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Introduction. Since the classical studies 
of Shannon et al. (1, 2), glucose reabsorp- 
tion by the mammalian kidney has been 
used to assess tubular functional capacity 
(1-3). The characteristic glucose titration 
curve shows a direct relationship between 
filtered glucose load and glucose reabsorp 
tive rate until a maximal glucose reabsorp 
tive rate appears (TmG). A small degree of 
splay is present under normal conditions. It 
is now known that the glucose titration 
curve may be altered by a number of fac- 
tors. Prominent among these is the volume 
of the extracellular fluid compartment and 
its associated sodium excretion rate. Acute 
expansion of extracellular fluid volume in 
dogs and rats has been shown to increase 
the degree of splay in the glucose titration 
curve and to lower TmG (4-7). Glomerulo- 
tubular balance for glucose appears to be 
set at a new level under these conditions. 
The characteristics of the glucose titration 
curve may also be modified appreciably in 
chronic renal disease. While the relationship 
between TmG and glomerular filtration rate 
has been shown to persist in the chronically 
diseased kidney, the degree of splay in- 
creases markedly at low levels of renal func- 
tion (8). The question of whether this re- 
flects an increase in the heterogeneity of 
the nephron population in uremia or 
whether it reflects the presence of circulat- 
ing inhibitors of this transport system is still 
unsettled (6, 9). The present studies were 
designed to examine the relationship be- 
tween glucose reabsorption and glomerular 
filtration rate in rats with experimental glo- 
merulonephritis. The model employed ex- 
hibits a wide range of filtration rates in 
superficial nephrons and thus lends itself to 
an examination of glucose reabsorption in 
individual nephrons exposed to varying glu- 
cose loads in the same animal (10, 11). 
Since serum albumin concentration is re- 
duced in such animals, the model also per- 

mits an examination of the effects of 
changes in peritubular colloid osmotic pres- 
sure on single nephron glucose reabsorption 
in vivo. 

Materials and methods. Experimental 
anti-glomerular basement membrane ne- 
phritis was induced in female Sprague-Daw- 
ley rats as previously described (1 2). Exper- 
iments were conducted from 3 to 6 weeks 
after the last antibody injection, at which 
time the animals weighed between 200 and 
280 g. They were allowed an ad lib. intake 
of food and water, but food was withdrawn 
14 hr preceding the experiments. Inactin, 
100 mg/kg of body weight, was adminis- 
tered, and PE-50 catheters were inserted 
for infusion and sample collections. A PE- 
10 catheter was inserted in the left carotid 
artery and advanced into the abdominal 
aorta to a site approximately 0.5 cm above 
the level of the right renal artery. The 
position of this catheter was verified at the 
completion of all experiments. The left kid- 
ney was prepared for micropuncture as pre- 
viously described (1 0). Fluid replacement 
for surgical losses was given as isotonic 
saline in a volume equivalent to 2% of 
body weight. All animals received a priming 
dose of 150 pCi of [3H]inulin in 1 ml of 
normal saline, and the modified Ringer’s 
sustaining solution contained sufficient 
para-aminohippurate to provide plasma 
PAH levels of approximately 1 mg%. This 
was infused at a rate of 0.013 ml/min and, 
concurrently, an infusion of 35 % glucose 
containing 20 pCi/ml of uniformly labeled 
[14C]glucose was infused at a rate of 0.047 
ml/min. After a 90- to 120-min equilibra- 
tion period, two or three control clearance 
periods, each 20-30 min in duration, were 
obtained. Immediately thereafter, the mod- 
ified Ringer’s solution was replaced by a 
solution of 30% fraction V bovine serum 
albumin in Ringer’s solution of the same 
composition which was infused at 0.03 ml/ 
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min. In some rats, 2 mM calcium chloride 
and 1 mM magnesium chloride were added 
to the albumin solution. Except for a dimin- 
ished natriuresis during volume expansion, 
the latter animals exhibited the same find- 
ings as the non-calcium-infused group. 
Therefore, all animals were grouped to- 
gether for purposes of analysis. 

Two to six tubular fluid samples were 
obtained from late proximal tubules during 
the control clearance periods. The sites of 
these collections were carefully mapped, 
and a re-collection from the same site was 
made 10-20 min after beginning the albu- 
min infusion. Second re-collections at the 
same sites were obtained between 50 and 
70 min after initiating the albumin infusion. 
Tubular fluid samples contained at least 
twice as many counts (measured as counts 
per minute) as background and were 
counted for a minimum of 5000 counts. 

Glucose concentrations in plasma and ur- 
ine were measured using a Beckman glucose 
analyzer, and glucose concentrations in tu- 
bular fluid samples were calculated from 
['4C]glucose counts (counts per minute) 
present. Glucose concentration was also 
measured microenzymatically in six tubular 
fluid samples containing [14C]-labeled glu- 
cose (13). The specific activity of [14C]- 
glucose in these samples was 139 cpm/ 
pg of glucose. The concurrent specific activ- 
ity of [14C]glucose in plasma was 141.6 
cpm/pg of glucose. The ratio of [ 14C]glucose 
specific activities in plasma samples to those 
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in urine samples for all experiments was 
1.03 2 0.01. 

PAH concentrations in plasma and urine 
were measured using the method of Smith 
et al. (14), and serum albumin concentra- 
tion was determined as described by Ness et 
al. (1 5 ) .  Standard statistical procedures 
were used in analyzing the data (16). 

Results. Table I summarizes the clearance 
data obtained before and during the infu- 
sion of hyperoncotic albumin. Serum albu- 
min concentration increased significantly 
soon after beginning the hyperoncotic albu- 
min infusion, but was still lower than values 
observed in normal rats. Hematocrit values 
and filtration fraction decreased during this 
interval but absolute and fractional sodium 
excretion rates were unchanged. Continua- 
tion of the intra-arterial infusion of albumin 
resulted in a further rise in serum albumin 
concentration and a rise in fractional sodium 
excretion. The change in fractional sodium 
excretion was blunted in those rats which 
were infused with calcium-containing albu- 
min. Glucose reabsorptive rates increased 
slightly, but not significantly, and then fell 
to control levels. 

Data from individual nephrons are sum- 
marized in Table 2. Superficial nephron 
filtration rates (SNGFR), which varied from 
4.4 nl/min to as high as 38.2 nl/min during 
control periods, rose by 20% after begin- 
ning the albumin infusion and remained 
elevated throughout the experiment. Prox- 
imal tubular glucose reabsorption also rose 

TABLE I .  CLEARANCE VALUES BEFORE AND DURING ALBUMIN INFUSION (n = 14).O 
Plasma albumin Hematocrit Plasma glucose 

( g a l  (%I  C,, (ml/min) F.F. F.E.,, (%) (mmole/liter) TG (pmolelmin) TG/CIN 

Control 1.77 ? 0.15 37.6 2 2.5 0.43 2 0.09 0.26 ? 0.02 0.46 2 0.06 55.7 2 4.17 8.1 2 1.61 20.5 2 2.61 
10-20 min 2.54 2 0.25b 30.2 2 3.0° 0.45 ? 0.10 0.23 t 0.02b 0.52 2 0.07 57.7 2 5.22 11.6? 2.56 24.1 5 2.84 
50-70 min 3.57 t 0.34b 23.4 2 2.9b 0.38 2 0.02b 0.21 2 0.02b 0.78 ? 0.12' 45.8 -+ 4.22 6.3 * 1.0 18.1 * 2.15 

Values are means 2 SE for the left kidney. n = number of animals. 
Different from control at p < 0.01. 
Different from control at p < 0.05. 

TABLE 11. INDIVIDUAL NEPHRON VALUES BEFORE A N D  DURING ALBUMIN INFUSION (n = 57)." 

SNGFR tG 
(nl/min) TFIPm (nmolelmin) tG/SNGFR 

Control 17.7 5 2.85 1.45 5 0.06 0.35 -e 0.07 0.019 ? 0.001 
10-20 min 21.3 & 2.83b 1.70 5 O . l O r  0.61 2 0.10' 0.028 ? 0.002" 
50-70 min 21.0 5 2.31b 1.42 5 0.07 0.42 ? 0.04 0.021 -e 0.001 

Values are means 5 SE. n = number of nephrons. 
* Different from control at p < 0.05. 
' Different from control at p < 0.01. 
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after beginning the albumin infusion and 
then fell to control levels. The ratio of glu- 
cose load to glucose reabsorptive rate was in 
excess of 2 in all nephrons sampled, as well 
as in the kidney as a whole during these 
collections. 

The relationship between renal glucose 
reabsorptive rates and inulin clearance in 
all animals before and during hyperoncotic 
albumin infusion is shown in Fig. 1. Rats 
with higher glomerular filtration rates had 
proportionately higher rates of glucose 
reabsorption under conditions of these ex- 
periments. This relationship covered a 
range of glomerular filtration rates (single 
kidney) from 0.09 to 0.95 ml/min. 

Figure 2 illustrates the relationship be- 
tween glucose reabsorptive rates and 
SNGFR in superficial nephrons. There was 
a direct linear correlation between proximal 
tubular glucose reabsorptive rates and neph- 
ron filtration rates over a wide range of 
SNGFRs. This relationship did not appear 
to be influenced by the infusion of hyperon- 
cotic albumin or by the presence of calcium 
and magnesium in the infusate. 

Discussion. The application of saturation 
techniques to the study of renal physiology 
has provided valuable insight into tubular 
transport mechanisms (17). In the case of 
glucose, sequential increments in the 
amount of glucose filtered are associated 
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FIG. 1 .  Relationship between left kidney glucose 
reabsorption rates and glomerular filtration rates. The 
open symbols represent experiments in which a cal- 
cium-free infusate was used, and the closed symbols 
represent values from experiments employing calcium- 
containing infusate. (0, 0)  Control; (A,  A) first re- 
collection period; (0, .) second re-collection period. 
y = 2 3 . 2 ~  - 1 .1 ;  r = 0.79. 
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FIG. 2 .  Relationship between glucose reabsorptive 
rates and nephron filtration rates in superficial proxi- 
mal tubules. The symbols refer to the same conditions 
as in Fig. 1. y = 0 . 0 2 4 ~  - 0.033; r = 0.84. 

with a progressive rise in renal glucose reab- 
sorption until a constant reabsorptive rate 
(Tm,) is achieved (1, 2). Additional in- 
creases in filtered glucose load are accom- 
panied by proportional increases in urinary 
glucose excretion. The transition from first- 
order to zero-order kinetics is not abrupt 
but, rather, involves a smaIl degree of splay 
in the glucose titration curve. Acute extra- 
cellular fluid volume expansion lowers Tm, 
and increases the degree of splay (4-7). 

The degree of splay in the glucose titra- 
tion curve also increases in far-advanced 
renal disease (8). However, severely dam- 
aged kidneys in animals with unilateral renal 
disease elicit a normal glucose titration 
curve (9), and patients with glomerular fil- 
tration rates as low as 15 ml/min do not 
exhibit an exaggerated degree of splay (8). 
The latter two observations are at variance 
with the view that the increased splay seen 
in chronic renal disease reflects an increase 
in the degree of heterogeneity in the func- 
tional nephron population (1 7) .  An alter- 
native explanation for the changes seen in 
chronic renal disease stems from studies 
showing that extracellular fluid volume ex- 



324 GLUCOSE REABSORBPTION IN GLOMERULONEPHRITIS 

pansion produces changes in the glucose 
titration curve similar to those seen in ure- 
mia (6, 9). In both cases, proximal tubular 
sodium reabsorption is inhibited and a natri- 
uresis accompanies the increased splay. 
Since a close association between proximal 
sodium reabsorptive rates and proximal glu- 
cose reabsorptive rates is present in normal 
rats (18), it seems possible that renal glu- 
cose transport is linked in some manner to 
renal sodium transport (4, 5 ) .  This thesis is 
supported by studies in isolated nephron 
segments and intestinal transport systems 
which also suggest that transepithelial so- 
dium and glucose transport are intercon- 
nected (19, 20). 

A significant correlation between inulin 
clearance and glucose reabsorptive rates is 
present in normal humans, and animal stud- 
ies have also shown that renal glucose trans- 
port is characterized by glomerulo-tubular 
balance for this solute (17-23). Glucose 
reabsorptive rates have also been shown to 
vary directly with perfusion rates in superfi- 
cial nephrons and in isolated nephron seg- 
ments (24, 25). However, the relationship 
between glucose reabsorption rates and fil- 
tration rates in individual nephrons has not 
been examined over a wide range in vivo. 
The experimental model employed in the 
present studies exhibits a wide dispersion of 
nephron filtration rates, and nephrons with 
varying filtration rates are present in the 
same kidney, where they are simultaneously 
exposed to the same plasma composition 
and external influences. The data depicted 
in Fig. 2 show that glomerulo-tubular bal- 
ance for glucose persisted over the entire 
spectrum of single nephron filtration rates 
which was present. The level at which glom- 
erulo-tubular balance was set was not fixed, 
but rather varied under different conditions. 
Thus, t,/SNGFR ratios averaged 0.019 ? 
0.001 under control conditions, increased 
to 0.028 2 0.002 shortly after beginning 
the hyperoncotic infusion period, and then 
fell to 0.020 & 0.001 as fractional sodium 
excretion increased. However, the direct 
linear relationship shown in Fig. 2 was 
maintained under all three experimental 
conditions. The linear regression equations 
and correlation coefficients were: y = 

0.06, r = 0.87; and y = 0 . 0 1 4 ~  + 0.12, r 
0 . 0 2 3 ~  - 0.06, Y = 0.95; y = 0 . 0 3 0 ~  - 

= 0.79 for values obtained during control 
and first , and second re-collection periods, 
respectively. Juxtamedullary nephrons were 
not examined in this study, but there is 
evidence that glomerulo-tubular balance for 
glucose is also present in this nephron pop- 
ulation (22). 

The rise in both fractional filtrate reab- 
sorption and glucose reabsorption in super- 
ficial nephrons during the first 20 min of 
hyperoncotic albumin infusion is explicable 
in terms of an increase in peritubular on- 
cotic pressure. Since the mean glucose load/ 
tG ratio was greater than 2.5 in the nephrons 
sampled, it seems likely that glucose reab- 
sorptive sites were saturated at this time. If 
this inference is correct, the increase in 
tubular glucose reabsorptive rate would ap- 
pear to relate to the increase in bulk flow 
across the tubular epithelium which oc- 
curred during this interval. The subsequent 
fall in glucose reabsorptive rates and frac- 
tional filtrate reabsorption in the proximal 
tubule is attributable to the development of 
extracellular fluid volume expansion. Back- 
leak of glucose across the tubular epithelium 
has been shown in the isolated rabbit tubule 
preparation (25), but evidence for glucose 
back-leak was not found during in vivo 
studies in the dog when hyperoncotic albu- 
min was given (4). 

Summary. The relationship between glo- 
merular filtration rate and tubular glucose 
reabsorption was examined in rats with ex- 
perime n t a1 glomerulonep hri t is. Glomerular 
filtration rates (single kidney) varied from 
0.09 to 0.95 ml/min and superficial nephron 
filtration rates ranged from 4.4 to 38.2 nl/ 
min. A direct linear relationship between 
filtration rate and maximal glucose reab- 
sorption rates was observed in individual 
superficial nephrons as well as in the whole 
kidney. Changes in peritubular oncotic pres- 
sure and extracellular fluid volume modified 
glucose reabsorptive rates, but the linear 
relationship between filtration rate and glu- 
cose reabsorption persisted. These data sup  
port the thesis that glomerulo-tubular bal- 
ance for glucose is a characteristic feature 
of renal glucose transport. 
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