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S ! l m m a r y  

The pulse-injection indicator<lilution technique in vivo has been used to 
study the interaction of 5-thio-D-glucose and methyl~-D-thiogalactopyranoside 
with renal tubular surfaces in dog kidney. 

(i) 5-Thio-D~lucose and methyl~-D-thiogalactopyranoside have no anti- 
luminal interaction. 

(ii) 37 + 5% of 5-thio-D~lucose is extracted at the luminal surface relative to 
simultaneously filtered creatinine. 

(iii) Luminal extraction of  5-thio-D~glucose is blocked by preloading with 
D-glucose and phlorizin. 

(iv) Methyl~-v-thiogal~tctopyranoside in contrast to D-galactose has no 
luminal interaction. 

It is concluded that  5-thio-D~glucose shares the glucose transporter at the 
luminal surface of the proximal tubule. The data also suggest that the ring 
oxygen participates in the interaction of pyranosides with luminal and anti- 
luminal membrane carriers. At the luminal surface, its absence is quantitatively 
important  while at the antiluminal surface it is apparently essential for the 
sugar-transporter interaction. 

Introduct ion 

In previous studies from our laboratory myoinositol was used as a model 
substrate in order to deduce the relative importance of the ring oxygen in 
sugar-transporter interactions at renal tubular surfaces [ 1]. These in vivo results 
indicated that myoinositol is taken up at both luminal and antiluminal surfaces 
in dog kidney. At the luminal membrane myoinositol has two pathways: one 
inhibited by D~lucose as well as low concentrations of phlorizin (micromolar 
range), and a second non-phlorizin-sensitive extraction process. Antiluminal 
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uptake of myoinositol is blocked by phlorizin in the millimolar concentration 
range [2] and may share a common transport mechanism with v~lucose and 
other sugars at the basolateral surface. 

The present report deals with the use of the radioactively labelled 5-thio-V- 
[3H]glucose and [~4C]methyl-i3-D-thiogalactopyranoside to reassess the relative 
importance of the ring oxygen in pyranoside interaction with sugar transport 
receptors. 

Our results indicate that 5-thio-D-glucose is extracted at the luminal surface 
of the nephron. This luminal extraction is blocked by D-glucose and phlorizin. 
However, at plasma glucose concentrations of approx. 5 mM the fractional 
extraction of tracer 5-thio-V-glucose (relative to a glomerular marker) is only 
about 35% compared to greater than 95% for D-glucose [3]. These data con- 
furm the importance of the ring oxygen as participant in sugar-substrate interac- 
tion with the glucose transporter at the brush border membrane of the proximal 
tubular cell [ 1 ] .  Moreover 5-thio-V-glucose does not interact significantly with 
the antiluminal nephron surface. Thus, the oxygen in the pyranose ring must be 
an essential requirement for D-glucose entry across the antiluminal membrane. 
This is a new finding and suggests that the previously observed antiluminal up- 
take pathway for myoinositol must occur via a separate process, distinct from 
the sugar carrier mechanism [3] at the basolateral surface. 

Methyl~-D-thiogalactopyranoside, when compared to D~alactose has neither 
a significant luminal nor antiluminal interaction. This result is consistent with 
the previously documented specificity characteristics for sugar interaction with 
luminal and contraluminal carriers [4] only if it is postulated that the sulphur 
substituent at the C-1 position alters the reactivity of the adjacent ring oxygen 
or some other key functional hydroxy group thereby affecting their participa- 
tion in the substrate-transporter interaction (and/or transport) process. 

Methods and Materials 

Surgical procedure and experimental design of in vivo studies 
The experimental method is the pulse-injection multiple indicator<lilution 

technique. For the present study, fasting mongrel dogs of either sex are anes- 
thetized with pentobarbitol 30 mg/kg (Abbot, Montreal, Quebec) and main- 
rained with intermittent injections (30 mg intravenously every 30 rain) of this 
drug. The animals are intubated and artificially ventilated with periodic hyper- 
ventilation to prevent atelectasis. Muscle paralysis is maintained with anectine 
(Burroughs Wellcome, LaSalle, Quebec). A femoral vein catheter is used for 
administration of intravenous fluids (see below) and medications. Sampling 
catheters are placed in the left renal vein, and both right and left ureters via a 
midline abdominal incision as previously described [3] after which the 
abdomen is closed with double-layer sutures. The origin of the left renal artery 
at the aorta is exposed via a flank incision to provide access for the closed intra- 
arterial injections. Blood pressure is monitored continuously by a mercury 
manometer via a femoral arterial line. 

Small amounts of 0.9% NaCI are administered to replace blood and fluid 
losses. Additional volumes of 10% mannitol are given in order to initiate a brisk 
diuresis. Heparinized saline (4 units/ml of 0.9% NaCI) is infused slowly to main- 
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tain the patency of the renal vein catheter between experimental runs. 
An experimental run consists of making a pulse injection of (0.3--0.4 ml) a 

test solution (see below) into the left renal artery (as previously described) and 
obtaining timed serial samples simultaneously, from the left renal vein (via a 
Sigmamotor pump set at I ml/s) and from both right and left ureters. The usual 
collections consist of 30 blood samples at a rate of 0.6 s/sample and 30 urine 
samples from each ureter at approx. 10 s/sample. The renal venous collection 
vials have been precoated with heparin to prevent clotting. The urine collection 
vials contain ampicillin to prevent bacterial growth. Arterial whole blood and 
plasma glucose determinations are carried out in duplicate samples drawn at the 
time of each experimental run. At the end of each experiment the left kidney is 
removed, weighed, and examined for any gross abnormalities. 

Injection solution composition 
The injection solution is composed of 36 mg NaC1, 100 mg bovine serum 

albumin (Sigma, St. Louis, MO) and 60 mg creatinine (Pfanstiehl, Waukegan, 
IL) in 4 ml of distilled deionized water. To this is added approx. 100 ~Ci of 
3H-labelled sugars and approx. 10/~Ci of 14C-labelled sugar (5-thio-V-[3H]glucose 
and [14C]methyl~-D-thiogalactopyranoside as one combination, or [14C]- 
methyl~-v-thiogalactopyranoside and D-[3H]~galactose as another). 1 ml is 
removed and will henceforth he referred to as the 'urine injection solution'. To 
the remaining 3 ml are added 7.5 mg Evans Blue Dye (T1824) (Matheson 
Coleman and Bell, Norwood, OH). This portion will be called the 'blood injec- 
tion solution'. 

A naly tical procedures 
The concentration of each of the injected indicators (T1824-albumin, 

creatinine, 14C- or 3H-labelled sugar) is measured in every blood and urine 
sample. The T1824-albumin serves as a plasma reference and is used to calcu- 
late plasma flow. Creatinine serves as an extracellular reference [3,5]. Using 
appropriate internal standards, i.e., dilutions of the blood and urine injection 
solutions made up in 'blank' blood and urine collected prior to each experi- 
mental run, it is possible to calculate the recovery of each of the injected indi- 
cators in all samples and to express the data as a fraction of the amount 
injected. For T1824<teterminations, 100-/~1 of whole blood are diluted with 
1.4 ml of 0.9% NaC1 and processed as previously described [3,5]. Creatinine 
determinations are made on a Technicon autoanalyzer, modified to handle 
sample volumes of approx. 250 #1 of either whole blood or urine. The repro- 
ducibility of the creatinine determinations is continuously monitored by 
repeating known standards at five to ten sample intervals. Thus, changes in 
sensitivity can be detected and appropriate corrections made. In this fashion 
reproducibility of each determination is better than 3%. Blood radioactivity 
measurements are made by taking 100.~1 of whole blood and deproteinizing 
with 0.9 ml 95% ethanol; 200aal of the alcohol filtrate are added to 10 ml 
Aquasol. All samples are counted in a Mark II liquid scintillation spectro- 
photometer. When dual isotopes are injected (3H and 14C) correction is made 
for crossover. Because all internal standards and unknowns are handled in the 
same way, there are only negligible differences in quenching between samples. 
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Urine radioactivity measurements are performed by pipetting 100/~l of urine 
directly into 10 ml of Bray's solution (J.T. Baker, Phillipsburg, NJ). Each urine 
collection vial is weighed before and after the experimental run. The prod- 
uct of weight times concentration yields the total fractional excretion per 
sample. 

Plasma glucose determinations are carried out using a glucose determination 
kit (Sigma, Kit No. 510). 

Data analysis 
Methods for calculating recoveries, plasma flow and mean transit times have 

all been previously published [6]. Recirculation corrections for the renal vein 
outflow data are made by extrapolation of the first linear downslope obtained 
on semilogarithmic plots of fractional recovery/ml vs. time. The urine data are 
corrected for recirculation by subtracting right from left outflow curves. 
Catheter mean transit time is obtained by dividing the catheter volume (in ml) 
by the pumping rate in ml/s. 

A limiting constraint on the 'resolution' of individual transit curves is that 
the analytical procedures impose a certain minimum volume per sample neces- 
sary for the appropriate measurements. Given this limitation the blood pump 
rate and speed of both renal vein and urine collection racks have been adjusted 
to provide the maximum possible number of experimental samples. Each deter- 
ruination is carried out only once. 

By summing cumulative experimental errors, e.g., pipetting and counting 
statistics, it can be estimated that each experimental point is reproducible to 
within 3--5%. Evidence for this high reproducibility can be obtained by com- 
paring the outflow pattern for two indicators with expected identical intrarenal 
distributions. We have previously documented that the transit patterns under 
such conditions will superimpose one on the other with good precision. Multi- 
ple examples of this situation have been presented in preceeding publications 
[2,3,5]. In the case of the present study yet  another example is provided by 
the data shown in left hand panel of Fig. 1. Here the renal vein outflow curves 
for 5-thio-D-glucose and methyl-~-D-thiogalactopyranoside and creatinine super- 
impose within the 3--5% reproducibility constraints of each point. 

In previous publications [3,5,7] we have also discussed criteria for distin- 
guishing luminal from antiluminal events using the indicator~lilution technique. 
In the absence of significant binding to red cells or plasma proteins, a smaller 
renal vein recovery of test substrate compared to an appropriate extracellular 
reference such as creatinine in the initial outflow samples must reflect extrac- 
tion (binding or transport) in the post-glomernlar circulation. Since 5-thio-D- 
glucose, methyl~-V-thiogalactopyranoslde and creatinine diffuse free (un- 
bound) in the extracellular space, the post-glomerular extraction process must 
occur at the level of the antiluminal membrane surface of the nephron. Under 
the same conditions, smaller urine recoveries of test substrate compared to a 
simultaneously filtered glomerular marker implies a luminal extraction. 
Furthermore, if the urine mean transit times of test sugars and creatinine are 
identical, then the extraction process is unidirectional. Superposition of test 
substrate on the extracellular marker in the renal vein and/or urine effluent, is 
our experimental criterion that, respectively, no antiluminal or luminal interac- 
tion has taken place during a single pass through the kidney. 
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Materials 
5-Thio-D-[3H]glucose (spec. act. 0.53 Ci/mmol), [14C]methyl~-D-thiogalact- 

pyranoside (spec. act. 43.9 mCi/mmol), and D-[3H]galactose (spec. act. 
14.2 Ci/mmol) were obtained radiochemically pure from New England Nuclear. 
All other chemicals used were of the highest grade available. 

Results 

Table I summarizes the renal vein and urine outflow parameters derived from 
several experimental animals under control conditions in the fasted state where 
the ambient plasma glucose concentration is approx. 90--100 mg/dl. Typical 
renal vein and urine outflow patterns for 5-thio-D-glucose and methyl~-D-thio- 
galactopyranoside are shown in Fig. 1. Inspection of the right-hand panel of 
Fig. 1 reveals that neither of these test sugars interact with the antiluminal sur- 
face since their renal vein outflow patterns superimpose point by point on the 
extracellular reference marker, creatinine. Averaging all of the experimental 
runs from Table I we find that t3,/tCR = 1.00 ± 0.03; tI4c/TCR = 0.99 ± 0.01; 
~3H/2~CR = 0.95 ± 0.10; and ~14C/~CR = 1.03 ± 0.04. 

The urine outflow curves (left-hand panel) which reflect luminal interactions 
indicate that 5-thio-D-glucose is extracted 37 ± 5% relative to that of simulta- 
neously filtered creatinine but methyl~-D-thiogalactopyranoside is negligibly 
reabsorbed under identical conditions (6 ± 7%). 
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Fig. I .  Left-hand panel: dmultaneous uzine tzan~t curves fox cre=_~Inlne (&), 5-thio-D-[ 3 H ] 11ueopyranodde 
("),  and [14C]methyl-~-D-thioi~lactopyranos/de (X). RJ4iht-hand panel: slmultaneous renal vein o u t f l o w  
curves fox T1824~Ibumln (e), czestlnlne (a), 5.thJo.D.[3H]glucose ( s ) a n d  [14C]methyl-~-D-thlol~Llacto- 
pyX~nos/de (×). 
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TABLE II 

EFFECT OF GLUCOSE AND PHLORIZIN LOADING 

Fract ional  reabecrp ton  of 5-tblo-Dqllucose (TDG) was  calculated as indicated  in the  legend to Table I. 

Date Run Dog. wt. Hema- Plasma Fractional Phlorizin Infuadon rate 
(kg) tocrit  g lucose  reabsorpt lon  (#g/kg per mln)(Xmin) 

(%) (mg/dl) of TDG 

06/03/78 2 14 .5  32 762 0.09 0 
06/03/79 3 19.5 34 335 0.13 0 
13/03/78 2 14 29 83 0.05 175 (X27 min) 
19/03/79 2 13 34 88 0.03 59 (X27 min) 

Table II summarizes the effects of preloading animals with D-glucose and 
phlorizin. Comparison with Table I indicates that the urine recovery of 5-thio- 
v4glucose now approaches that of  simultaneously filtered creatinine. In other 
words, raising the plasma glucose concentration or preloading with phlorizin 
reduces the fractional reabsorption of 5-thio-V~lucose towards zero. Fig. 2 is a 
representative example comparing the urine outflow curves for 5-thio-D-glucose, 
methyl~-D-thiogalactopyranoside and creatinine before and after systemic infu- 
sion of phlorizin. Phlorizin blocks the luminal extraction of 5-thio-D-glucose as 
indicated by the fact that the urine transit pattern for 5-thio-D-glucose super- 
imposes on the glumerular reference. 

Modifications at the C-1 position, i.e., a-methyl-D~lucopyranoside, have no 
effect on the specificity of interaction with the luminal (brush border) D-glucose 

I 0  

x 

I0, 

x 

MIN. MIN. 

Fig. 2. The e f fec t  of pblozizin on the )u , ,h , . t  extraction of b-thio-D-glu©opyranoside. Left-hand panel:  
s£multaneous  ttetne o u t f l o w  curves  for  e r e a t n i n e  (A), 5.thlo.D-[3H]glucoes (m) and [14C]methyl-0-D- 
thiogelectopyranoadde (X) under c o n s u l  eondi tons .  Plmena glucose eonoent ra ton  110 mg/dl. Rimht-hand 
panel:  s imul taneous  u~Lne o u t f l o w  c u m ~  for the  same c o m p o u n d s  under  eond i tous  of pblorlz in  infus ion 
of 69/~g/kg body wt .  per rain for  27 rain. Plasma g lueox  eon~antra ton BS mg/dl. 
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Fig.  3. L e f t - h a n d  pane l :  s / m u l t a n e o u s  r ena l  ve in  curves  f o :  T 1 8 2 4 - a l b u m l n  (o) ,  c r u t 4 , , i n e  (A) [ 3 H ] l a l a c .  
t o n  (m) a n d  [ 1 4 C ] m e t h y l - ~ - D - t h i o g a l a c t o p y r a n o s i d e  (×) .  R iSh t -hand  pane l :  u~dne t r an s i t  curves  for the  
s a m e  ind i ca to r s .  

transporter [1,4] but changes at C-1 do abolish the antiluminal membrane 
interaction [1,8]. Similarly, ~-methyl-D~alactopyranoside is a more effective 
competitive inhibitor of the brush border membrane high-affinity phlorizin 
receptor than is D~alactose [7]. On the basis of this evidence we would have 
predicted that methyl~-D-thiogalactopyranoside should exhibit the same 
luminal interaction as D-galactose [5] but that its antiluminal interaction would 
be abolished. 

Fig. 3 shows the results of an experimental run in which methyl~-D-thio- 
galactopyranoside and D~alactose were injected simultaneously together with 
T1824-albumin and creatinine. As in Fig. 2, methyl~-D-thiogalactopyranoside 
superimposes on creatinine in the renal vein outflow. This implies no anti- 
luminal interaction. But as documented previously [5], D-galactose emerges 
under creatinine on the upslope and peaks lower, indicating contraluminal up- 
take. This finding is therefore consistent with the postulation that a C-1 hy- 
droxyl group is essential for sugar interaction with its antiluminal membrane 
transporter [4,5]. 

Inspection of the urine outflow curves in Fig. 3 shows that whereas D-galac- 
tose is extracted by about 50% at the luminal surface, methyl~-D-thiogalacto- 
pyranoside is negligibly reabsorbed under identical conditions. Thus, taken 
together with the data summarized in Table I our results indicate that methyl- 
/~-D-thiogalactopyranoside has no luminal interaction. 
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Discussion 

In canine and human brush border membrane preparations, 100 mM thio-D- 
glucose inhibits high-affinity phlorizin binding and D-glucose uptake [9,10]. 
Also, 5-thio-D-glucose shares the D-glucose transporter in the rat intestine [ 11]. 

The present in vivo study using radioactively labelled tracer 5-thio-D-glucose 
provides further evidence that  5-thio-D-glucose shares the D-glucose transport 
mechanism at the luminal surface of the proximal tubule because the fraction 
extracted at the luminal surface is blocked by glucose and phlorizin loading. 
This result is also consistent with our previous finding that  myoinositol  shares 
the D-glucose transporter at the luminal membrane. It is apparent that the ring 
oxygen must participate in the interaction of pyranoses with the brush border 
D-glucose transporter because its replacement by a sulphur atom reduces the 
fractional extraction in single pass experiments from greater than 95% to less 
than 40%. 

Since all previous evidence points to the fact that  modifications at the C-1 
position do not  affect the handling of, for example, a- or ~-methyl-D-glucoside 
or ~-methylgalactopyranoside by the luminal glucose transporter, how can we 
explain the fact that  methyl~-D-thiogalatopyranoside is negligibly reabsorbed 
at the luminal surface relative to D-galactose? It has been amply documented 
that  1-thiosugars have a different chemical reactivity compared to the non- 
substituted sugars [12]. Specifically, the sulphur is less basic and more easily 
polarized than an oxygen atom at the C-1 position. This difference may be 
reflected in an altered dipole~lipole interaction between the C-1 sulphur sub- 
stituent and the ring oxygen. Given the importance of  the ring oxygen in the 
substrate-transporter interaction it seems reasonable to postulate that subtle 
changes in the charge distribution around the ring oxygen are responsible for 
making methyl~-D-thiogalactopyanoside a non-interacting substrate at the 
brush border. Alternatively, small changes in charge distribution might occur at 
other locations in the pyranose ring, thereby affecting participation of impor- 
tant functional hydroxyl groups in the interaction with the carrier. 

• . .  : . . .  . . . . .  :~ . . . . . . . .  .. :...-..~:~'.:i.\"-?~'~ .~.:~:':'.:.-~:..~'~-. ~ .i.~',~"~.,~ ".,~:".~ ~ 

/ 
/ 

F i g .  4 .  S c h e m a t i c  a l s m ~ u n  i n d / c a ~ n l  e s s e n t i a l  p o i n t a  o f  interact ion  b e t w e e n  a pyzanose  s u b s ~ t t e  and the 
g lucose  transporter  G '  ( s e e  F i g .  5 )  l o c a t e d  a t  the ant~umlns ]  surface o f  the  prox imal  tubule .  
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,,.,~: ..... ,,:~;~. U r i n e  Bloo 

Fig. 5. Schematic  diagram indicat ing the different  sugar t ranspor t  receptors  pos tu la ted  at  bo th  brush 
border  and ant i luminal  surfaces of the renal proximal  tubule  in e~nlne kidney.  O is the ~lucose t ranspor ter  
(Na+-dependent, phlorizin-senaltive) a t  the brush border  membrane ,  M is the mannose  t ransporter ,  Myo 
represents  a specialized sys tem for myoinos/ tol .  G ~ represents  a shared t ranspor t  system for ~lucose and 
other  sugars a t  the ant i luminal  surface of  the nephron (Na÷-independent, phloclzin-insenMtive). In  addi- 
t ion,  based on the present  s tudy,  there mus t  also exis t  a separate myoinos i to l  t ranspor t  pa thway at the 
bssolateral  surface. The arrows indicate  tha t  under  normal  in  vivo condit ions,  a flux of sul~xs via the G 
transporter  across the brush border  membrane  is essenthdly unidi rect ional  because of the tranmnembrane 
electzieal potent ia l  gradient.  At  the basolateral  membrane ,  the sugar t ranspor t  system is equ/l/brative. 

In previous experiments [1] we have found that the hydroxyl group at the 
C-1 position is an essential requirement for sugar interaction with the anti- 
luminal membrane. It was therefore expected that methyl-~-D-thiogalacto- 
pyranoside should have no contraluminal uptake compared to D-galactose. 
However, we must now reconcile the absence of an interaction between 5-thio- 
D~lucose and the antiluminal membrane with the fact that myoinositol is 
taken up at the contraluminal surface by a mechanism that is inhibited by large 
systemic doses of phlorizin [2]. 

Since 5-thio-D-glucose more closely resembles D-glucose than myoinositol, it 
is a better model substrate to test the extent of the participation of the ring 
oxygen in the interaction with the sugar transporter mechanism. We must 
therefore revise our previously assigned antiluminal membrane specificity 
characteristics for sugar transport. It now seems clear that the ring oxygen and 
the C-1 hydroxyl group are both essential participants in the interaction of 
sugars with contraluminal carrier (see Fig. 4). This means that except for a 
relatively minor luminal pathway, shared with D~lucose, tubular uptake of 
myoinositol across both brush border and antiluminal surfaces occurs via 
mechanisms which are independent of the glucose carrier (see Fig. 5). The 
existence of these specialized transporter systems emphasizes the importance of 
the kidney as a metabolic sink for myoinositol, and explains why in end-stage 
renal disease plasma myoinositol levels are very high [13]. The existence of at 
least three different pathways for myoinositol entry into the renal tubular cell 
may explain the detailed kinetics observed in a vesicle membrane preparation 
from rat kidney [14]. 
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