
In  Vitro Incorporation of I4C from 2-14C-Glucose into Rabbit Kidney 
Medullary and Duodenal Glycosaminoglycansl (36615) 

JOSEPH H. GANS 
(Introduced by B. R. Forsyth) 

Department of Pharmacology, T h e  Unz'versit y of Vermont College of Medicine, 
Buylington, Vermont 05401 

Despite their ubiquitous occurrence in the 
mammalian body, a functional role for the 
glycosaminoglycans, particularly in soft tis- 
sues, has not been clearly defined. The gly- 
cosaminoglycans of the kidney medulla have 
been the subject of several studies with indi- 
cations that these polycaccharides may parti- 
cipate in the urine concentrating process. For 
example, Ginetzinsky (1) and Dicker and 
Franklin ( 2 )  have advanced the idea that 
during the elaboration of a concentrated ur- 
ine, depolymerization of the glycosaminogly- 
cans or a t  least of the hyaIuronic acid com- 
ponents may take place thus facilitating the 
passage of water through the medullary inter- 
stitium. Farber et  al. (3) have shown that the 
incorporation of 35S from 35S012- into ren- 
al medullary glycosaminoglycans in zlitro un- 
dergoes a progressive decrease as the osmolal- 
ity of the incubation medium is increased by 
increasing concentrations of NaCI. These 
postulates of glycosaminoglycan function in 
the kidney raise the question of whether con- 
trasting states of renal function accompany- 
ing hydration or hydropmia may produce 
changes in the formation of the carbohydrate 
units of the renal medullary glycosaminogly- 
cans. 

l'C-Glucose has been used as a substrate 
for the in vitro formation of l4C-labelled 
glycosaminoglycans by soft tissues such as 
cornea (4, 5 )  and skin ( 6 ) .  The experiments 
reported here show that rabbit kidney medul- 
lary tissue incorporates I4C from 2-I"- 
glucose in vitro into glycosaminoglycans al- 

1 Supported by grants from the Eli Lilly Compa- 
ny and from the National Life Insurance Compsny 
of Vermont. An abstract of this work appears in 
Fed. Proc. 31, 228 abs (1972). 

though a t  a relatively low order when com- 
pared with 14C incorporation into duodenal 
glycosaminoglycans. Differing states of hy- 
dration and of vasopressin administration ap- 
pear not to influence the in vitro incorpora- 
tion of 14C from 14C-glucose into rabbit 
kidney medullary glycosaminoglycans. 

Mateyials and Methods. Kidneys were tak- 
en from four rabbits immediately after death 
from exsanguination. Slices of cortex and of 
medulla were cut with a Stadie-Riggs tissue 
slicer and transferred into beakers containing 
acetone. These tissues were used to deter- 
mine the glycosaminoglycan concentrations 
in the two zones of rabbit kidneys. 

Rabbits were divided into three groups, 
each group consisting of six animals. Rabbits 
in one group were given vasopressin tannate 
in oil 0.8 U/kg body weight/day for 4 days 
intramuscularly and on each of the last two 
days of this experimental period were given 
5% glucose solution 75 ml/kg body weight 
subcutaneously. The rabbits in a second 
group were given peanut oiI intramuscularly 
once a day for 4 days and the 5% glucose 
solution on the last 2 days. The third group 
of rabbits was made hydropenic by with- 
drawing water for a period of 36 hrs. Each 
rabbit was stunned by a blow on the head, 
exsanguinated, the kidneys were removed and 
prepared for incubation. Duodenal segments 
were taken from six rabbits and strips of 
duodenal mucosa were used for in vitro 
studies, 

In vitro experiments were performed ac- 
cording to methods described in a previous 
publication ( 7 ) .  Slices of kidney m~dulla  or 
strips of duodenum weighing 500 t 50 mg 
were incubated for 2 hr in Krebs-Henseleit 
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solution containing glucose 2.5 mM, L-gluta- 
mine 1.0 mJ4 and providing 1.0 pCi liC as 
2-14C-glucose2/500 mg sample of tissue. At 
the conclusion of the incubation period, the 
tissue from each sample was transferred to a 
beaker containing acetone. 

Each tissue sample, from the fresh organ 
tissue as well as the incubated material, was 
kept in acetone for 2 hr with occasional stir- 
ring. Each sample was then transferred to 
fresh acetone and homogenized a t  low speed 
in a VirTis 45 homogenizer for 10 min in an 
ice jacket, The sample was then centrifuged, 
the supernatant acetone was discarded, the 
tissue was washed three times with diethyl 
ether and allowed to air dry. The samples 
were then stored in a freezer a t  -19" until 
further processing was begun. 

The lipid-free dried tissue was rehydrated 
at  room temperature in phosphate buffer p H  
7.6, 0.2 ml of a suspension of a-amylase3 was 
added, thoroughly mixed and incubated a t  
room temperature for 6 hr. Each sample was 
then placed in a dialysis bag containing 
Pronase* in excess of 5 mg/gm of dried 
tissue and the sample was incubated a t  5 5 "  
for 48-72 hr with constant dialysis against 
phosphate buffer. The sample was thzn 
placed in ice and iced 40% trichloroacetic 
acid was added to give a final concentration 
of 10% trichloroacetic acid. Following cen- 
trifugation, the precipitate was discarded, the 
supernatant fluid was transferred into dialy- 
sis bags and dialyzed against 4-5 changes/ 
day of distilled water for 3 days a t  4". 

Glycosaminoglycans were precipitated 
from each sample by the addition of 3 vol- 
umes of 1% potassium acetate in 95% etha- 
nol. The samples were kept overnight in a 
freezer, the residue containing the glycosami- 
noglycans in this crude fraction was then 
separated by centrifugation, washed once 
with ethanol, twice with diethyl ether and 
allowed to air dry. Each sample was dissolved 
in 1 or 2 ml of water and aliquots were 
removed for chemical analyses. From those 

2Obtained from New England Nuclear Corp., Bos- 
ton, MA4. 

3 From hog pancreas. Obtained from Sigma Chemi- 
cal Co., St. Louis, MO. 

4 Obtained from Calbiochem, Los Anpeles, CA. 

TAELE I. Glycosaminoglycan Concentrations of 
R.abbit Kidneys. 

Glycosaniinoglycan concentration" 
S,?ml'lc (nig/g wet weight) 

Cortex (X = 4) 
Medulla (S = 4) 

0.228 & 0.018 
1.126 & 0.086 

Concentrations a r e  expressed as the average 21 
staiidnrcl error of the mean. The  results were de- 
rived f roni the molar concentrations of hexuroiiic 
acid :md hesosatmine a n d  do not, therefore, inclutle 
tho weight of tlic acetpl and sulfate  g r o u p  of the 
polysacclia rides. 

samples incubated with 2-1JC-glucose, 0.1 ml 
aliquots were added to counting vials con- 
taining 2 ml ethanol and 10 ml of a fluor 
mixture" and radioassays were performed in 
a Packard Tri-Carb liquid scintillation spec- 
trometer. Hexuronic acid was determined by 
the method of Bitter and RIuir (8) ,  hexosa- 
mine using the Elson-Morgan reagent ac- 
cording to the procedure of Swann and 
Balazs ( 9 ) ,  total reducing sugar was deter- 
mined with anthrone (10) and protein with 
the method of Lowry et aZ. ( 11). 

Samples from three animals in each group 
were pooled providing two composite samples 
from each treatment group. Using the meth- 
od of Schiller et aZ. (12) glycosaminoglycans 
were separated into 0.4 M NaCl and 1.2 M 
NaCl fractions. Excess cetyl pyridinium 
chloride (CPC) was removed with KCNS 
( 1 3 )  ; each sample was then dialyzed against 
4-5 changes of distilled water for 24 hr a t  4' 
and glycosaminoglycans were recovered by 
the addition of 3 volumes of 1% potassium 
acetate in 95% ethanol. Chemical analyses of 
each fraction and radioassays were per- 
formed as described previously. 

Results. The concentration of glycosamino- 
glycans in rabbit kidney medulla is approx- 
imately 5.0 fold greater than the glycosami- 
noglycan concentration of rabbit kidney cor- 
tex (Table I ) .  The glycosaminoglycans 
recovered in the CPC fractions of kidney 
cortex were evenly divided between 0.4 M 
NaCl and 1.2 M NaC1 fractions. From med- 

3 0.5% 2,5-diphenyloxazole (PPO)  and 0.1% 1,4 
bisl2- (4-methyl-5-phenyloxazolyl) I -benzene (Dimeth- 
yl POPOP) in toluen,e. 
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TABLE 11. Relative Molar Concentrations of Carbohydrate Components and Radioactivities of 
Glycosaiiiiiioglycai-Containing Fractions froin Rabbit Kidney Medulla Incubated with 2-I4C- 

Glucose. 

Molar equivalents 
Radioactivity" 

Fraction Hexuronic acid Hexosarnine Anthvone-positive (cpm/pmole 

a) Hyclropenic 
Crude 1.0 
0.4 M NaCl 1.0 
1.2 M NaCl 1 .0 

1)) Hydrated 
Crude 1 .0 
0.4 M NaCl 1.0 
1.2 M XaC1 1.0 

( 3 )  Hydrated + Vasopressin 
Crude 1.0 
0.4 M NaCl 1.0 
1.2 M NaCl 1.0 

0.91 & 0.07 
0.90 
0.87 

0.91 
0.90 
0.97 

0.86 
0.85 
0.90 

0.58 -+ 0.04 
0.27 
None 

0.28 
Nolie 
None 

0.34 
0.14 
None 

525 2 98 
104 
117 

384 
138 
134 

538 
185 
138 

Cpm/ml 

pmoles hexuronic acid + hexosamine + anthrone-positive/ml 
a Calculated froin 

' N = 6 .  Other results represent the averages of the 2 pooled samples. 

ullary glycosaminoglycans, approximately 
60% of the total recovered was in the 0.4 M 
NaCl fraction and 40% in the 1.2 M NaCl 
fraction. 

Anthrone positive material was recovered 
in the crude glycosaminoglycan fraction as 
well as in several of the CPC fractions, and 
comprised as much as 20% of the total carbo- 
hydrate content in some samples (Table 11). 
A large quantity of anthrone positive materi- 
al was obtained in the first wash fraction 
(0.1 % CPC in 0.03 M CNaCl) following pre- 
cipitation of the glycosaminoglycans in the 
crude fraction with CPC and Celite. This 
anthrone-positive material was heated for 1 
hr with 5 N H2SQ*, neutralized with Na OH 
and the resultant solution contained materi- 
al which was oxidized by glucose oxidase 
( Glucostat, Worthington Biochemicals, Free- 
hold, N.J.). 

The 0.4 M NaCl fractions of two of the 
three groups contained anthrone-positive ma- 
terial, but all 1.2 M NaCl fractions contained 
only hexuronic acid and hexosamine (Table 
11). Protein content of the crude fractions 
varied from 3.5% to 5.4% and only trace 
amounts (< 1 % )  were present in the CPC 
fractions. The radioactivities recovered in the 

crude fractions were in all cases greater than 
the radioactivities of the CPC fractions (Ta- 
ble 11). The state of hydration of the rabbit 
did not affect the radioactivity of either the 
0.4 M NaCl or 1.2 M NaCl fractions (Table 

Duodenal glycosaminoglycan fractions 
were characterized by high hexosamine/hex- 
uronic acid ratios and high concentrations of 
anthrone positive material (Table 111). Pro- 
tein content of the crude fradtions varied 
from 9-14.8% and was 5% in one of the 0.4 
M NaCl fractions. The radioactivity of the 
crude fraction of duodenal glycosaminogly- 
cans was greater than the radioactivity of 
each of the CPC fractions (Table 111). The 
radioactivities of the CPC fractions of duo- 
denal glycosaminoglycans were 8-10 fold 
greater than the radioactivities from kidney 
medullary glycosaminoglycan fractions (Ta- 
bles I1 and 111). 

No attempt was made to measure the 
physiological changes in renal function in 
rabbits accompanying the administration of 
the 5% glucose solution or of the 57; glucose 
solution plus vasopressin in tannate in oil 
with hydropenic rabbits. Each rabbit given 
the glucose solution and additionally treated 

11). 
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T A B I Z  I1 I .  Kcblativc M o h r  Coiicciitratioiis of Carbohydrate Components and Radioactivities 
of C : l ~ c o s ; i i i ~ i i ~ o g l ~ ~ : i ~ i - ( ’ o ~ i t : i i i i i i ~ g  Fractioils froiii R:illl)it 1~uotlcii;il Tissue Tiiciilxited with 2-”C- 

Glucose. 

3lol:i r cquivaleil t s  
R a di o ;I c t ivi t 3’” 

E ’ i x c .  tioii Hcsuroiiic acid Hesos:iiiiiric Aiit11roiie-l)osi tivc (cp111/p1ole~ 

Cr 11 dc Ir 1 .o 5.00 2 (3.41 2.17 & 0.20 2 ) 7 2 5  & 462 
0.4 .Jf S:tU1 1.0 5.70 2.37 1,040 
1.2 31 XaUl 1 .I) 3.T4 1 .21  1,525 

with vasopressin tannate in oil showed 
marked subcutaneous accumulations of fluid 
linearly along each side of the sternum and 
continuing caudad along the abdominal wall. 
Two of the six rabbits given only the dex- 
trose solution also had subcutaneous fluid in 
the dependent skin along the thorax and ab- 
domen. The kidneys of both groups of rabbits 
given the glucose solution were grossly swol- 
len and in some instances dilatation, appar- 
ently of the collecting ducts, was evident. 
The kidneys of the hydropenic rabbits 
presented a sticky almost “dry’) appearance 
when compared with the kidneys from the 
other groups. 

Discussion. The concentration pattern of 
glycosaminoglycans between the two zones of 
rabbit kidneys is comparable to that report- 
ed by Castor and Greene for dog kidneys 
( 14).  While dog kidney medullary glycosami- 
noglycans contain predominantly hyaluronic 
acid with small amounts of sulfated polysac- 
charides ( 14) , Farber and Van Praag ( 1 5 )  
have isolated rabbit kidney medullary gly- 
cosaminoglycans f rom which recoveries of 
chondroitin sulfate were greater than the 
recoveries of hyaluronic acid. The results re- 
ported here also indicate that rabbit kidney 
medullary glycosaminoglycans contain rela- 
tively large amounts of sulfated polysac- 
charides as well as hyaluronic acid. Although 
the CPC fractions were not separated fur- 
ther, it is likely that the predominant com- 
ponents are the respective glycosaminogly- 
cans. The radioactivities of the fractions from 
tissue incubated with 2-’T-glucose are ex- 
pressed on the basis of the total carbohydrate 
content, but not as precise measures of the 

specific radioactivities of glycosaminoglycans. 
Large amounts of anthrone-positive mate- 

rial in the crude and CPC fractions of kidney 
medullary glycosaminoglycans present a 
troublesome complication in the interpreta- 
tion of 14C-glycosaminoglycan formation in 
vitro. This anthrone positive material appears 
to be glycogen since, following hydrolysis, 
the material is susceptible to oxidation by 
glucose oxidase. Using tissue not subjected to 
an initial exposure to amylase the estimate 
was made that the amylase used in the initial 
stages prior to incubation with Pronase hy- 
drolyzed 70-7570 of the tissue glycogen. The  
radioactivity of the crude fraction, therefore, 
probably reflects in large measure the incor- 
poration of I4C from 2-’4C-glucos: into gly- 
cogen, for the formation of 14C-glucogen 
from ‘T-glucose by kidney medulla in vitro 
readily occurs (12) .  The markedly lower 
radioactivity of the CPC fractions suggest 
that the anthrone positive material-presum- 
ably glycogen-is washed out by the succes- 
sive extractions of the CPC procedure. 

The 1.2 M NaCl fraction of rabbit kidney 
medulla was always free of anthrone positive 
material and its radioactivity probably is a 
reliable indication of ‘T-glucose incorpora- 
tion into glycosaminoglycans. On this basis 
two conclusions can be drawn from the exper- 
imental results: ( 1 )  The kidney medulla con- 
tains the necessary enzymatic components to 
synthesize glycosaminoglycans from glucose, 
and (2) the state of hydration and treatment 
with vasopressin, under the conditions de- 
scribed, does not change the rate of assembly 
of the carbohydrate constituents of chron- 
droitin sulfate. This does not exclude the 
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possibility that other factors such as depoly- 
merization (1, 2 )  or changes in the degree of 
sulfation ( 3 )  of renal medullary glycosami- 
noglycans may participate in the urine- 
concentrating process. The same conclusions 
may be in order for the 0.4 M NaCl fraction, 
although the presence of anthrone-positive 
material in two of the three groups questions 
the reliability of the measurement of the 
radioactivity of this fraction. 

The intestinal mucosa contains a complex 
array of protein-carbohydrate macromole- 
cules, notably glycoproteins as well as glycos- 
aminoglycans whose components include both 
amino and reducing sugars (1 7 ) .  Since purifi- 
cation of the glycosaminoglycan-containing 
fractions was not extensive, glycoprotein res- 
idues could have contributed to both the 
hexosamine and anthrone-positive com- 
ponents. The high hexosamine/hexuronic 
acid molar ratio and high content of an- 
throne-positive material also would be com- 
patible with the presence of keratan sulfate 
( 18). In  cartilage, chondroitin sulfate and 
keratan sulfate are linked covalently to a 
common peptide backbone (19, 20) and a 
similar relationship between keratan sulfate 
and other glycosaminoglycans may be present 
in rabbit intestinal mucosa (21).  Should the 
CPC fractions represent primarily glycosa- 
minoglycans, their radioactivities indicate 
that 14C-glycosaminoglycan formation by 
duodenal tissue in vitro is 8-10 fold greater 
than in kidney medulla. 

Summary. Glycosaminoglycan concentra- 
tions in rabbit kidney medulla are 5.0 fold 
greater than in the kidney cortex. Rabbit 
kidney medullary tissue incubated in vitro 
with 2 -14C-glucose, provides a crude fraction 
of glycosaminoglycans contaminated with 
14C-glycogen. Following separation with 
CPC, the 1 .2  M NaCl fraction is recovered 
free of anthrone positive material and its 
radioactivity probably reflects 
glycosaminsglycan formation. The state of 
hydration of the rabbits or treatment with 
vasopressin does not change the radioactivity 
of the 1.2 M NaCl fraction. Duodenal gly- 
cosaminoglycans in the crude fraction as well 

as in both CPC fractions contain material 
having a high hexosamine/hexuronic acid 
.molar ratio and high concentration of an- 
-throne positive material which may indicate 
the presence of keratan sulfate. Glycosamino- 
glycan-containing fractions extracted from 
”rabbit duodenal tissue which had been incu- 
bated with 2-14C-gl~~ose have radioactivities 
8 fold greater than those of kidney medul- 
1 ary gl ycosaminoglycans. 
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