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Kidney function has long been explained by
two rival concepts, the secretion theory and the
filtration-reabsorption theory, both being based
upon inferences and indirect arguments rather
than upon direct observations. Since the splendid
work of Richards and his collaborators (1), the
study of renal function is no longer a matter of
theoretical discussion but one of exact measure-
ments and analysis. As a result of these inves-
tigations and those of Rehberg (2), Marshall
(3), and Homer Smith (4), it has been shown
that the formation of the urine results from glom-
erular filtration, tubular reabsorption, and from
some secretory activities. The relative impor-
tance of these processes depends on the particular
species of animals under consideration.

In amphibians, the behavior of the glucose in
the kidney is known in the minutest details. Di-
rect observations and analysis of fluids collected
from different levels of the nephrons in the frog
and Necturus have shown that the concentration
of glucose is the same in the glomerular fluid as
in the plasma, and that glucose is reabsorbed by
the proximal portion of the tubules. Whena full
dose of phlorizin is injected into a frog, the
tubular cells fail to reabsorb the glucose and the
latter is thus found in the bladder urine. Aglom-
erular fishes do not excrete glucose when the
plasma glucose is raised to a very high level, nor
after administration of phlorizin. These obser-
vations can be interpreted as follows: the glucose
is not secreted, but reaches the nephron only by
the process of glomerular filtration and is re-
absorbed by the tubules. The action of phlorizin
consists in blocking the tubular reabsorption of
glucose.

If these observations may be fully applied to
mammals, all of the filtered glucose should ap-
pear in the bladder urine when reabsorption is
wholly blocked by phlorizin. In order to verify
this assumption, it is necessary to determine the
volume of the glomerular filtrate accurately.

In 1926, Rehberg (2) suggested that the crea-
tinine clearance may be used to measure the volume
of the glomerular filtrate. According to Smith,
Rehberg's inference is not correct for man, the
anthropoid apes, and the birds, but is correct for
the dog. So, for the dog, we can calculate the
amount of filtered glucose by multiplying the
creatinine clearance (filtration) by the concentra-
tion of the glucose in the arterial plasma, as it
may be assumed that the concentration of glucose
in the glomerular filtrate is the same as that in
the arterial plasma. It is now easy to determine
whether after the administration of phlorizin the
total amount of filtered glucose is excreted.
Poulsson (5) has proven the soundness of that
concept experimentally. When a large dose of
phlorizin is injected into a dog, the concentration
index of glucose may equal the concentration in-
dex of creatinine. This means that if the kidney
excretes in one minute the creatinine present in 60
cc. of plasma, it excretes during the same period
the glucose present in 60 cc. of plasma. These
findings have been confirmed by Jolliffe, Shannon,
and Smith (6), by White and Monaghan (7) and
by Govaerts and Cambier (8). Therefore, one
is led to infer that in the dog as well as in the
frog glucose enters the nephron only by glomeru-
lar filtration. If, under normal conditions, no
glucose is found in the bladder urine, it is because
this substance is completely reabsorbed by the
tubules. When the concentration of glucose is
raised in the plasma, it increases to the same ex-
tent in the glomerular filtrate. Thus, the amount
of glucose presented to the reabsorbing cells
reaches such a height that the reabsorption ceases
to be complete. Fisher and Shannon (quoted by
Smith (4) page 112) have studied the excretion
of glucose by the kidney of a normal dog. The
glucose in the arterial plasma was maintained at
a very high level by the constant intravenous
infusion of a glucose-saline solution. The quan-
tity of glucose reabsorbed by the tubules remained
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constant although the plasma level was raised
from 300 to 2400 mgm. per cent. " It would ap-
pear that the glucose 'threshold ' has its origin
in the fact that the tubules can reabsorb glucose
up to some constant, maximal quantity per unit
time; if presented in excess of this quantity, the
remainder is allowed to escape in the urine." (H.
Smith.)

These observations give a very striking defini-
tion of the mechanism of glucosuria caused by
intravenous infusions of glucose in the normal
dog. The purpose of the present work is to
determine whether the mechanism of glucose ex-
cretion in diabetic dogs is identical with that which
has been found in the normal animal.

Wehave studied three dogs in which a diabetic
condition had been induced by total pancreatec-
tomy. The bladder was permanently fistulated
by an ebonite cannula. These animals were kept
in good condition for several months by daily
injections of insulin. The total quantity of fil-
tered glucose per minute may be computed by
multiplying the creatinine clearance (filtration)
by the concentration of glucose in the arterial
plasma. The difference between this quantity
and the amount of glucose excreted per minute
gives the total amount of glucose reabsorbed by
the tubules. Thus one may calculate the amount
of glucose reabsorbed by the tubules from each
cubic centimeter of glomerular filtrate, that is,
from each cubic centimeter of a solution of glu-
cose having the same concentration as the arterial
plasma. Wecall this figure the " threshold," as,
when expressed in grams per cent, it indicates
which portion of the plasma glucose is not ex-
creted under the conditions of the experiment.

METHODS

The experiments were performed without anesthesia,
as they did not include any painful procedure. Two to 3
grams of creatinine dissolved in 200 cc. of tepid water
were administered by stomach tube. Half an hour later,
500 cc. of water were given in the same way. When a
marked diuresis was present, the urine was collected dur-
ing a 2 to 5-minute period and at the same time a blood
sample was drawn by femoral puncture. Glucose and
creatinine were determined in the urine and in the arterial
plasma.

The experiments on Dog I were all carried out when
the animal had been fasting overnight, the purpose of
this procedure being to keep the plasma glucose as con-

stant as possible during the experiments. The blood

glucose of Dogs II and III was raised in most of the
experiments by intravenous infusions of glucose-saline
or by introducing a glucose solution into the stomach.

Blood. The blood was drawn by femoral puncture,
collected in a tube containing some sodium fluoride and
immediately centrifuged. A 1/10 dilution was made by
adding to 2 cc. of plasma 16 cc. of distilled water, 1 cc.
of 2/3 N sulfuric acid and 1 cc. of 10 per cent sodium
tungstate solution, and filtering.

Urine. The method of West, Scharles, and Peterson
(9) was used for the urinalyses, in order to avoid any
decrease in reducing power. To 2 cc. of urine, 2 cc. of a
10 per cent solution of ferric sulfate were added, fol-
lowed by 16 cc. of water. Two to 3 grams of powdered
barium carbonate were then added to the solution. The
mixture was thoroughly shaken and filtered. To the fil-
trate, a few milligrams of anhydrous sodium sulfate were
added in order to precipitate the small amount of barium
bicarbonate present. The precipitate was removed by
centrifugation. This procedure yields urine dilutions ab-
solutely colorless and without any turbidity.

Glucose. For Dog I, the colorimetric method of Bene-
dict (10) was employed. Two cc. of tungstic filtrate of
plasma and 2 cc. of diluted urine were used for the de-
terminations. The urine, handled as described above, was
diluted to such an extent that its final glucose concentra-
tion was nearly the same as that of the plasma filtrate.
It was then possible to make the colorimetric readings
for both filtrates against the color developed by the same
glucose standard.

For Dogs II and III, the glucose analyses were made
following the method of Shaffer and Somogyi (11). We
allowed 2 cc. of filtrates of blood and urine to react with
2 cc. of copper solution number 50, containing 3 grams
of KI per liter. The agreement between duplicates was
very satisfactory.

Creatinine. Creatinine was determined by the method
of Folin and Wu (12). The analyses were performed
upon tungstic filtrates of plasma and upon urine dilu-
tions adjusted to allow colorimetric readings against the
standard used for the blood filtrate. A Burker com-

pensating colorimeter was used, supplied with a mono-

chromatic filter. The readings were made with a stratum
thickness of 20 mm. and the 353 light filter. For the
wavelengths transmitted by that light filter, the results
conform with the Beer Lambert Law.

RESULTS

DOGi. Female, 12 kgm.
Pancreatectomy Dec. 30, 1937. Vesical fistula

Jan. 19, 1938.
Ten experiments were done during a period of

two months. The hyperglycemia being spon-
taneous, the range of plasma glucose extended
only from 268 mgm. per cent to 367 mgm. per
cent.
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The results concerning this dog may be found
in Table I and Figure 1.

TABLE I

Data on Dog I

Glu- Glu-
Crea- cose cose

Plas- Plasma Glu- Crea- tinine ex- reab-
Exper- Urine ma cose tinine clear- creted sorbed
iment glu- crea- ex- ex- ance from from

cose tiDne creted creted (filtra- 1 cc. 1 cc.
tion) of fi6- of fil-

trate trate

cc. per mgm. mgm. mgm. mgm. cc. per mgm. mgm.
mim- per per per per mi- per per
ute cent cent minute minute ie cent cent

I 3.40 268 7.75 6.90 5.03 65.0 10 258
II 2.50 274 6.50 8.25 3.36 53.2 15 259

III 4.00 280 10.40 21.70 5.92 57.0 38 242
IV 3.05 287 6.07 25.90 3.08 50.6 51 236
V 3.08 298 6.60 9.77 3.23 49.0 20 278

VI 3.70 310 6.01 28.20 4.91 70.0 40 270
VII 3.15 316 10.40 36.30 6.29 60.5 60 256

VIII 3.00 323 9.45 20.00 4.58 48.5 41 282
IX 2.39 346 11.00 23.70 4.73 43.0 55 291
X 3.10 357 9.10 30.00 4.64 51.4 58 299

FIG. 1. DATA ON DoG I
Each column corresponds to a single experiment. Total

height of the columns: arterial plasma glucose (mgm.
per cent). Black: amount of glucose reabsorbed from
each cc. of glomerular filtrate (mgm. per cent).

In these experiments, while the plasma glucose
varied from 268 to 367 mgm. per cent, the quan-

tity of glucose which was reabsorbed from 1 cc.

of glomerular filtrate varied from 236 to 299
mgm. per cent. This indicates that in this range

of moderate hyperglycemia, the amount of glu-

cose reabsorbed by the tubules increases when
the blood sugar level rises.

DOr ii. Female, 14 kgm.
Pancreatectomy and vesical fistula Sept. 14,

1937.
Eight experiments were performed on this ani-

mal during a period of six weeks. The results
may be found in Table II and Figure 2.

TABLE II

Data on Dog II

Glu- Glu-Crea- cose cose
Plas- Plas Glu- Crea- tinine ex- reab-

Exper- Urine ma ma cose tinine clear- creted sorbed
iment glu- tine ex- ex- ance from from

cose creted creted (filtra- 1 cc. 1 cc.
tion) of fil- of fil-

trate trate

cc. per mgm. mgm. mgm. mgm. cc. per mgm. mgm.
mix- per per per per min- per per

ute cent cent minute minute ute cent cent
I 2.94 286 5.73 11.0 3.99 69.5 16 270

II 4.04 372 7.94 34.5 5.82 73.4 47 325
III 5.67 467 10.48 96.0 8.17 78.0 123 344
IV 3.30 482 8.82 91.5 6.46 73.2 125 357
V 3.23 514 9.70 75.0 5.91 61.0 123 391

VI 4.60 557 11.70 103.0 7.16 61.2 168 389
VII 5.58 570 6.54 138.0 4.86 74.4 185 385

VIII 5.91 610 13.98 135.0 8.65 61.8 218 392

Here, the blood sugar varied from 286 to 610
mgm. per cent. The amount of glucose which
the tubules reabsorbed from one cc. of glomerular
filtrate at first rises with increasing glycemia,
but when the blood sugar exceeds 500 mgm. per
cent the threshold remains practically constant
(between 385 and 392 mgm. per cent).

DOG III. Female, 13 kgm.
Pancreatectomy and vesical fistula. Feb. 22,

1938.
Twenty-two experiments were performed dur-

ing a period of four months. The blood sugar
concentration was 325 to 950 mgm. per cent. In
Experiments 1 to 4, the animals were fasting.
In the other experiments the blood sugar was
raised by an intravenous infusion of 100 to 200
cc. of 20 per cent glucose in saline. The collec-
tion of blood and urine was done from 2 to 5
minutes after the end of the infusion.

The results of these experiments may be found
in Table III and Figure 3.

The range of blood sugar extends from 325
mgm. to 957 mgm. per cent. The amount of
glucose reabsorbed from 1 cc. of glomerular fil-
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700

FIG. 2. DATA ON DOG II
Each column corresponds to a single experiment. Total

height of the columns: arterial plasma glucose (mgm.
per cent). Black: amount of glucose reabsorbed from
each cc. of glomerular filtrate (mgm. per cent).

trate fluctuates between 287 and 394 mgm. per

cent, with a mean value of 347 mgm. per cent.

COMMENT

Wemay outline the results of our experiments
in the following way. When the concentration of
glucose increases in the plasma, it rises to the same

extent in the glomerular filtrate. At a certain
moment, the reabsorptive power of the tubular
cells cannot keep pace with the amount of glucose
which is presented, and some of the glucose es-

capes into the urine. If the quantity presented

TABLE III

Data on Dog III

Glu- Glu-
Crea- cose cose

Plas- Plasma Glu- Crea- tinine ex- reab-
Exper- Urine ma crea- cose tinine clear- creted sorbed
iment glu- ticre ex- ex- ance from from

cose creted creted (filtra- 1 cc. 1 cc.
tion) of fil- of fil-

trate trate

cc. per mgm. mgm. mgm. mgm. cc. per mgm. mgm.
min- per per per per min- per per

ute cent cent minute minute ute cent cent
I 4.30 325 4.94 29.4 4.59 93.0 32 293

II 0.45 349 17.80 13.9 13.23 74.3 19 330
III 3.25 352 5.33 33.8 4.85 91.0 37 315
IV 4.72 360 6.34 34.0 5.07 80.0 42 318
V 0.45 415 18.90 36.4 7.69 40.7 89 326

VI 2.93 421 15.20 63.0 13.77 90.4 70 351
VII 2.73 458 11.50 87.0 9.94 86.4 101 357

VIII 1.72 469 19.65 100.5 13.36 67.0 150 319
IX 2.50 521 22.10 133.0 13.32 60.4 220 301
X 5.67 524 23.00 134.0 13.00 56.5 237 287

XI 3.00 534 21.20 161.0 15.94 75.2 214 320
XII 5.50 535 22.00 183.0 18.53 84.2 217 318

XIII 2.75 537 6.13 128.0 5.23 85.4 150 387
XIV 2.20 551 13.20 140.0 8.93 67.6 207 344
XV 2.30 573 15.00 132.0 8.76 58.4 226 347

XVI 5.45 595 20.00 163.0 15.00 75.0 217 378
XVI I 4.37 597 7.74 187.5 6.12 79.0 237 360

XVIII 5.20 603 8.12 167.8 6.46 79.5 211 392
XIX 2.78 627 16.00 167.5 11.52 72.0 233 394
XX 5.35 778 7.12 333.0 5.25 73.6 452 326

XXI 5.85 828 8.45 360.0 5.85 69.2 520 308
XXII 7.40 957 9.72 410.0 6.49 65.8 623 334

increases further, the reabsorption increases also,
but nevertheless it is more and more overburd-
ened. If the plasma glucose continues rising, the
reabsorptive capacity of the tubular cells becomes
completely saturated, and the quantity of re-
absorbed glucose remains practically constant at
this maximal value for any further increase of
glycemia. It is very tempting to compare the
renal function under those circumstances with that
of the phlorizinized dog. In the latter, the re-
absorption of glucose is completely blocked by
phlorizin and consequently the total amount of
filtered glucose is found in the bladder urine. In
the diabetic dog, a constant part of the filtered
glucose saturates the reabsorptive power of the
tubular cells and the remainder is completely ex-
creted as it should be in a phlorizinized dog. The
blocking of reabsorption which in the phlorizin-
ized dog is produced by a drug is caused in the
diabetic animal by the glucose itself.

These conclusions are based on the mean values
of our results. When comparing single experi-
ments, one finds that the " threshold " fluctuates
appreciably. The meaning of these fluctuations
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FIG. 3. DATA ON DoG III
Each column corresponds to a single experiment. Total height of the columns:

arterial plasma glucose (mgm. per cent). Black: amount of glucose reabsorbed from
each cc. of glomerular filtrate (mgm. per cent).
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is difficult to interpret for the moment. They
may be owing in great part to the unavoidable
and cumulative errors in collecting urine and
blood, and in the chemical determinations. Fur-
thermore, it is very likely that the reabsorptive
power of the tubular cells may be influenced by
several factors, for instance variations in the num-
ber of functionating glomeruli or modifications
in the volume of fluid filtered by single glomeruli,
changing the rate of flow through the tubules.
Other factors may be of importance, such as
hormonal influences, but they are still to be deter-
mined.

Our observations prove that the mechanism of
glucose elimination in diabetic dogs is the same
as that found by Fisher and Shannon in normal
dogs when a high level of glycemia was main-
tained by a continuous injection of glucose-saline.
It is worth noticing that the renal threshold in our
diabetic dogs did not undergo any appreciable
change during a period of observation which
lasted several months. Moreover, the threshold,
defined by the maximal quantity of glucose re-
absorbed by the tubular cells from 1 cc. of glom-
erular filtrate is not the same for each dog, as it
is about 390 mgm. per cent for Dog II and 347
mgm. per cent for Dog III.

The threshold is variable in the range of mod-
erate hyperglycemia; it rises when the blood sugar
increases. When the level of hyperglycemia is
high, the threshold stays at a maximal value which
is not the same in different individuals. These
facts explain why the renal threshold presents
itself both as a permanent individual character
and as a rather elusive value, varying appreciably
when the level of blood sugar is only moderately
raised.

SUMMARY

1. In dogs made diabetic by pancreatectomy,
the excretion of glucose and creatinine has been
studied.

2. Considering the creatinine clearance as a
measure of the glomerular filtration and the glu-
cose concentration of the arterial plasma as equal
to the concentration of this substance in the glo-
merular filtrate, one may calculate the quantity
of glucose which the tubular cells reabsorb from
1 cc. of glomerular filtrate. This figure is called

the " threshold." When the blood sugar concen-
tration increases moderately, this threshold in-
creases. With further elevation of the blood
sugar, the threshold soon reaches a maximal value
which remains constant for any higher level of
glycemia.

3. In the diabetic dog, at high levels of hyper-
glycemia, a constant part of the filtered glucose
saturates the reabsorptive power of the tubular
cells and the remainder is completely excreted as
in a phlorizinized dog.

4. These characteristics of the renal function
did not change appreciably in the diabetic dogs
during a period of observation which lasted sev-
eral months.
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