfusing the arterial supply 

of the isolated frog kidney with Na2SO^, they found an 

accompanying decrease in glucose transport. They also 

reduced sodium absorption by treating the kidney with 

furosemide or mersalyl-C. Both of these drugs reduced 

glucose absorption as well as sodium absorption. However, 

when these investigators treated their isolated perfused 

kidney preparation with phlorizin the sodium absorption was 

unaffected while the glucose absorption was greatly reduced. 

Two independent studies suggested that the effect 

of sodium on glucose transport was the result of increasing 

the K for the glucose transport reaction while the V m ^ c m 

remained constant. Segal and Rosenhagen (1974) used rat 

kidney cortex slices in their study to determine the Km and 

Vm for the glucose transport system. Ullrich e'c al, (.1974) 
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used microperfusion techniques on the proximal tubule of 

rats. Both of these groups of workers used a-methyl-D-

glucoside as a model hexose. As noted above, they found no 

change in the Vm for glucose transport as the sodium 

concentration decreased, but they did find that the affinity 

of the transport system for glucose was reduced. These data 

were interpreted as indicating that sodium transport was not 

tightly coupled to glucose transport but that sodium was 

needed primarily to maintain affinity of the transport ... 

system for glucose. 

It has also been reported that the presence of 

glucose in the lumen of the proximal tubule increases the 

negative electrical potential difference across the proximal 

tubule because the glucose is coupled to the transport of 

sodium, Lennon et al, (1974) suggested that this is what 

is occurring when a glucose load is given to man, and the 

calcium and the magnesium excretion increase. They found an 

increase in sodium absorption during periods of increased 

glucose absorption resulting from an increased filtered load 

of glucose. They proposed that this increase in sodium 

absorption would increase the negative electrical potential 

usually found in the proximal tubule, This increased 

luminal negativity in turn, would retard the absorption of 

calcium and magnesium. This would produce the increased 

rate of excretion of these two cations observed during 

glucose loading. 
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In this respect, Fromter and Luer (197 3) found that 

perfusing rat proximal tubules with high concentrations of 

glucose produced transepithelial potential difference of 

-1.3 mV, lumen negative. This potential difference was 

- 4 abolished when phlorizin (10 M) was added to the perfusion 

solution. 

Maruyama and Hoshi (1972) had previously shown that 

perfusing the lumen of newt proximal tubules with a glucose 

solution altered the electrical profile across the 

epithelium. When they perfused the tubule with a solution 

containing no glucose, they found a transepithelial poten

tial of -4.6 mV, lumen negative, while the potential 

across the peritubular membrane was -73.6 mV, inside of 

the cell negative. Both of these potentials were determined 

in reference to the peritubular fluid. When the lumen was 

perfused with a 5.5 mM glucose solution, the transepithelial 

potential became 1,4 8 mV more negative while the peritubular 

membrane potential became 12.4 mV less negative. These 

investigators interpreted their data to mean that the 

presence of glucose increased sodium entry into the cell on 

the luminal membrane, thus hyperpolarizing the tubule 

epithelium. They felt that the peritubular membrane was 

depolarized because of increased shunting in the membrane. 

Using isolated, perfused rabbit proximal convoluted 

tubules, Kokko (1973) found that removing glucose from the 

perfusion solution reduced the transepithelial potential 
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from -5.7, lumen negative, to -3.5 mV. He also found that 

adding phlorizin to the perfusion fluid in the presence of 

glucose would reduce the potential from -6.3 to -5.8 mV. 

He interpreted this ability of glucose to change the 

transmembrane potential as evidence of a coupling between 

the transport of sodium and the transport of glucose. If 

this were true, one might expect that the increase in 

potential that resulted from an increase in sodium trans

port would be reflected in an increase in absorption of 

fluid volume from the proximal tubule. Since Kokko did not 

measure volume or sodium absorption simultaneously with his 

potentail measurements, it is an open question whether the 

change in potential was truly reflecting a change in 

sodium transport, In this respect, Cardinal et al. (.1975} 

demonstrated a lack of relationship between the potential 

difference and fluid absorption in isolated perfused 

proximal convoluted tubules of rabbits. Therefore, it is 

a reasonable possibility that the changes in the trans-

epithelial potential caused by the presence or absence of 

glucose are not a clear indication of direct coupling 

between the transport of sodium and glucose. 

The ability of cell membrane fragments to bind to 

glucose in the presence and absence of sodium has been 

investigated by several laboratories. The reason for 

examining the influence of sodium on the glucose binding 

properties is that it is assumed that an increase in binding 
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would produce an increased transport rate of glucose across 

the membrane. Four reports (Frasch et al., 1970; Busse et 

al., 1972, 1975; Ullrich, 1973) showed an increase of 

glucose binding to luminal membrane fragments from rabbit 

proximal tubules. On the other hand, Chesney et al. (1973) 

reported that sodium had no effect on the glucose binding 

properties of luminal membranes of proximal tubules from 

the same species. In spite of the report by Chesney and his 

colleagues, it would appear most likely that sodium has a 

definite positive influence on the ability of luminal 

membranes from' proximal tubules to interact with glucose. 

The most convincing evidence for a coupling of 

sodium to glucose transport that is consistent with the 

"sodium-gradient hypothesis" was reported by Kinne et al, 

(1975). They studied the flux of glucose into microvesicles 

made from the brush-boarders of proximal tubules from rats, 

When a steep sodium concentration gradient between the 

medium and the inside of the yesicles was maintained, the 

glucose flux into the vesicles was great enough to cause 

its concentration inside the vesicles to rise transiently 

above that in the bath. These experiments were done 

without any source of energy other than the sodium gradient. 

Aim of Dissertation 

In the present study, I planned to quantitate some 

of the important characteristics of glucose absorption in 
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proximal renal tubules from snakes (Thamnophis spp.). The 

transport of glucose by snake renal tubules had never been 

studies. Moreover, these animals are among the few species 

whose renal tubules can be teased free without the aid of 

enzymatic agents (Dantzler, 1973), Although glucose 

transport had been examined in one previous study with 

isolated, perfused rabbit nephrons (Tune and Burg, 1971), 

the steps in the transport process were not completely 

clarified. Therefore, studying glucose transport in iso

lated, perfused snake nephrons appeared to be important for 

comparative purposes and for establishing in more quantita

tive fashion the general characteristics of the glucose 

transport process in renal tubules. 

Tune and Burg (1971) found a maximum rate for 

glucose absorption in rabbit proximal renal tubules and 

suggested that the active step for transport occurred at 

the luminal membrane, I planned first to establish clearly 

that isolated, perfused snake proximal renal tubules 

transported glucose and then to determine if there was a 

maximum rate for such transport. I also planned to 

determine if one segment of the proximal tubule could 

transport glucose more readily than another. In rabbit 

renal tubules, glucose transport appeared to be limited to 

the convoluted portion of the proximal tubule (Tune and 

Burg, 1971). 
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With the isolated perfused tubule technique it is 

possible to analyze the cell water for its glucose content 

at the end of an experiment. By determining the concentra

tion of glucose in the cell water as well as in the lumen 

and in the bath, I planned to con s truct a transepithelial 

profile of glucose concentrations. From this profile it 

would be possible to determine whether the primary active 

step for the absorption of glucose was located at the peri

tubular or at the luminal membrane. In addition, by knowing 

the transepithelial concentration profile and the trans-

epithelial glucose fluxes, I would be able to calculate the 

permeabilities of the luminal and peritubular membranes to 

glucose. The absolute as well as relative values of these 

various permeabilities might provide additional insight into 

the involvement of the luminal and peritubular membranes in 

the glucose transport process. Also, I planned to determine 

the transepithelial permeability to glucose from the flux 

data. This value could then be used to determine the 

importance of glucose backflux from bath to tubule lumen in 

limiting the effectiveness of the glucose transport process. 

Finally, I planned to evaluate the effects of a number of 

agents on the various permeabilities the transepithelial 

profile of glucose concentration to help local the active 

site for glucose transport, 



METHODS 

Animals and Dissection 

The garter snakes (Thamnophis spp.) used for this 

study were obtained from commercial suppliers in Wisconsin. 

They were kept in 20 gallon aquariums at 25 + 2°C and fed 

raw fish twice a week. The snakes (25-75 gm) were killed 

by decapitation. Their kidneys were removed quickly and 

placed in cold snake Ringer (see below for composition of 

Ringer solution). The kidneys were kept in this solution 

on ice until a lobule from one kidney was pulled free for 

tubule dissection. During dissection, the tissue was 

visualized with the aid of a stereomicroscope at 14-80 X 

magnification, Proximal tubules were dissected free with 

the aid of very fine forceps and metal needles. No 

enzymatic agents were used to free the tubules from one 

another. 

The proximal tubule has been divided into two 

distinct anatomical regions based on differences in 

ability to transport p-aminohippurate (PAH) (Dantzler, 

1974), The region of the proximal tubule from the neck 

to the first 180° bend has been designated the proximal-

proximal tubule. No significant PAH transport from bath 

to lumen occurs in this segment. The remainder of the 

proximal tubule from the first 180° bend to the thin 
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segment has been termed the distal-proximal tubule. 

Significant PAH transport occurs from bath to lumen in this 

segment. Both segments of the snake proximal renal tubule 

were used in the present study. 

Ringer Composition 

The composition of the basic Ringer medium used for 

dissecting, perfusing, and bathing the tissue was the same 

as that used previously (Dantzler, 1973). It contained, in 

millimoles per liter: NaCl, 126; KC1, 3.0; NaHCO^, 24.0; 

NaH^PO^, 0,72; MgSO^, 1.2; CaC^, 1.8. In addition, dextran 

(40,000 M. W.) was added to the outside bathing medium in a 

concentration of 4 g/100 ml to approximate the plasma 

protein concentration of these snakes (Dantzler, 1973), In 

some experiments, a sodium-free Ringer was used for the 

perfusion fluid. This solution contained, in millimoles 

per liter: TRIS-HC1, 24.0; choline chloride, 128,0; KC1, 

1.0; K2HP04, 1.0; MgSO^, 1.2; CaCl2, 1.8. It had the same 

osmolality, measured by freezing-point depression, as the 

control solution. The bathing medium was bubbled with a 

95% C>2, 5% C02 gas mixture before and during all experiments 

to provide adequate mixing and to maintain the bicarbonate 

buffered Ringer at pH 7.4. The TRIS-HC1 buffer maintained 

the pH at 7,4 in the sodium-free solution. 

Appropriate amounts of glucose were added to these 

various solutions just prior to the experiments. Uniformly 
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14 labeled C-glucose (New England Nuclear, 150-250 mCi/mmole) 

was used as a tracer for glucose analysis. In some experi

ments with nonperfused tubules, appropriate amounts of 

14 3-0-methylglucose labeled with C (New England Nuclear, 

20-25 mCi/mmole) were added to the bathing medium. Inulin-

3 methoxy- H (New England Nuclear, 50-150 mCi/g) was added to 

the perfusion fluid as a marker for fluid absorption in the 

perfused tubules. It was also used as an extracellular 

volume market in studies with non-perfused tubules. Prior 

3 to use, the H-inulin was dialized for 24 hours at room 

temperature to remove any low molecular weight fragments. 

The dialysis tubing (Arthur H. Thomas Co.) had a molecular 

weight cut off point of 3,500, 

Perfusion of Tubules 

After a tubule was dissected, it was transferred to 

a special lucite perfusion chamber (25 yl volume) on the 

stage of combined stereo microscope and inverted compound 

microscope, The tubule was then perfused in a, manner 

similar to that originally described by Burg et al, (.1966) 

and modified for use with snake renal tubules (Dantzler, 

1973). All perfusion experiments were performed at 

25 + 2 °C. 

Figure 1 shows a diagram of the perfusion system. 

There were three concentric glass pipets on the left hand 

side. The outer pipet (Left Hand Holding Pipet) held the 
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Figure 1, Pipet arrangement for perfusing isolated snake renal tubules — See 
methods for details. 
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tubule in place so that the perfusion pipet could be 

inserted into the lumen of the tubule. The tip of the outer 

pipet was designed to accomplish two things: (1) hold the 

tubule firmly parallel to the axis of pipet system, and (2) 

align the perfusion pipet with the center of the tubule so 

that it could be inserted easily into the lumen. These 

functions were accomplished by means of two constrictions 

in the outer pipet that barely permitted the passage of the 

tip of the perfusion pipet. The tubule was drawn into the 

holding pipet by gentle suction applied with a 20 ml syringe. 

This suction held the tubule in the holding pipet while the 

perfusion pipet was advanced into the lumen. This held the 

tubule firmly between the two pipets (Figure 1), and the 

tissue formed a tight seal with the glass. 

The perfusion pipet was used to deliver fluid to the 

lumen of the tubule. Its tip was 2-3 mm long with a uniform 

outside diameter of 10-12 ym and an inside diameter of 5-7 

pm. This long tip was readily centered by the two constric

tions in the holding pipet so that it could enter the 

tubule lumen. 

An "exchange" or "pressure" pipet was located inside 

the perfusion pipet (Figure 1). This pipet was used to 

change perfusion solution during the course of an experi

ment. Positive air pressure was also applied to the column 

of perfusion fluid through this pipet to move the fluid 

through the perfusion pipet tip and the tubule lumen. The 
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pressure was regulated by a three-way stopcock from an air 

reservoir made of a 500 ml flask. The pressure applied to 

the perfusion pipet was monitored by two pressure guages 

covering a range of 0-300 mm Hg. 

When the tubule was held firmly in the left hand 

holding pipet and was perfusing freely, the distal end was 

drawn gently into the right hand holding pipet (Figure 1). 

This pipet was .designed to hold the tubule firmly and to 

store the perfusion fluid until it was collected. The long 

narrow region of this pipet, located between the tubule 

holding area arid the sample storage area, allowed the 

collecting area to be flushed out with caustic cleaning 

solutions during an experiment without damaging the end of 

the tubule. 

The large outer pipet on the right hand side con'-

tained non-polymerized Sylgard 184 (Dow Corning), a bio

logically inert encapsulating resin, which formed a func

tional seal between the tissue and the glass to prevent 

bulk flow of fluid from the bath into the collected sample. 

This pipet was first precoated with polymerized Sylgard 184 

to provide better contact between the non-polymerized 

Sylgard and the glass. After the tubule had been drawn into 

the right hand holding pipet, the pipet holding the Sylgard 

was advanced down over the tubule until 25-50 ym of the 

tubule were in contact with the Sylgard. 
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During perfusion experiments, fluid was allowed to 

accumulate in the right hand holding pipet for periods of 

8 to 15 minutes. This accumulated fluid was then collected 

in a pre-calibrated constant-bore glass capillary to 

determine the volume of the sample. The sample was drawn 

into the capillary by means of a water-filled 50 yl gas-

tight syringe that was connected to a two-foot piece of 

PE 20 polyethylene tubing which was also filled with water. 

The 50 yl syringe was connected to a micrometer for smooth 

control of the sample. A small air column (1 cm long) 

prevented mixing of the sample with the water and permitted 

clear viewing of the sample. The sample length was measured 

with calipers viewed through a magnifying lens (8,75 X), 

The sample then was added to a scintillation vial for 

assaying which contained water to be mixed with aquasol. 

The constant-bore capillary tubing was calibrated 

with tritiated water of known activity per unit volume. The 

volume of most capillaries was about 1 nl per mm length of 

tubing. The outside diameter of the capillary was about 

200 ym while the inside diameter was about 30 ym, Uni

formity of the inside diameter was determined by measuring 

the length of a single column of water (about 1 cm long) at 

several locations along the capillary. If the length of the 

water column did not vary over 2 per cent the pipet was 

calibrated and used for experiments. 
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The length of each renal tubule was determined 

during perfusion by tracking the tubule from one end to the 

other with the compound microscope and measuring the 

distance moved with a micrometer. The inverted compound 

microscope was mounted on a plate that was pivoted at one 

end. The other end of the base plate was free to move back 

and forth on ball bearings. This back and forth motion was 

accomplished by. means of a micrometer driven piston moving 

against a spring. The arc of this movement was so large 

compared with the tubule length that it could be considered 

a straight line. The stage on which the perfusion chamber 

was mounted remained fixed at all times. During a perfusion 

study one end of the tubule was centered in the microscope 

field at a magnification of 450 X, The micrometer setting 

was noted. Then the micrometer was advanced until the other 

end of the tubule was in the center of the field. Again 

the micrometer setting was noted. The difference between 

-3 the micrometer settings was multiplied by 6,667 x 10 which 

gave the length of the tubule in millimeters. This factor 

was obtained by calibrating the micrometer drive against 

a scale on a microscope slide. This method of measuring 

tubule length was more reproducible than that employing a 

filar ocular micrometer. 
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Uptake of Glucose and 3-Q-Methylglucose 
by Nonperfused Tubules 

Segments of proximal-proximal and distal-proximal 

tubules were teased from fresh tissue as described above. 

For most studies, five to six such segments were incubated 

together for 60 minutes in a sealed bath of Ringer which was 

continuously gassed with 95% C>2, 5% CC>2. The temperature 

was maintained at 25 + 2°C for all the experiments except 

one series in which the temperature was reduced to 2"-4°C. 

Glucose or 3-0-methylglucose was present in the bathing 

medium in a concentration of 0.14 mM. In some experiments 

on the uptake of glucose, phlorizin (0.1 mM), ouabain 

(1.0 mM) , iodoacetic acid (1.0 mM) , antimycin A (.9,0 yM) , or 

a combination of iodoacetic acid (1.0 mM) and antimycin A 

(9.0 pM) was present in the bath. Also, in a few experi--

ments on glucose uptake, the incubation period was extended 

for 24 hours. The concentration of glucose or 3-0-

methylglucose in the cell water at the end of the incubation 

period was determined as described below. The concentration 

in the bathing medium was also determined at the end of the 

incubation period. 

Cellular Glucose Concentration 

The glucose concentration in the tubule cell water 

was determined for many of the perfused tubules and all the 

nonperfused tubules. For this purpose, each tubule was 

placed in 10 yl of 3% trichloroacetic acid (.TCA) to extract 
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"^C-labeled glucose and ~*H-labeled inulin. At the end of 

a perfusion experiment, the tubule was pulled free of the 

perfusion system with fine forceps and transferred into the 

TCA which was maintained under mineral oil. Under these 

circumstances, the transfer to the TCA took place in less 

than 2 seconds from the time the perfusion ended, Each 

nonperfused tubule was similarly transferred to TCA under 

oil. After 1 hour of extraction, each tubule was removed 

and the TCA containing the extracted glucose and inulin was 

transferred to a scintillation vial for radioactive counting. 

Preliminaty studies showed that this extraction period was 

long enough to remove all the labeled glucose and inulin 

from the tubules. Following the TCA extraction, each 

tubule was placed in chloroform for 10 minutes to extract 

the oil. The tubule was dried and weighed on a quartz--

fiber ultramicrobalance (Bonting and Mayron, 1961). The 

final dry weight was multiplied by 1.249 to correct for 

weight lost during the TCA and chloroform extractions 

(Dantzler, 1973). This corrected dry weight was then 

multiplied by 3.52, as determined previously (Dantzler, 

1973), to obtain a value for the cell water. 

The total amount of "^C-labeled glucose extracted 

from the tubules came from the lumen and any contaminating 

bathing medium, as well as from the tubule cells. There^ 

fore, it was necessary to subtract the glucose in the lumen 

and contaminating bathing medium from the total amount of 
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glucose extracted from the tubule in order to obtain the 

glucose concentration in the cell water only. In the case 

of the perfused tubules, the amount of glucose in the lumen 

3 was determined by measuring the amount of H-labeled inulin 

extracted from the tubule. Since there was no inulin in the 

bathing medium, all of this had to come from the tubule 

3 14 lumen. The ratio of H-labeled inulin to C-labeled 

glucose in the perfusate was also measured. The total 

3 amount of H-labeled inulin extracted from the tubule then 

14 was divided by this ratio to determine how much C-labeled 

glucose was in'the lumen at the time of extraction. This 

amount was subtracted from the total amount of glucose 

14 extracted from the tubule. The amount of C-labeled 

glucose in the lumen of each perfused tubule was usually 

14 about 3-10% of the total C-labeled glucose extracted from 

the tubule. Since no lumen was visible in the nonperfused 

tubules at the end of incubation, it was assumed that the 

lumen was completely collapsed and no correction was made 

for glucose in the lumen of these tubules. 

The amount of extracellular bathing medium con

taminating the extracted tubules was determined in the 

3 nonperfused tubules by adding H-labeled inulin to the 

bathing medium. In these nonperfused tubules the average 

extracellular bathing medium transferred was 31,82 + 2,68% 

(mean + SE for 25 tubules) of the cell water. The amount 

14 of C-labeled glucose transferred with this extracellular 
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bathing medium was determined by multiplying the concentra

tion in the bathing medium by the volume transferred with 

each tubule. This amount was then subtracted from the total 

14 C-labeled glucose extracted, 

3 Inulin-methoxy- H was not present in the bathing 

medium during perfusion experiments. However, the tubules 

were removed from the bathing medium in a manner identical 

to that for the nonperfused tubules. Therefore, the same 

amount of extracellular bathing medium contamination 

(31.82% of the total cell water) was assumed to occur in 

14 these tubules and the total C-labeled glucose extracted 

was corrected for this degree of contamination as described 

14 above. The concentration of C-labeled 3-0-methylglucose 

in the cells of nonperfused tubules was determined as 

described for glucose. 

Chromatography 

Chromatographic studies were performed to determine 

14 if the intracellular C was still incorporated in glucose 

or in some metabolite of glucose. The chromatographic 

technique used in these studies was the same as that used 

by Tune and Burg (1971). Silica gel (0.25 mm thick) 

chromatographic plates (20 x 20 cm) were marked into strips 

2 cm wide. Ten yl of 3 %  TCA extract from a tubule or 10 yl 

14 
of 3% TCA containing pure uniformly labeled C-glucose were 

placed at the origin of each strip and the plates were 
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developed in a solvent system of n-butanol-acetone-water 

(40:50:10). This solvent system discriminates glucose from 

glucose-6-phosphate, fructose-6-phosphate, fructose 1,6-

diphosphate, lactate, and glycogen (Tune and Burg, 1971), 

After the plates were dried at room temperature, each strip 

was divided along its length into 20 divisions, each 1 cm 

long. The silica gel on each of these 20 areas was scraped 

from the plastic backing into a separate scintillation vial 

for determination of the radioactivity. 

Analytical Methods 

14 3 The activities of C and H were determined simul*-

taneously in a liquid scintillation spectrometer (Nuclear 

Chicago Mark I, Unilux II, or Isocap/300). The scintilla

tion solution used for all samples consisted &f 2.5 ml of 

Aquasol (New England Nuclear) and 0.75 ml of water in each 

14 3 vial. The C and H activities in each sample were 

separated by appropriate channel settings on the liquid 

scintillation counters. One channel was set to allow only 

14 C activity to appear in it. The other channel was set 

14 so that as small an amount of C activity as possible 

appeared in it without greatly reducing its efficiency for 

3 14 
determining H activity, About 35-40 per cent of the C 

activity appearing in the first channel appeared in the 

second channel, depending on the liquid scintillation 

counter used. This cross-over was checked for each 
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14 
experiment by counting a series of C-labeled glucose and 

3 H-labeled inulin standards prepared in the same manner as 

the experimental samples. 

The net rate of glucose absorption from the lumen 

of a perfused tubule, expressed in moles per minute per 

-1 -1 millimeter tubule length (moles min mm ), was determined 

from the following relationship: 

V.C. - V C 
Net Glucose Absorption Rate = 1 ̂  L° ° (1) 

In this equation and Cq are the concentrations (moles/nl) 

of glucose in the initial perfusate and collected fluid, 

respectively, VQ is the volume (nl) of fluid accumulated in 

the collection pipet during the perfusion period. It was 

measured directly as described above, is the volume (nl) 

of initial perfusate that entered the tubule from the 

perfusion pipet during the perfusion period. It was 

determined as described below. L is the length (mm) of the 

tubule segment perfused, exclusive of the portion held in 

the perfusion and collecting pipets. T is the time (min) 

of the perfusion period. 

was determined from the following relationship: 

vi = vo r2 121 

l 
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In this equation, 1^ and Iq are the concentrations (cpm/nl) 

3 of H-labeled inulin in the initial perfusate and collected 

fluid, respectively. and Vq are as defined above. 

Values were generally expressed as means + 1 SE. 

Levels of statistical significance were determined with 

Student's t test. 



RESULTS 

Maximum Rate of Glucose Absorption 

Net glucose absorption from lumen to bath occurred 

in both the proximal and distal portions of perfused 

proximal tubules when the concentrations of labeled and 

unlabeled glucose were equal in the perfusate and the 

bathing medium (Figures 2 and 3). Since the concept of 

a maximum rate for glucose absorption had been challenged 

by the results of some microperfusion studies in rats 

(Deetjen and Boylan, 1968), it was of considerable interest 

to determine if there was a maximum rate for glucose 

absorption in snake proximal tubules. This was studied by 

varying the load of glucose delivered to the absorptive 

sites in the tubule lumen while glucose absorption was being 

measured. The glucose delivery rate was varied by changing 

the glucose concentration in the initial perfusate and by 

changing the perfusion rate. However, the concentrations 

of labeled and unlabeled glucose in the initial perfusate 

were always maintained identical to those in the bathing 

medium, The results for 16 proximal-proximal tubules are 

shown in Figure 2. In these experiments, the perfusion rate 

was varied from about 2.5 to about 8.0 nl min and the 

glucose concentration was 0.14 mM at the lower glucose 

delivery rates or 1.14 mM at the higher glucose delivery 
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Figure 2. Absorption of glucose by 16 proximal-proximal snake tubules as a func
tion of glucose delivery rate — Perfusion rate ranged from about 2.5 
to about 8.0 nl min-^. Unlabeled glucose and -^C-labeled glucose con
centrations for bath and perfusate were identical. Total glucose con
centration was 0.14 or 1.14 mM. Data were grouped within intervals of 
glucose delivery rates and means were calculated for the delivery rates 
and the glucose absorption. Solid points indicate mean values. Hori
zontal and vertical lines indicate SE. Figures in parentheses indicate 
number determinations at each point, 
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Figure 3. Absorption of glucose by eight distal-proximal snake tubules as a 
function of glucose delivery rate — Perfusion rates ranged from about 
4.0 to about 10.0 nl min~l. Unlabeled glucose and -^C-labeled glucose 
concentrations for bath and perfusate were identical. Total glucose 
concentration was 0.15, 1.14, or 5.14 mM. Data were grouped within 
intervals of glucose delivery rates and means were calculated for the 
delivery rates and the glucose absorption. Solid points indicate mean 
values. Horizontal and vertical lines indicate SE. Figures in 
parentheses indicate number of determinations at each point. Curve 
was fitted by eye. <x> 
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rates. Net glucose absorption increased with increasing 

glucose delivery rates until this rate reached about 4.0 x 

-12 -1 10 moles min , at which point the transport mechanism 

appeared to saturate. The maximum net transport rate for 

glucose in these proximal-proximal segments was about 1.2 x 

m-12 . -1 -1 10 moles mm mm , 

The convoluted portion of the rabbit proximal tubule 

has a much greater capacity to absorb glucose than the 

straight portion (Tune and Burg, 1971). In terms of 

p-aminohypurate (PAH) transport, the proximal portion of 

the snake proximal tubule is analogous to the convoluted 

portion of the rabbit proximal tubule and the distal 

portion of the snake proximal tubule is analogous to the 

straight portion of the rabbit proximal tubule (Tune, Burg, 

and Patlak, 1969; Dantzler, 1974), Therefore, the transport 

capacity for glucose in the distal-proximal tubule was of 

great interest. The results of varying the glucose delivery 

rate in eight distal-proximal tubules are shown in Figure 3. 

In these experiments, the perfusion rate was varied from 

about 4.0 to about 10.0 nl min and the glucose concentra

tions in perfusate and bathing medium were 0.15 mM, 1,14 mM, 

or 5.14 mM. In contrast to the proximal-proximal segment, 

glucose absorption in the distal-proximal segment increased 

with increasing glucose delivery rates until this rate 

-12 -1 reached about 12,0 x 10 moles min , at which time the 

transport mechanism appeared to saturate, The maximum net 
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transport rate for glucose in these segments was about 2.3 x 

-12 -1 -1 10 moles min mm or nearly twice that observed in the 

proximal-proximal segment. If the mean value for net 

glucose absorption is determined for all delivery rates 

greater than that necessary for saturation for each tubule 

segment, the value for proximal-proximal tubules is 1,24 + 

-12 -1 -1 0.14 x 10 moles min mm (mean + SE for 12 determina

tions) and that for distal-proximal tubules is 2,17 + 0,16 x 

-12 -1 -1 10 moles min mm (mean + SE for 18 determinations). 

These values are significantly different from one another 

(P < 0,001). 

As noted above, in these experiments to determine 

the maximum rate of glucose absorption, the concentrations 

14 of C-labeled and unlabeled glucose were identical in both 

the perfusate and the bathing medium. This eliminated any 

chemical or isotopic gradients that could have produced 

incorrect values for glucose absorption. The importance of 

14 
not having a gradient from lumen to bath for C-labeled 

glucose when glucose absorption was being measured is 

illustrated in Figures 4 and 5. These figures summarize 

data on the relationships between the glucose delivery rate 

and net glucose absorption for proximal-proximal and distal-

14 proximal tubules that were perfused with C-labeled glucose 

in the lumen only. However, the unlabeled glucose concen

trations in the perfusate and bathing medium were identical. 

The isotopic gradient from lumen to bath led to a movement 
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14 of C-labeled glucose into the bath out of proportion to 

the net movement of unlabeled glucose. Since the calcula

tions of net glucose absorption had to be made on the 

assumption that the labeled and unlabeled glucose moved 

proportionately, the failure of this to occur led to the 

determination of a falsely high rate for glucose absorption. 

Although the transport system for glucose in the proximal-

proximal tubules tended to saturate under these circum

stances, this is not very clear (Figure 4), Moreover, the 

glucose absorption rates (Figure 4) were more than ten times 

the maximum transport rate seen when no isotopic gradient 

was present (Figure 2), In segments of distal-proximal 

tubule, glucose absorption continued to increase even with 

very high glucose delivery rates (Figure 5). No maximum 

rate for glucose absorption was seen in the presence of an 

isotopic gradient (Figure 5) in contrast to the situation 

when the tubules were perfused without an isotopic gradient 

(Figure 3) . 

Glucose Concentration in the Cell Water 

Whether an active step for glucose absorption is 

located on the luminal or peritubular membrane might be 

indicated if the transepithelial profile for the glucose 

concentrations during the absorptive process were known. 

With this in mind, I measured the concentrations of glucose 

in the collected perfusate, cell water, and bathing medium 
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of tubules that were absorbing glucose. In these studies, 

the glucose delivery rate was always more than sufficient 

to saturate the glucose absorptive mechanism. This insured 

that the concentration of glucose in the lumen would not be 

reduced much below that in the bath as the perfusate moved 

from one end of the tubule to the other. This was important 

because, in order for the transepithelial profile to give 

meaningful information about the transport system, all the 

epithelial cells along the length of the tubule had to be 

functioning under nearly identical conditions. 

14 To be certain that the C extracted from the 

perfused tubules w&s still in the form of glucose, I 

chromatographed extracts from a number of tubules along 

14 with stock C-labeled glucose in the same trichloroacetic 

acid solution. The results of these chromatography studies 

are summarized in Figure 6. Since almost all (97.01 + 

14 0.24%; mean + SE for 5 studies) of the stock C-labeled 

glucose was in the area of the chromatographic strip 

corresponding to a relative front of 0.3 + 0.05, this area 

on all the chromatographic strips was considered to be 

14 C-labeled glucose only. Chromatography of the extracts 

from four perfused tubules that were transporting glucose 

14 
indicated that 91.66 + 1.42% (mean + SE) of the total C 

extracted was in the form of glucose (Figure 6). For all 

other perfused tubules, the glucose concentration in the 
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cell water was calculated on the assumption that 92% of the 

14 extracted C represented glucose. 

The glucose concentration in the lumen and cell 

water of each perfused tubule was expressed as a per cent of 

the concentration in the bathing medium in the same study 

(Figures 7 and 8). The average glucose concentration in the 

lumen was considered to be the arithmetic mean of the 

concentrations . in the initial perfusate and in the collected 

fluid. The transepithelial glucose concentration profile 

for proximal-proximal tubules under control conditions is 

shown in Figure 7, The average concentration of glucose in 

the lumen was significantly less (P < 0,005) than that in 

the bath, in accord with the observation that net glucose 

absorption was occurring during these studies. However, 

since the glucose delivery rate was well above that neces

sary to saturate the transport system, the concentration in 

the lumen was still about 85% of that in the bath. Of 

greater importance was the finding that the glucose concent 

tration in the cell water at this time was significantly 

less than that in either the bath (P < 0,02) or the lumen 

(P < 0,05). It averaged about 65% of the bath concentra

tion. These findings indicate that glucose can enter the 

cells from the lumen down a concentration gradient but that 

it must be transported out of the cells against a concentrat 

tion gradient on the peritubular side. This is compatible 
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with the presence of an active step for glucose absorption 

at the peritubular membrane. 

Similar data were obtained for distal-proximal 

tubules under control conditions (Figure 8). The average 

concentration of glucose in the lumen was significantly less 

(P < 0.05) than that in the bath, again in accord with the 

fact that glucose was being transported out of the lumen 

during these studies. As in the proximal-proximal tubules, 

since the glucose delivery rate was greater than that 

necessary to saturate the transport system, the concentra--

tion in the lumen was still about 90% of that in the bath. 

The concentration of glucose in the cell water was signifi-^ 

cantly less (P < 0.01) than that in the bath or lumen and 

averaged about 65% of the bath concentration. These 

findings indicate that glucose can enter the cells in this 

tubule segment down a concentration gradient, but that it 

must be transported out of the cells against a concentration 

gradient on the peritubular side. Again, this is compatible 

with an active step for glucose transport located at the 

peritubular membrane. 

If an active step for glucose transport is located 

at the peritubular membrane, the glucose in the cells would 

be expected to equilibrate with that in the lumen and bath 

if this transport step stopped functioning. This would be 

reflected in an increase in the cell'-to-bath glucose 

concentration ratio from its normal value of less than unity 
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to a value equal to unity. In order to examine this 

possibility, perfused distal-proximal and proximal-proximal 

tubules that had been absorbing glucose but had then 

spontaneously stopped transporting glucose were analyzed 

for their glucose content. The results are summarized in 

Figure 9. The control cell-to-bath concentration ratios for 

tubules transporting glucose were taken from the control 

tubules in Figures 7 and 8. These control tubules were 

transporting glucose at their respective maximum levels just 

before being analyzed for their glucose content. It is 

apparent from Figure 9 that as both the distal-proximal and 

the proximal-proximal tubules stopped transporting glucose, 

the glucose in the cells equilibrated with that in the bath. 

The mean cell-to-bath glucose concentration ratios for both 

distal-proximal and the proximal-proximal tubules that had 

stopped transporting glucose were not significantly differ^-

ent from 1,0 (P < 0.80 and P = 0.90, respectively). These 

data further support the idea of an active step for glucose 

transport located at the peritubular membrane. 

Effects of Sodium on Glucose Transport 

Sodium has been implicated in the absorption of 

glucose by proximal renal tubules (Khuri et al., 1966; 

Vogel and Kroger, 1966). According to the "sodium-gradient 

hypothesis" for the coupled transport of sodium and glucose, 

sodium movement from the lumen into the cells is required to 
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provide energy for the transport of glucose. Although the 

movement of glucose from the lumen into the cells in snake 

renal tubules appeared to be down a concentration gradient, 

it was important to determine whether the concentration of 

sodium in the tubule lumen had any effect on glucose 

absorption. In order to examine this, I studied the effect 

of removing sodium from the perfusate on glucose absorption 

in four proximal-proximal and six distal-proximal tubules. 

The tubules were perfused initially with a control Ringer 

solution with concentrations of labeled and unlabeled 

glucose equal to those in the bathing medium. Two or three 

10 minute control collections were made to determine the 

glucose absorption rate. Then the perfusion fluid was 

changed to a sodium-free one containing concentrations of 

labeled and unlabeled glucose equal to those in the bath. 

After two or three additional collection periods, the 

tubules were removed and analyzed for their glucose content, 

During these experiments, the glucose delivery rates 

were kept below the level required to saturate the glucose 

transport system. This was necessary in order to see any 

changes in the glucose concentration in the collected fluid 

when the tubules were perfused with the sodium-free solution. 

However, perfusing at these low delivery rates made it 

impossible to compare the absolute absorption of one tubule 

to that of another. For this reason, the glucose absorption 
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rates are expressed as per cents of control values with each 

tubule serving as its own control. 

When proximal-proximal tubules were perfused with 

the sodium-free solution, the net glucose absorption rate 

decreased to a minimum of 19.5 + 5.45% (mean + SE for four 

tubules) of the control value by the time the tubules were 

collected. This decrease was highly significant (P < 0.001). 

The concentration of glucose in the lumen in these tubules 

was 9 3,0 + 4.0% (mean + SE) of that in the bath during the 

period of reduced glucose absorption that resulted from 

perfusion with the sodium-free solution (Figure 7). The 

simultaneously determined cellular glucose concentration 

was 77.0 + 6.0% (mean + SE) of the bath concentration. 

Although this concentration of glucose in the cell water was 

somewhat greater than that in the cell water of the control 

tubules (Figure 7), the two values were not significantly 

different (P < 0,40), Moreover, the concentration in the 

cells was still significantly below (P < 0,05) that in the 

bath (Figure 7) . 

Similar data were obtained fro distal-proximal 

tubules. When sodium was removed from the perfusate 

(Figure 8), the net glucose absorption rate was reduced to 

23,8 + 12,3% (mean + SE for six tubules) of the control 

value. The glucose concentration in the lumen in these 

tubules was 91,0 + 4,0% (mean + SE) of that in the bath 

during the period when glucose absorption was reduced by 
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perfusion with sodium-free fluid (Figure 8). The glucose 

concentration in the cells of these tubules determined at 

this time, was 78.0 + 10.0% (mean + SE) of that in the bath. 

In contrast to the proximal-proximal tubules, this concen

tration in the cells was not significantly less than the 

concentration in the bath (0.05 < P < 0,10). However, 

although this value for the cellular glucose concentration 

was closer to the bath concentration than the corresponding 

value in the control tubules, it was still not signifi

cantly greater (P < 0,40) than the control value. These 

data for both the proximal-proximal and distal-proximal 

tubules indicate that sodium is required for normal glucose 

absorption, but that a portion of that absorption may occur 

in the absence of sodium. The tendency for the glucose 

concentration in the cells to be higher during sodium-free 

perfusion than in the control situation also suggests that 

sodium may have some effect on a transport step at the 

peritubular membrane. 

To determine if the tubular glucose absorption 

mechanism could recover after exposure to sodium-free 

perfusion fluid, four proximal-proximal tubules were 

perfused with control solution after being perfused with 

sodium-free solution. These tubules were perfused for two 

to three control periods. The perfusion fluid was then 

changed to a sodium-free one. Net glucose absorption 

decreased significantly (P < 0,001) in 10 minutes and was 
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maximally depressed in 20 minutes (Figure 10). After 30 

minutes of perfusion with sodium-free medium, the perfusate 

was changed to control Ringer. Glucose absorption increased, 

but did not completely reach the control level even after 

40 minutes. 

Effect of Phlorizin on Glucose Absorption 

Phlorizin appears to inhibit competitively renal 

tubular glucose absorption in those species studied 

(Chasis et al„, 1933). It is believed that this inhibition 

comes from the interaction of phlorizin with the luminal 

membrane (Silverman, 1974). Although an active step for 

glucose absorption appeared to be present at the peritubular 

membrane of snake renal tubules and glucose appeared to 

enter the cells from the lumen down a concentration gradient, 

the nature of this entry step was not clear. Therefore, it 

seemed important to determine whether phlorizin in the 

lumen could block glucose absorption in these tubules. 

The effect of phlorizin was studied .in four 

proximal-proximal tubules and five distal-proximal tubules. 

As in the studies on the effects of sodium-free perfusion 

medium, the glucose delivery rates were kept below the level 

required to saturate the glucose transport system. This was 

done to make certain that any changes in the glucose con

centration of the collected perfusate could be observed 

easily. Since this made it impossible to compare absolute 
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absorption rates among tubules, the absorption rates were 

again expressed as a per cent of control values with each 

tubule serving as its own control. The tubules were first 

perfused with a control Ringer solution with concentrations 

of labeled and unlabeled glucose equal to those in the 

bath. After two to three 10 minute control collections, the 

perfusion fluid was changed to an identical one except that 

it contained 0.1 mM phlorizin. After two or three additional 

collection periods, the tubules were collected and analyzed 

for their glucose content. 

When proximal-proximal tubules were perfused with a 

solution containing phlorizin, net glucose absorption almost 

ceased entirely within the first collection period. At the 

time the tubules were collected for determination of their 

glucose content, the net absorption rate was only 0.80 + 

0,8% (mean + SE for four tubules) of the control level. 

Such a decrease was clearly statistically significant 

(P < 0,001), At this point, the concentration of glucose 

in the lumen was 101.0 + 3.0% (mean + SE) of that in the 

bath (Figure 7). This is a reflection of the almost 

complete inhibition of glucose absorption. The concentra

tion of glucose in the cells was 81,0 + 15.0% (mean + SE) of 

that in the bath. This was somewhat higher than the con'-

centration in the cells of the control tubules (Figure 7), 

but the difference was not statistically significant 

(P < 0.50) . 
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A somewhat similar response to phlorizin was 

observed with distal-proximal tubules. Net glucose absorp

tion almost ceased entirely within the first collection 

period after the tubules were perfused with phlorizin. At 

the time the tubules were collected for determination of 

their glucose content, the net glucose absorption rate was 

reduced to 1.2 + 1.2% (mean + SE for five tubules) of the 

control level. . Again, this was clearly statistically 

significant (P < 0.001). The concentration of glucose in 

the lumen was 103 + 1.4% (mean + SE) of that in the bath at 

this time (Figure 8). This again reflects the almost 

complete inhibition of glucose absorption. The concentra

tion of glucose in the cell water was 52,0 + 5,0% (mean + 

SE) of that in the bath. This was somewhat, but not 

significantly (0,20 < P < 0.25), lower than the glucose 

concentration in the cells of control tubules (Figure 8). 

These data for both the proximal-proximal and distal-

proximal tubules clearly indicate that phlorizin blocks net 

glucose absorption when it is present in the lumen. The 

tendency for the glucose concentration in the cells of 

distal-proximal tubules to be lower in the presence of 

phlorizin than in the control situation further suggests 

that an active step for glucose transport exists at the 

peritubular membrane and that this is not blocked by 

phlorizin. 
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To determine if the tubular transport system for 

glucose could recover after inhibition with phlorizin, five 

proximal-proximal tubules were perfused with control solu

tion after being perfused with phlorizin-containing solution 

(Figure 11). In these studies, the unlabeled glucose 

concentration was the same in both the perfusate and bathing 

medium, but labeled glucose was present in the perfusate 

only. Therefore, the absolute transport rates were higher 

than the true rates should have been. However, the general 

pattern should have been indicative of the true response. 

These tubules were first perfused for two or three control 

periods. The perfusion fluid was then changed to one 

containing 0.1 mM phlorizin. The net glucose absorption 

was maximally depressed within 10 minutes. After 30 minutes 

of perfusion with phlorizin, the perfusate was changed to 

the control solution. Glucose absorption increased rapidly 

and approached the control level in about 30 minutes. These 

data indicate that the phlorizin inhibition of glucose 

transport is reversible. 

Membrane Permeabilities 

Glucose is actively absorbed from the lumen of the 

tubule, but it also moves passively through the cell 

membranes. In order to determine the importance of such 

passive movements, the apparent permeabilities of the 

epithelium and of the luminal and peritubular membranes to 
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glucose were determined. To measure these passive perme

abilities in the inward (bath-*lumen) direction, the 

proximal-proximal and distal-proximal tubules were perfused 

with Ringer solution that contained no glucose. In addition 

this perfusion solution contained 0,1 mM phlorizin to 

prevent absorption of glucose that entered the lumen from 

the bath. The bathing medium contained labeled and 

unlabeled glucose in a total concentration of 1,1 mM, Both 

proximal-proximal and distal-proximal tubules were perfused 

long enough to obtain two or three collections for flux 

measurements. The tubules were then analyzed for their 

glucose content to determine the glucose gradients across 

the individual cell membranes. 

In estimating the various membrane permeabilities, 

I assumed that the specific activity of the glucose did not 

change as it moved across the cells and that no significant 

amount of glucose moved across the epithelium through 

extracellular channels. The apparent passive transepithelial 

>E 
B+L' 
E —1 

permeability to glucose from bath to lumen (PR+T r cm sec ) 

eas calculated with the following equation: 

pLl = —Fb">L - <3> 

AL (CB - V 

In this equation F_ T is the unidirectional glucose transfer 

rate (mole sec "*") from bath to lumen, is the surface area 

2 (cm ) of the luminal membrane (for a mean luminal diameter 



-5 of 27.5 m and a tubule length of 1.0 mm, AL is 86.4 x 10 

2 -3 cm ) , Cn is the glucose concentration (moles cm ) in the 
13 

bathing medium, and C is the mean glucose concentration J-j 

(moles cm ) in the luminal fluid. This last value was 

calculated as the arithmetic mean of the concentrations in 

the initial perfusate and the collected fluid. As can be 

seen in Tables 1 and 2, the transepithelial permeabilities 

from bath to lumen for the proximal-proximal tubule (about 

-5 -1 0.26 x 10 cm sec ) and distal-proximal tubule (about 

-5 -1 0,23 x 10 cm sec ) were not significantly different 

(P < 0,70) from'one another. Although these permeabilities 

are not large, they do indicate that backflux from the bath 

to the lumen could limit the net rate of glucose absorption 

(see Discussion), 

Since the concentration of glucose in the cell water 

was measured in these flux studies, the apparent permeabili

ties of the peritubular and luminal membranes to glucose 

also could be determined. The apparent passive permeability 

P of the peritubular membrane from bath to cell (P_ cm B->-C 

sec "*") was calculated with the following equation: 

P^C = FB"L - (4) 
Ap (CB - CC» 

2 In this equation, A^ is the surface area (cm ) of the 

peritubular membrane (for a mean outside diameter of 50 y 

-5 2 and a tubule length of 1.0 mm, A^ is 157.08 x 10 cm ) and 



Table 1. Apparent permeabilities of luminal and peritubular membranes and of 
epithelium of proximal-proximal tubules to glucose. 

-1 m-5 cm sec x 10 

PE PP PL PL B-KL B->C OL 2>C 

Control 0.23 ± 0.03 0. 50 ± 0 

00 1—I 

0.29 ±- 0. 09 10. 62 ± 3. 85 
(4) (3) (4) (4) 

0 mM Na+ — — 4. 22 ± 3. 06 
(4) 

0,1 mM Phlorizin — 0.50 • 0 .18 0.29 ± 0. 09 0. 08 ± 0. 08 
(3) (4) (4) 

Permeabilities are given as mean + SE. Numbers in parentheses indicate 
number of tubules. 

E P 
Pp+T , epithelial permeability (bath+lumen) ; peritubular permeability 

CbathH-cell) ? P t̂, luminal permeability (cell-*-lumen) ; I1™!113! permeability 
Clumen+cell), 



Table 2. Apparent permeabilities of luminal and peritubular membranes and of 
epithelium of distal-proximal tubules to glucose. 

n A cm sec x 10 

P P P P B-KL B+C OL L->C 

Control 0.26 ± 0.05 
(4) 

0. 46 ± 0. 
(5) 

09 0.65 +• 0. 
(0) 

21 10. 0 ± 2.60 
(5) 

0 mM Na+ — ^ — — 5. 98 ± 3,50 
(5) 

0.1 mM Phlorizin 0. 46 ± 0. 
(5) 

09 0.65 ± 0. 
(6) 

21 0. 86 ± 0.86 
(5) 

Permeabilities are given as mean + SE. Numbers in parentheses indicate 
number of tubules. 

•p p 
Pg^_L' epithelium permeability (bath->lumen) ; peritubular permeability 

Cbath-^cell) ; Pp;' T t luminal permeability (cell-*lumen) ; luminal permeability 
Clumen+cell). 
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is the mean concentration of glucose in the cell water, 

The other terms have been defined previously. The apparent 

permeabilities of the peritubular membrane to glucose for 

-5 -1 the proxiin-'l-prcximal tubule (about 0,50 x 10 cm sec ) 

-5 -i and the distal-proximal tubule (about 0.46 x 10 cm sec ) 

are not significantly different (P < 0.90) from one another 

and are about twice the corresponding transepithelial 

permeability (Tables 1 and 2; Figures 7 and 8). 

The apparent passive permeability of the luminal 

membrane from cell to lumen (P^ T, cm sec , determined 

from these flux studies, was calculated with the following 

equation: 

Pc-L = ^B">L _ «> 
AL (CC - CL> 

All the terms in this equation have been defined above. 

Although the apparent luminal membrane permeability from 

cell to lumen for glucose appeared to be greater for the 

-5 "1 
distal'-proximal tubule (about 0,65 x 10 cm sec ) than for 

-5 -1 
the proximal-proximal tubule (about 0.29 x 10 cm sec ), 

these values were not statistically different from one 

another (Tables 1 and 2, Figures 7 and 8). These values 

are similar in magnitude to those for the peritubular 

membrane in the same direction. This suggests that the 

luminal and paritubular membranes are similar in their 
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properties that permit the passive movement of glucose in 

the luminal direction. 

Since there was a glucose concentration gradient 

from the tubule lumen into the cells during the studies of 

glucose absorption with perfused tubules, it was possible 

to calculate the apparent permeability of the luminal 

membrane to glucose in the lumen-to-cell direction. This 

lumen-to-cell permeability for the luminal membrane 

L» — i (PL_^C, cm sec ) was calculated with the following 

equation: 

F 

PL-C = — t6) 

AL (CL " cc> 

In this equation F is the net absorption rate (moles la"*" .D 

sec for glucose obtained during the absorption studies. 

The other terms have been defined above. The luminal 

membrane permeability from lumen-to-cell was measured under 

control conditions, during perfusion with sodium-free 

solution, and during perfusion with solution containing 

0,1 mM phlorizin. The values are shown in Tables 1 and 2 

and Figures 7 and 8. For both proximal-proximal and 

distal-proximal tubule segments the apparent lumen-to-cell 

permeability of the luminal membrane to glucose was more 

than 10 times the permeability in the cell-to-lumen direc

tion, These data suggest that the movement of glucose from 
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the lumen into the cells is not a process of simple diffu

sion, but is mediated in some fashion. 

When the tubules were perfused with a sodium-free 

solution, the n for both segments of the proximal tubule 

decreased to about half the control value (Tables 1 and 2, 

Figures 7 and 8). This indicates that sodium is required 

for the normal movement of glucose across the luminal 

membrane. This further supports the idea that the movement 

of glucose into the cells across this membrane is mediated 

in some fashion. 

When phlorizin was present in the perfusion solu

tion, the apparent lumen"to-ce11 permeability of the luminal 

membrane for both the proximal-proximal and distal^proximal 

tubules decreased to a value that was not statistically 

different from zero (P < 0.40) (Tables 1 and 2, Figures 7 

and 8). These data indicate that phlorizin can markedly 

inhibit the entrance of glucose into the cells across the 

luminal membrane. This is additional evidence that this 

entry is mediated in some fashion. 

Uptake of Glucose and 3-0-Methylglucose by 
Nonperfused Tubules 

The concentration of glucose in the cells of 

perfused tubules that were absorbing glucose was always 

less than that in the bath. This suggested that an active 

step for glucose transport existed at the peritubular 

membrane. This possibility was also examined by incubating 
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14 
nonperfused tubules in a bath containing C-labeled and 

unlabeled glucose in a concentration of 0.14 mM. In these 

nonperfused tubules the lumens are collapsed so that glucose 

does not enter the lumen. If an active step to move glucose 

out of the cells existed at the peritubular membrane, then 

the cells would be expected to maintain a glucose concentra

tion below that in the bathing medium. If no such transport 

step were functioning, then the glucose concentration in 

the cell water would be expected to equilibrate with that in 

the bath. 

14 
In order to be certain that the C extracted from 

the nonperfused tubules in these studies was still in the 

form of glucose, I chromatographed extracts from a number of 

tubules. The results are shown in Figure 6. Extracts from 

four tubules incubated for the standard 60 minutes required 

to attain a steady-state were found to have 87,87 + 2.65% 

14 (mean + SE) of the total C extracted still in the form of 

glucose. For all other nonperfused tubules incubated for 

60 minutes, the glucose concentration in the cell water was 

14 
calculated on the assumption that 88% of the extracted C 

represented glucose. In addition, extracts from four non

perfused tubules that had been incubated for 24 hours were 

chromatographed. The chromatography revealed that only 

14 
45.08 + 9,17% of the total C extracted remained in the 

form of glucose. For other nonperfused tubules incubated 

for 24 hours, the glucose concentration in the cell water 
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was calculated on the assumption that 45% of the extracted 

14 C represented glucose. Since 3-0-methylglucose is not 

normally metabolized by cells, extracts from tubules 

incubated with this sugar were not chromatographed, 

Nonperfused tubules were incubated in control medium 

for 60 minutes and with various modifications in the medium 

or incubation time. When a modification was made in the 

incubation system, matching groups of tubules dissected from 

the same tissue were incubated simultaneously under the 

control and the experimental conditions. The control cell-

to'-bath concentration ratios (C/B) varied slightly from 

experiment to experiment (Figure 12, Tables 3 and 4), but 

they were always significantly (P < 0,01) less than 1.0 for 

both segments of the proximal tubule. In addition, with the 

exception of one group of control proximal-proximal tubules 

(Table 3), the cell-to*-bath ratios in these control non--

perfused tubules were significantly (P < 0.01) lower than 

the control ratios in perfused tubules (Figures 7 and 8). 

These observations further support the concept of an active 

transport step for glucose at the peritubular membrane. A 

C/B ratio lower in the nonperfused than in the perfused 

tubules may indicate the maximum gradient that can be 

established by the pump when no glucose is being delivered 

to the cells across the luminal membrane. 

Incubating distal-proximal tubules in sodium-free 

medium or medium containing 0.1 mM phlorizin did not alter 
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Table 3. Glucose cell-to-bath concentration ratios for 
nonperfused proximal-proximal tubules during 
different experimental conditions. 

Experimental Control 
Experimental Condition Cell/Bath Cell/Bath 

Cold (2-4 °C) 0. 52 ± 0. 02 (5) 0. 45 ± 0 .02 (4) 

Ouabain (0.1 mM) 0. 33 ± 0. 05 (6) 0. 45 ± 0 .01 (7) 

I.A.A. (1,0 mM) 0, 51 + 0. 05 (5) 

Antimycin A (9,0 VM) 0. 59 ± 0. 03 (5) 0. 54 ± 0 .10 (4) 

I.A.A. (1.0 mM) + 
Antimysin A (9.0 yM) 0. 55 ± 0. 01 (5) 

Incubation time was one hour in all cases. Values 
are means + SE. Figures in parentheses indicate number of 
tubules. I,A,A. indicates iodoacetic acid. 

Table 4. Glucose and 3-0-methylglucose cell-to-bath concen
tration ratios in nonperfused tubules. 

Tubule Segment Glucose 3-0-Methylglucose 

Proximal-Proximal 0.21 ± 0.03 (8) 0.27 ± 0.02 (7) 

Distal^Proximal 0,28 ± 0.02 (5) 0.20 ± 0.03 (4) 

Incubation time was one hour in all cases, Values 
are means + SE. Figures in parentheses indicate number of 
tubules. 



the C/B ratio for glucose (Figure 12). These findings 

suggest that any active transport step at the peritubular 

membrane is not inhibited by phlorizin and is not dependent 

on sodium in the outside bathing medium. However, when 

distal-proximal tubules were incubated in control medium for 

24 hours, the C/B ratio for glucose increased to about 1.0 

(Figure 12). This observation suggests that the transport 

system deteriorates with time,, It agrees with the observa

tion in perfused tubules that had stopped absorbing glucose 

and further supports the idea of an active transport system 

at the peritubular side of the cells. 

When proximal-proximal tubules were incubated at low 

temperature (2-4°C), there was a slight but statistically 

significant (P < 0,05) increase in the glucose C/B ratio 

(Table 3). This suggests that any peritubular transport 

system may be slowed slightly, but cannot be completely 

inhibited, by cold, Ouabain (1,0 mM) in the bathing medium 

actually appeared to stimulate the movement of glucose out 

of the cells compared to the corresponding controls (Table 

3). However, the change was small and, although statis

tically significant (P < 0,05), may not have any real 

biological meaning, This appears particularly likely 

because previous data have shown that Na-K-ATPase activity 

in snake renal tissue is very insensitive to ouabain 

(Dantzler, 1972), 
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Since any active transport system should require 

energy, eliminating the energy source should inhibit the 

transport step. In that case, the glucose C/B ratio should 

approach 1.0, To examine this possibility iodoacetic acid 

(IAA) (1,0 mM) or antimycin-A (9.0 yM) were added to the 

bathing medium to inhibit glycolysis and oxidative phos-

phorylation, respectively. As shown in Table 3, these 

inhibitors, either singly or combined, had no significant 

effect on the glucose C/B ratios attained by proximal-

proximal tubules. Since these are high concentrations of 

these agents, the data suggest that there is enough avail

able energy stored in the nonperfused tubules to maintain 

the glucose transport system for a one-hour incubation 

period, 

The chromatography data suggested that glucose was 

not so rapidly metabolized by the cells that this could 

occur during the transport process, This w^s further 

examined by studying the transport of 3-0-methylglucose by 

nonperfused tubules, This sugqr is reported to be trans

ported by the renal tubules in the same manner as glucose 

but it is not metabolized (Ullrich et al,, 1974), Proximal-

proximal and distal-proximal tubules were incubated in 

control medium containing 0.1 mM 3-0-methylglucose labeled 

with "^C, As can be seen in Table 4, the cell-to-bath 

concentration ratios for this sugar were always signifi^ 

cantly less (P < 0,001) than 1.0 and were not significantly 
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different from the control ratios for glucose. These data 

further support the concept of a transport step for glucose 

and similar sugars at the peritubular side of the renal 

tubule cells. 



DISCUSSION 

In the present study, net transport of glucose from 

lumen to bath occurred in isolated, perfused proximal renal 

tubules from snakes of the genus Thamnophis. This absorp

tive process had a maximum rate at which it could transport 

glucose. These findings directly confirm Shannon and 

Fisher's (1938) early clearance studies that indicated 

that the renal tubules were limited in their ability to 

absorb filtered glucose. 

In contrast to these findings, Deetjen and Boylan 

(1968), using in vivo microperfusion techniques, found no 

transport maximum for glucose in rat proximal tubules. In 

these studies, they determined glucose absorption by 

14 
measuring the disappearance of Olabeled glucose from the 

fluid perfusing the tubule lumen. No labeled glucose was 

in the peritubular capillaries. They did not feel it was 

necessary to have an equal concentration of labeled glucose 

in the peritubular blood because they found that when 

glucose was in the peritubular blood alone, it did not 

appear to enter the lumen. Therefore, they concluded that 

the tubule epithelium was impermeable to the passive move

ment of glucose. However, later studies (Loeschke et al., 

1969) indicated that the epithelium of rat renal tubules 

was passively permeable to glucose. Thus, the presence of 

98 
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14 
a gradient for C-labeled glucose from tubule lumen to 

peritubular blood in the studies of Deetjen and Boylan 

(1968) may have led to an apparently high rate of glucose 

absorption and a failure to find a maximum rate of trans

port. In this regard, when the snake tubules in the present 

14 study were perfused with C-labeled glucose in the lumen 

only, glucose absorption increased with increasing delivery 

rates. No clearly defined maximum rate of transport was 

observed (Figures 4 and 5). When the tubules were perfused 

with equal concentrations of labeled and unlabeled glucose 

in both perfusate and bathing medium, maximum rates for 

glucose transport were well defined in both proximal-^ 

proximal and distal-proximal tubules (Figures 2 and 3). 

These data illustrate the importance of matching the 

concentrations of an isotopically labeled compound on both 

sides of an epithelium when determining transepithelial 

transport rates by net movement of the isotope only. 

The finding of a maximum rate for glucose absorption 

in isolated, perfused proximal renal tubules from snakes is 

in agreement with the finding of a maximum rate for glucose 

transport in isolated proximal tubules from rabbits (Tune 

and Burg, 1971). However, the maximum rate for glucose 

-12 
transport in snake proximal tubules (2,2 x 10 moles 

-1 ->-1 —2 
min mm ) is only about 1/36 that (78.5 x 10 moles 

min ^ mm "*") in rabbit proximal tubules. This large differ*-

ence may reflect differences in the need for glucose 
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absorption in the proximal tubules of these two species. In 

rabbits, the glomerular filtration rate for single nephrons 

-1 is about 21 nl min (Chonko et al., 1975) and the concentra

tion of glucose in the plasma is 7.1 mM (Tune and Burg, 

1971). Thus, the filtered load of glucose per nephron is 

-12 -1 about 150 x 10 moles min . In snakes, the glomerular 

filtration rate for single nephrons averaged only 1.8 

(range O.S-S.O for six nephrons) nl min in an early study 

CBordley and Richards, 1933). The concentration of glucose 

in the plasma is about 2.8 mM (Altman and Dittmer, 1974). 

If this average' glomerular filtration for single nephrons is 

appropriate for the snakes in the present study, then the 

-12 filtered load of glucose per nephron is about 5 x 10 

moles min ^. This is about 1/30 of that for rabbits. Thus, 

the relative magnitude of the filtered loads of glucose per 

nephron for these two species is about the same as the 

relative magnitude of the maximum transport rates. 

There also appears to be a similar relationship 

between the filtered load of glucose per nephron and the 

maximum glucose absorption rate in rats, Recent in yivo 

studies have indicated that the maximum rate for glucose 

absorption in individual nephrons of this species is about 

-12 *-1 -1 100 x 10 moles min mm (Baines, 1971; von Baeyer et 

al., 1973), Since the glomerular filtration rate per 

nephron can range from about 30 to about 60 nl min 

(Brenner, Bennett, and Berliner, 1968) and the plasma 
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glucose concentration is about 5 mM, the filtered load of 

-12 -1 glucose per nephron is about 150-300 x 10 moles min 

Thus, although the maximum transport rate per nephron in 

rats is about 45 times that in snakes, the filtered load 

per nephron is also about 30-60 times that in snakes. 

The length of proximal tubule (mm) required to 

absorb all filtered glucose, if the absorptive process were 

operating at maximum at all times, can be obtained by 

dividing the filtered load of glucose per nephron (moles 

min by the maximum transport rate per nephron (moles 

mm min ^), Of course, the transport system will not 

continue to operate at a maximum rate as the glucose 

concentration in the tubule lumen decreases, However, this 

calculation does give an estimate of the minimum tubule 

length over which complete glucose absorption could occur, 

and it is a convenient way of comparing the balance between 

filtered load and maximum absorptiye capacity among species. 

This value, calculated from the data for filtered load and 

maximum absorptive capacity given above is 2.3 mm for 

snakes, 1.9 mm for rabbits, and 1.5-3,0 mm for rats. These 

values are reasonably close for all three species. In 

addition, since the proximal tubule length is about 4,5 mm 

in these snakes (Dantzler, 1973), about 8 mm in rabbits 

(Sperber, 1941), and about 10 mm in rats (Sperber, 1941), 

the absorptive capacity measured in vitro in snakes and 
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rabbits and in vivo in rats appears adequate to account for 

complete absorption of filtered glucose. 

The maximum rate of glucose absorption in the snake 

-12 -1 -1 distal-proximal tubule (2„2 x 10 moles min mm ) was 

about twice that in the proximal-proximal tubule (1.2 x 

-12 -1 -1 10 moles min mm ). This is in direct contrast with 

the observations of Tune and Burg (19 71) on the proximal 

tubule of the rabbit. They found that the early portion of 

the proximal tubule (pars convoluta) transported glucose 

at a rate about ten times greater than did the distal por

tion of the proximal tubule (pars recta). The reason for 

this apparent difference between the snake and the rabbit 

is not clear, but it may be related to the involvement of 

the tubule with available blood supply. During the 

dissection of the tubular segments it was observed that the 

microcirculation is more closely associated with the 

distal-proximal tubules than with the proximal-proximal 

tubules of the snake. This anatomic arrangement may be of 

functional importance for the absorptive processes by 

rapidly carrying away absorbed glucose and thereby minimizing 

the gradient against which it must be transported. 

In the present study, the glucose concentration in 

the cells of isolated perfused proximal tubules was always 

less than that in the lumen or bathing medium when glucose 

was being absorbed at maximum rates under control conditions. 

These findings indicate that glucose enters the cells from 
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the lumen down a concentration gradient and is then actively 

transported out of the cells against a concentration 

gradient by a mechanism located at the peritubular membrane. 

This model for glucose absorption under control conditions 

is shown for both proximal-proximal and distal-proximal 

tubule segments in Figures 7 and 8. The concept of an 

active transport step for glucose at the peritubular 

membrane is also supported by the observation that the 

glucose concentration in the cells of nonperfused tubules 

incubated in glucose-containing medium was always less than 

that in the bathing medium under steady-state conditions. 

When net transepithelial glucose absorption by 

isolated perfused tubules ceased, the concentration of 

glucose in the cell water was found to be equal to that in 

the bathing medium rather than less. Similarly, nonperfused 

tubules incubated in glucose-containing medium for 24 hours 

were no longer able to maintain an intracellular glucose 

concentration less than that in the bathing medium. These 

data strongly support the concept of an active transport 

step for glucose at the peritubular membrane that is 

responsible for maintaining the low intracellular glucose 

concentration and is of fundamental importance to the 

transepithelial transport process. 

In determining the intracellular glucose concentra

tion, I have assumed that the glucose is uniformly dis

tributed throughout the cell water. It is possible, of 
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course, that all the glucose in the cells is restricted to 

some very small compartment. The concentration in this 

compartment could then be higher than that in the lumen or 

bath, indicating an active step for glucose transport on 

the luminal membrane and passive movement into the bath. 

This would be more in accord with the generally accepted 

concept of the steps in glucose absorption. If the glucose 

were restricted, to such a small intracellular compartment 

and a high concentration were maintained by a transport step 

on the luminal membrane only, then the cells would be 

expected to lose glucose when the transport system stopped, 

However, the cells gained glucose and- the intracellular 

concentration, calculated on the assumption of uniform 

distribution, rose to equal that of the bath and lumen when 

transepithelial transport ceased. This strongly supports 

the idea that the low intracellular concentration is 

maintained by a peritubular transport step and not simply 

by compartmentalization. 

It could also be suggested that the low intra

cellular glucose concentration was the result of an over

estimate of the intracellular water. However, the cell 

water would have to be reduced by about one-half to produce 

a cell-to-bath (C/B) glucose concentration ratio greater 

than 1,0 and by two-thirds to produce a C/B ratio of 2.0 in 

the perfused tubules. A much greater reduction in the cell 

water would be required to produce such ratios in the 
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nonperfused tubules. Although a C/B ratio of 2.0 in the 

perfused tubules would be clearly compatible with an active 

step for glucose transport at the luminal membrane, such an 

error in the estimate of the cell water seems quite un

likely. The cell water content (77.9%) of the wet weight 

of the tissue) determined previously (Dantzler, 1973) is 

very close to that found for other vertebrate renal tissue 

(see for example, Burg et al., 1966), Although small errors 

in the current estimate may have occurred, it does not seem 

possible that the water content of these tubule cells could 

be only one-third to one-half that of other renal tissue, 

If rapid metabolism of glucose accounted for the low 

intracellular glucose concentrations in the present study, 

- 14 then much of the C label from the uniformly labeled 

glucose should have been found in various glycolytic or 

Kribs Cycle intermediates. However, chromatography of the 

14 
tubule extracts showed that about 92% of the C from 

nonperfused tubules was still in the form of glucose, Tune 

and Burg (19 71) also found that 92% of the radioactive label 

extracted from perfused rabbit tubules was in the form of 

glucose. These results indicate that metabolism of glucose 

does not account for the low intracellular glucose concen

tration , 

Several attempts were made with nonperfused tubules 

to inhibit the apparent glucose transport step at the 

peritubular membrane. Cold appeared to decrease slightly, 
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but not completely inhibit, the transport step. Since 

snakes are poikilotherms, it appears reasonable that their 

transport systems may be less sensitive to cold than those 

of homeotherms, 

The metabolic inhibitors, iodoacetic acid and 

antimycin-A, did not have any significant effect on the 

cell-to-bath glucose concentration ratios in nonperfused 

tubules. This .suggests that the tubules are insensitive 

to these inhibitors or that the tubule cells have enough 

available energy stores (perhaps, in the form of ATP) that 

a one hour incubation period is not long enough to deplete 

them. This last possibility seems reasonable since iso

lated perfused snake proximal tubules can transport para*-

aminohippurate for 80-100 minutes without exogenous 

substrates (Dantzler, 1974). Moreover, after 24 hours of 

incubation in a glucose solution, the cell-to-bath glucose 

concentration ratio for nonperfused tubules w^s 1,0, 

Presumably, 24 hours was long enough to deplete the stores 

of energy in the tubule cells. 

Work by others has also suggested that an active 

transport step for glucose might exist at the peritubular 

membrane. Studies of glucose uptake by mammalian kidney 

slices have generally shown a steady-state tissue-to-bath 

glucose concentration ratio less than 1.0 (Krane and Crane, 

1959; Kleinzeller, 1970a), A ratio greater than 1,0 was 

achieved only when the glucose concentration in the bathing 



107 

medium was low and gluconeogenesis was stimulated 

(Kleinzeller, 1970a), Similarly, the cell-to-bath glucose 

concentration ratio achieved by isolated nonperfused rabbit 

tubules incubated in a glucose medium was only 0.68 (Tune 

and Burg, 19 71), 

In contrast to these data with slices and non-

perfused tubules, Tune and Burg (1971) found a cell-to-bath 

glucose concentration ratio of 2,1 in perfused tubules 

during glucose absorption. This suggests an active trans

port step for glucose at the luminal membrane. However, the 

ratio of 2.1 may be somewhat high because of the way in 

which it was determined. The tubules were perfused with 

14 3 C-labeled glucose in the perfusate and H-labeled glucose 

14 3 
in the bathing medium. The C and II extracted from the 

tubules were added together to give the total intracellular 

glucose. This was done on the assumption that the specific 

activities did not change as the glucose entered the cells, 

14 In view of the gradients for C-labeled glucose from lumen 

3 to bath and for H-labeled glucose from b^th to lumen, this 

may not have been the case. In addition, if the main 

transport step for glucose absorption were transporting 

glucose into the cells against a concentration gradient at 

14 the luminal membrane, the cellular C-labeled glucose 

concentration would be expected to be greater than the 

14 luminal C-labeled glucose concentration. This is 

especially the case since glucose was being absorbed in 
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these studies at its maximum rate. However, Tune and Burg 

(1971) found that the mean intracellular concentration of 

14 C-labeled glucose, assuming an unchanged specific 

activity, was essentially the same as the luminal concentra-

3 tion. Moreover, the intracellular concentration of H-

labeled glucose was the same or slightly lower than that in 

the bath. Therefore, it is possible that there is not 

really a significant uphill transport step for glucose at 

the luminal membrane even in rabbit tubules. 

The transepithelial absorption of glucose by the 

renal tubules is limited not only by the capacity of the 

transport mechanism but also by the extent to which glucose 

can diffuse from the peritubular fluid back into the tubule 

lumen. The measured transepithelial permeability of snake 

renal tubules to glucose was essentially the same for both 

-5 -1 
proximal tubule segments (0.23 x 10 cm sec for the 

••-5 
proximal-proximal segment and 0,26 x 10 cm sec for the 

distal-proximal segments), If the plasma glucose level in 

these animals averages about 2 „ 8 mMp then when all the 

glucose in the tubule lumen has been reabsorbed, a concen-

tration difference for glucose of 2,8 mM would exist between 

peritubular fluid and lumen. From the measured trans-

epithelial permeabilities and this maximum concentration 

difference, it can be calculated that the maximum backflux 

of glucose from peritubular fluid to lumen would be about 

-12 -1 -1 0,3 x 10 moles min mm , This is only about 15% of the 
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maximum net rate of glucose absorption in the distal-

proximal tubule or about 25% of that in the proximal-

proximal tubules. 

Tune and Burg (1971) found a transepithelial per-

-5 -1 meability to glucose of 7.2 x 10 cm sec in isolated, 

perfused rabbit proximal tubules. This is more than 25 

times greater than that for the snake tubules. If the 

plasma glucose level is 7.1 mM in these animals, then the 

maximum backflux from peritubular fluid to lumen that could 

occur when all luminal glucose had been reabsorbed would be 

-12 -1 -1 about 19.5 x 10 moles min mm . This, again, is many 

times what could occur in snakes, but it is still only 25% 

-12 
of the net maximum reabsorptive rate (78.5 x 10 moles 

-1 -1 min mm ) in rabbits. Similarly, in rats the trans^-

-5 -1 
epithelial permeability to glucose (1.7 x 10 cm sec ), 

determined in vivo (Loeschke et al., 1969) is much greater 

than that in snakes. If the plasma glucose leyel is 5 mM 

in these animals, then the maximum backflux is about 3.0 x 

- ] 7  - 1  - 1  
10 moles min mm . Although this is 10 times the 

maximum backflux that could occur in snakes, it is only 

-12 
3% of the estimated maximum net transport rate (100 x 10 

moles min mm (Baines, 1971; von Baeyer et al., 1973) 

in rats. Therefore, although the transepithelial permeabili

ties vary considerably among these different species, they 

appear reasonably appropriate for the plasma glucose levels 

and maximum rates of glucose absorption in each species. 
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The apparent permeabilities of the individual 

peritubular and luminal membranes, determined in these 

snake renal tubules during passive flux in the luminal 

direction, were quite low in both tubule segments. These 

reflect the low transepithelial permeability in the same 

direction. Assuming that the peritubular membrane 

-5 -1 permeabilities in the present study (0.46 x 10 cm sec 

-5 -1 in the distal-proximal segment and 0.50 x 10 cm sec in 

the proximal-proximal segment) are reasonable and are 

symmetrical, it is possible to calculate the glucose con*-

centration difference between the cell water and the bathing 

medium that would have to be established if glucose were 

to cross the peritubular membrane by purely passive means 

during maximum absorption. Under these circumstances, the 

glucose concentration in the cell water in the present 

studies would have had to be about six times that of the 

bath in the distal-proximal tubules and about three times 

that of the bath in the proximal-proximal tubule to account 

for the observed maximum rates of transport. However, the 

glucose concentration in the cell water in the present 

study was only about 0,65 times that in the bath, This 

estimate of the gradient required for passive glucose 

movement across the peritubular membrane further supports 

the idea of an active step for glucose transport at the 

peritubular membrane shown in the models in Figures 7 and 8, 
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Of great importance with regard to the models for 

glucose transport in the present study was the observation 

that the apparent permeability of the luminal membrane when 

-5 determined in the lumen'-to-cell direction (about 10 x 10 

cm sec was more than 10 times the apparent permeability 

determined in the opposite direction. This was true for 

both tubule segments. This observation suggests that 

glucose entry into the cells is mediated in some fashion 

and is not simple diffusion. This idea is supported by the 

fact that when phlorizin was present in the lumen, the 

apparent permeability of the luminal membrane in the lumen-

to-cell direction was extremely low and not significantly 

different from zero. This suggests that phlorizin binds to 

some type of carrier in the luminal membrane to prevent the 

entry of glucose into the cell. 

In addition, sodium seemed to be required for 

glucose to enter the cells across the luminal membrane at 

maximum rates. When the tubules were perfused with a 

sodium-free solution, the apparent, luminal membrane per

meability of both tubule segments was reduced to about one-

half the control value. This reduction in the apparent 

permeability of the luminal membrane was accompanied by a 

reduction in net glucose absorption. These findings also 

suggest that sodium is necessary for the optimum operation 

of some mediated step for glucose transport. 
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The sodium requirement in the present study is in 

agreement with studies that have shown that sodium is 

required for maximum glucose absorption by rat proximal 

tubules (Ullrich et al., 1974), These investigators found 

that sodium must be removed from both luminal and peri

tubular sides of the tubule to produce a decrease in sodium 

absorption. This probably reflected the fact that when 

sodium was present in the peritubular fluid, it could 

diffuse into the lumen to play a role in the sodium trans-

port mechanism. Since sodium was present in the bathing 

medium in the present study, it should have diffused into 

the lumen. Even if sodium were an absolute requirement for 

glucose transport, enough may have been present in the 

lumen to prevent complete inhibition of sodium absorption. 

This also may have been reflected in the fact that the 

apparent permeability of the luminal membrane was reduced 

less in sodium-free medium than in the presence of phlorizin, 

It should also be mentioned, however, that the 

increase in the glucose concentration in the cell water when 

the tubules were perfused with sodium-free medium suggests 

that sodium in the lumen and, possibly, the sodium absorp-<-

tiye process may be required for maximum function of the 

apparent transport step at the peritubular membrane, Since 

sodium^free bathing medium had no effect on the glucose 

distribution in nonperfused tubules any effect on a 
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peritubular transport system may be related to the absorp

tion of sodium from the lumen. 

The effects of phlorizin and sodium-free perfusate 

on the luminal membrane permeability together with the very 

high control value for this permeability in the lumen-to-

cell direction suggest that a phlorizin-sensitive, sodium-

dependent carrier may mediate glucose entry into the cells 

from the lumen. This may merely facilitate glucose movement 

down a concentration gradient into the cells when the 

glucose concentration in the lumen is high. However, it is 

possible that, as glucose absorption goes to completion and 

the concentration in the lumen is markedly reduced, such a 

carrier could act as a high-affinity, low-capacity, active 

transport mechanism to move glucose up a concentration 

gradient into the cells. The transport step at the 

peritubular membrane could then transport it against a 

steeper gradient into the peritubular fluid. Such a 

mechanism on the luminal membrane may explain the observa--

tion that microvesicles made from fragments of rat luminal 

membranes are able temporarily to concentrate glucose above 

the level of the bathing medium in the presence of a sodium 

gradient from lumen to vesicle (Kinne et al,, 1975), In 

addition rat luminal membrane fragments appear to have a 

high affinity for glucose. 

Unfortunately, it is not possible to study the steps 

in transepithelial glucose absorption with isolated, 
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perfused tubules when the glucose concentration in the lumen 

falls very low. If glucose absorption goes to completion, 

it is not possible to determine where along the tubule this 

occurs, and it is not possible to know the profile of the 

glucose concentration along the length of the tubule lumen. 

Finally, under these circumstances, it is not possible to 

know how the average glucose concentration in the tubule 

cell water relates to the concentration in individual cells 

that are still transporting glucose or how this concentra^-

tion relates to the glucose concentration at any point in 

the lumen. For these reasons, all the present studies were 

performed with sufficient glucose delivery rates to saturate 

the transport system and prevent a significant fall in 

luminal glucose concentration. Nevertheless, it is probably 

safe to say that when glucose absorption goes to completion 

in the tubule lumen, a point will be reached where it jnust 

be transported against a concentration gradient into the 

cells. 

In summary, the present study indicates that, in 

snake proximal renal tubules, there is an active step for 

glucose absorption at the peritubular membrane and that 

glucose generally enters the cells at the luminal membrane 

down a concentration gradient by some mediated mechanism. 

An active step for glucose transport at the peritubular 

membrane may be implicated in more functions than simply 

transporting glucose. It could aid in the isosmotic 
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absorption of fluid by contributing to the standing osmotic 

gradient in the intercellular spaces that has been proposed 

as a means of moving isosmotic fluid across an epithelium 

(Diamond, 1971). It generally has been considered that 

sodium is the solute that is transported into intercellular 

spaces to produce a hyperosmotic solution and that this 

transport is mediated by Na-K-ATPase. Recently, however, 

it has been shown that the proximal tubules of kidneys from 

a number of species may lack this enzyme (Beeuwkes and 

Rosen, 1975). Since glucose is one of the most important 

solutes absorbed by the proximal tubule, it could contribute 

to any standing osmotic gradient responsible for fluid 

absorption. Glucose absorption may also contribute more 

directly to the absorption of sodium. 

In this respect Cardinal et al, (1975) showed that 

the absolute fluid absorption rate of the rabbit proximal 

*-l -1 tubules was reduced from about 1,3 nl min mm to 0,81 nl 

min ^ when they were perfused with a solution contain^ 

ing neither glucose nor amino acids. These investigators 

did not determine what portion of this reduction was due to 

the absence of glucose. However, Weinmann, Suki, and 

Eknoyan (1975) have recently shown that glucose is required 

for maximum fluid absorption by the rat proximal tubule. 

They found that the absence of glucose, the presence of 

phlorizin, or the substitution of a non-absorbable hexose 

(2-deoxy-d-glucose) for glucose in the tubule lumen, all 
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reduced fluid absorption by about 37%. A partially trans

portable hexose (3-0-methyl-d-glucose) substituted for 

glucose in the lumen reduced fluid absorption by 16%, These 

findings all seem to indicate that glucose transport is 

coupled to fluid absorption in some fashion. This could be 

explained by a peritubular glucose transport system that 

not only conserves glucose but also helps absorb glomerular 

filtrate by contributing to the maintenance of a standing 

hyperosmotic gradient in the intercellular spaces. 
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