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SUMMARY 

Diffusion of sugars was measured across surviving rat diaphragm. Selective properties 
of this living barrier were shown by the fact th,  t gaiacto.~e mined across it much 
faster than glucose. Insulin slowed down the diffusion of thorn sugars whose uptake 
is known to be accelerated by the hormone. Anti-insulin serum and glucagon had 
an opposite effect. Diffusion of glucose was also slowed down by anoxia and electrical 
stimulation and accelerated by adrenaline and 2,4-~linim,phenol. Diffusion of xylose 
was enhanced by the presence of glucose. Theae rcsu).ts are easier to interpret in terms 
of the specific sugar-binding properties of the ccllular mat , ix  i ha .  according to the 
membrane-permeability theory. 

INTRODUCTION 

Penetration of sugars into living structures has been studied by many groups of 
investigators mostly on eD'throcytes and muscle cells. The latter have acquired a 
particular significance when it became known that sugar uptake by muscle is ac- 
celerated by insulin. I t  is generally assumed that the transport of sugars, as that of 
most other small molecules and ions is controlled by the permeability properties ot 
the plasma membrane. Specific penetration characteristics are explained on the as- 
sumption of carriers forming reversible combinati,,n~ with t!~e .~ugar to transport 
it across the membrane. 

Rat  diaphragm has been a favorite preparation for su£ar transport studies. 
The present paper describes experiments in which diaphragm was used as a diffusion 
barrier in the way described in the preceding paper. The results obtained suggest that 
sugar transport can perhaps be explained in terms of the binding properties of a 
cellular matrix rather than by  the membrane hypothesis. 

METHODS AND MATERIALS 

Diffusiop of sugars was measured by t h e  technique de~nbed  in the first paperL 
A fragment of rat diaphragm was interposed as a barrier between two compartments 
A and B. Compartment A contained 2 ml of bicarbonate--Krebs-Ringer ~flution in 
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which the sugar was dis.~,.;Ived at  the concentra t ion of o.oI 5 M. Compar tmen t  B 
contained 2o ml of the same salt  solution without  the  sugar. 

Diffusion rates were measured b y  collecting I -ml  samples from compar tmen t  B 
at  zo-min interva!s for ioo  afin a , d  es t imat ing  the amount  of sugar  passing th rough  
the barrier.  In  all other  respects, the  technique as well as the  calculation of the  results  
and  their  expres.~ion b y  means of the two parameters ,  a and  b, was the  same as in 
the  ion- t ranspor t  experiments .  

Es t imat ion  of various sugars was done b y  the following procedures:  D-glucose 
was es t imated  by  the glucose oxidase method  *, B-galactose, fructose and sucrose 
b y  the anthrone  techr, ittue a, D-xylose by  the orcinol method 4, 2-deoxyglucose by  
the cvs te ine-su l fur ic  acid method ~ and ethanol  according to NEISH 5. 

Anti- insulin serum was prepared  by  the method  of ARMI.~ et al. 6. I t  was adminis-  
tered to rats  I h before removal  of the d iaphragm.  At  this  t ime the blood sugar  was 
between 3o0 and 400 mg per cent. 

All the other  agents  were added  in vitro t o  compar tmen t  A at the  concentra t ions  
indicated.  Crvstailine glucagon was obta ined from Eli Lil ly and Co. 

_~.ES ULTS 

Fig. I. shows the rates of diffusion of different sugars across the  ra t  d iaphragm,  
compared  with their  ra te  of passage across a sheet of cel lophane uti l ized under  the  
same conditions.  I t  is seen tha t  all sugars pa~s more slowly th rough  muscle t issue 
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Fig. I. Diffusion of sugars across cellophane and rat diaphragm. Abscissa: ~ (rain); ordinate: 
~;', f,,,~ .i.~e ; . .  elude diffusing (per cent). Left. diffusion across cellophane; right, across diaphragm. 
EtOH, etha,~r~l: GI, glucose: Gal, galactose: DOGi, 2..deoxygluc~e; Xyl, D-xylose; Suc, sucrose; 

Raf, rafl~nose. 

probably because of the greater thickn~" of the barrier. It is to be noted, h,,wever, 
that the order of diffusibility of the sugars ',as changed, hldicating that the living 
system possesses a selectivity while the ceUophane lets the sugars go through ap- 
proximately in the order of their diffusion coefficients. 

The fact that the diaphragm does not behave as an inert membrane is further 
shown in Table I which lists the diffusion parameters a (rate constant) and b ("binding" 
index) of a few sugars with and without insulin (o.x unit/ml) added to the upper 
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TABLE I 

E F F E C T  O F  I N S U L I N  O N  T H F  D I F F U S I O N  O F  S U G A R S  ACROSS T H [  D I A P H R A G M  

a, rate constant; b, "binding" index. 

C of t trol  I n sv.l i n 

a ! S . D ,  b = S . D ,  a = S . D ,  b - _ S D .  

Glucose 
Galactose 
o-Xylose 
z-Deoxy~lucose 
Fructose 
Sucrose 

0.023 ~-O.OI4 1.217 : o.I4 0.004 - 0.004 1.515 : 0.07 
O , 1 2 2  ~_~ O . O 1 6  0,790 7- O. I O  0 . 0 4 0  O . O 1 8  1 . O 3 2  • 0 . 0 7  

O . O I 8  ~ O . O O  7 I . I 7 8  -. O. Z l  o . o I o  7 : O . O O 6  1 . 2 9 5  ~ o . 1 2  

0.005 ~o.oo 3 t.4oo : o.16 o.oor -o.oo1 1.57o :-o. IS 
0.025 = 0.008 1.127 ~ o. Io o.o~5 ~ 0,006 1.I9~, - 0.09 
0 . 0 2 6  =_ O .O L O  1 . o 9 0  ~ 0 . 0 9  0 . 0 2 2  7-  0 . 0 o 9  1 ,12 .5  - o , r  3 

TAI3LE II 

E F F E C T  O F  A N T i - I N S U L I N  S E R U M  

a :  S . D .  b : S . D .  

Glucose 0.070 : ,~,22 0(03 : O.l, 
2-Deoxyglucose 0.023 . o.olO 0.965 : o.11 

TABLE Ill  

E F F E C T  O F  G L U C A G O N  A N D  I N S U L I N  O N  T H E  D I F I ~ U S I O N  O F  G L U C O S E  

a - S . D .  b - S . D .  

C o n t r o l  o . o 2 3  z o . o l  4 1 . 2 1 7  : o . 1 4  

Glucagon 0.039 = ooi6  o.83o = o.iI 
Glucagon e insuhn 0.020 - o.oi 5 0.952 - O.lO 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  

bath ing  solution. It  is seen that the diffusion rate 1if glucose, galactose, xylose, z-de- 
oxyglucose and fructose decreases under  the influence of insulin. The binding index 
increases under  the same c~nditions. The difference is highly significant for the first 
two sugars. Sucrose diffusion is not influenced by insulin. 

Diaphragms taken from animals injected ~ i th  anti- insulin serum show an opposite 
effect. As shown in Table II, the,," allowed glucose and deoxyglucose to diffuse faster, 
presumably because the ant ibody had neutralized the end-genous insulin present 
in the muscle. 

Glucagon at ioo t~g/ml, added in vitro to the ba th ing  solution, also increased 
the passage of glucose across the diaphragm and its effect was reversed by insulin 
(Table I l l ) .  

The striking discrimination shown by  diaphragm between glucose and galactose 
was studied by submktint~ tim preparation to various experimental  conditions. 
"fable IV summarizes the results of t h c ~  experiments. I t  is seen that  adrenaline at 
5 p,g/ml produces a considerable increase in the diffusion of glucose while galactose 
t ranspor t  is decreased. This reverses the ratio of di[luxion rates for glucose and galac- 
tase from o.I89 in the control preparat ion to 4.6 in the adrenaline-treated diaphragms. 

Anoxia d~,~2re.~ses both glucose and  galactose diffusion and electrical s t imulat ion 

/ h ~ c A t m  Biaphys..4c14, t~, ~ I903~  I I t ~ - l , .  • 
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T A B L E  IX" 

DIFFUSIO:g OF GLUCOSE AND GALACTOSE I 'NDER VARIOUS CONDITIONS 

I2I 

Gluc. ~se GaJacto~e 

a ~ _ S .D.  b =  S.D.  a ~  S .D.  b ~ S . D .  

Con t r o l  0 .023 ~ o.oz 4 1 .2i  7 ~. o . i  4 o . i 2 2  : O.O!o 0 .790  = O.IO 
Adrenaline o.21z =: o .o28 o .75o  ± o .o9  o .o46  ~- o . o I  5 o .968  ± o . I 2  
Anoxia o . o l o  = o.o12 ] A 6 2  ~ o . z  4 o.o.57 ± o .o18 o .928 ± o . I I  
D N P  0.074 ~ 0 . 0 2 , 5  0 . 7 . 5 2  ~- 0.08 0.062 ~_ o.o18 o . 8 t 5  ± o .o  9 
Stimulation o.oo2 ± q.oo 4 1.57 o = o.28 o ,o89  = o . o z i  0 ,828 ± o . i o  

produces the same effect, more markedly on glLcose transpot~t. High doses of 2, 4- 
dinitrophcnol (5 mM) have a tendency  to equalize the ra te  of passagc of the two sugars. 

The effect of one sugar on the diffusion of the  other  is shown in Fig. 2 I t  is 
. . . . .  ~ .~ ,  , t . ~  . . . . . . . . .  * - ~ - o p o r t  of D-xvlose is accelerated in the presence of increasing concen- 
trat, ions of glucose. 
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Fig .  2. A c t i o n  of  g lucose  or. t h e  d i f fu s ion  of  D-xylose .  Abscissa: initial concentration of glucose 
in compartment A ; ordinate : a. diffusion rate. The initial concentration of xylo~e was 15 kemoles/ml 

in all experiments. 

DISCUS SION 

The complexity of the problem connected with the diffusion of ions and small mole- 
cules was n,entioned in the preceding paper. All the evidence points to the probability 
that diffusion takes place, in par: at least, across the cells themselves. The data 
presented in this paper further supp<,:* this assumption. It is :difficult to imagine 
how a purely extracellulax transport co~Wd be modified by insulin and the other 
agents studied. In a few experiments, diffusloI: ,~f glucose and ga lac t~e  was measured 
across the membranous part of the diaphragm which contains few or no muscle 
fibers. The rate of passage of the two sugars was not significantly different (0.053 i 
o .o i8  for glucose and o.045 =[: o.ox5 for galactose). 

A furthec colnplicating factor for the diffusion of sugars is that some of them 
are actively metabolized during their passage across the muscle. This explains 

Biodli~. Bia~Ays. Ac~.. 66 (a965) H8-z== 
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probably why glucose has a lower diffusion rate than galacto~, but d~e~ not account 
for the slow passage of xylose and 2-d~xygluco~. 

up~o,~ of sugars by niu~cie has been the object of m~inv , . . . . . . .  8 . . . . . . . .  
On the whole, the diffusion of sugars across the diaphragm was found decreased undel 
the same conditions which are known to increase sugar uptake; e.g., insulin, anoxia 
and excitation. The increased diffusion of xviose in the presence of gwc, l~,. s t.:c 
counterpart of the inhibition of xylose uptake by glucose s. An exception is the action 
of DNP which increases glucose uptake but. in our ex!~edments, increa:~ed the diffusion 
of this sugar (it decreased, however, the passage of galaetose). The difference may 
be due to tke high concentration of DNP used in the pre~nt work. 

In all these experiment~, permeability phenomena are closeD" associated x~fith 
metabolic processes. This ':: true also for the non-metabolizable sugar~ whose transport 
is also dependent on metabolic energy. Our data support the hypothesis of RANDLE ~ 
according to which energy is required not for the transport of sugars but for their 
exclusion from the cell and which implies that insulin acts by cutting down the suppl.v 
of energy. 

There is fairly general agreement on the necessity for the sugars to combine 
with some cell constituent in order to be transported. The nature of this combination, 
however, is controversial: WILBRANDT ~ favors combi2ation with mobile carriers which 
transport the sugar across the membrane, others w. 33 prefer fixed binding sites which 
would bind certain sugars and keep others out. Insulin and other agents could act 
by changing the affinity of these binding sites. 

The result~ reported above tend to support the fixed binding site assumpti.m 
"by shcmhng that the conditions which favor the uptake ol sugars slow down their 
diffusion across the muscle cell. Tht, obselvations shox~ing accelerated diffusion of 
xvlose in the presence of glucose ~uggest competition for binding sites rather than 
for transport channels. 

The nature and location of the binding sites is just as uncertain a.- that 11f tile 
carriers. They may invo, ive protein side group~ but we could not find a correlation 
between sugar transport and protein struct,lre, similar to the one described in the 
preceding paper for ion transport. It is also impossible to decide whether the sites 
are located on the surface of the cell or in the lattice structure of the intracelhflar 
matrix, as suggested by HECHTER AND LESTER ~. 
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