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The s t ruc tura l  and functional special izat ion of the various subdivisions of the nephron remains  in- 
completely studied despite the many investigations which have been made of this subject.  The comparat ive  
study of the enzymic activity of the var ious  s t ruc tura l  units of the kidney is of grea t  in te res t  in this con- 
nection. 

It is general ly  concluded that the enzymic activity is maximal  in the proximal  par t  and lower in the 
distal par t  of the nephron. The activity of the many enzymes is very  slight or  absent  al together in the 
g lomeru la r  s t ruc tu res ,  the thin segment  of the loop of Henle, and the collecting tubules. However, the 
link between these observat ions  and the functional special izat ion of the various par t s  of the nephron r e -  
mains unexplained, and the purpose of the present  investigation was to shed light on this problem.  

E X P E R I M E N T A L  M E T H O D  

The proteins  and oxidoreductases  of the various par ts  of the nephron were studied in the kidneys of 
10 male rats  weighing180-200 g. The following were est imated:  tyrosine,  tryptophan, histidine by Danielli 'S 
method, basic  and acid proteins  by Alfer t ' s  method, u -amino  acids by the ninhydrin and PAS reaction,  SH 
groups by the method of Bar rne t t  and Seligman, RNA by Braehe t ' s  method, and polysacehar ides  by the 
PAS react ion and toluidine blue. The following enzymes of cell metabol ism were studied: succinate dehy- 
drogenase,  ~-g lycerophosphate  and glueose-6-phosphate  dehydrogenase,  lactate and malate  dehydrogenase,  
alcohol dehydrogenase,  NAD and NADP diaphorase,  and nonspecific alkaline phosphatase.  The mater ia l  
was also stained by the usual histological  methods.  

E X P E R I M E N T A L  R E S U L T S  

The resul ts  of the investigation are given in the Table 1. 

The g lomeru la r  capi l lar ies  and the par ie ta l  layer  of the capsule were  c lear ly  stained by the PAS 
reaction.  This react ion was ra the r  weaker  in the cells of the glomerulus  and, in par t icular ,  in the endo- 
thelium and the mesangial  cells after  t rea tment  with amylase,  indicating the presence  of glycogen. Tyro-  
sine, tryptophan, hisLidine, basic  and acid proteins ,  and SH groups were  detecLed in the membranes  of the 
capi l lar ies ,  the myo-epi thel ioid  cells,  the endothelium, the mesangial  cel ls ,  and the nephrothelium of the 
capsule, although in only modera te  amounts.  The cells of the glomerulus,  especial ly the mesangial  cells,  
were weakly pyroninophilic,  and or thochromat ic  with toluidine blue. Among the t issue resp i ra t ion  enzymes,  
only NAD and NADP diaphorase and lactate and malate dehydrogenase were found in the g lomeru la r  s t ruc -  
tures ,  and as a rule the react ions were weakly positive, No succinate dehydrogenase,  g lucose-6-phosphate  
dehydrogenases ,  o r  nonspecific alkaline phosphatase was found. 

The low activity of the t issue respi ra t ion  enzymes in the s t ruc tures  of the glomerulns ref lected 
their  small  par t  in the f i l t rat ion mechanism.  However, the presence  of glycogen, po lysacchar ides ,  r e -  
active SH groups, and nucleic acides in the endothelium of the g lomeru la r  capi l lar ies  and, in par t icu lar ,  
in the cells of the mesangium demonst ra ted  the plas t ic i ty  of these cells.  

In the proximal  tubules the b rush  border  was c lear ly  outlined by the PAS reaction, se lect ively  r e -  
vealing nonspeeffic alkaline phosphatase (Fig. 1). The cytoplasm of the epithelium was granular ,  s t rongly  
pyroninophilic,  and or thochromat ic  with toluidine blue; it gave react ions of high intensity for tyrosine,  
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TABLE 1. Distribution of Proteins and Enzymes in Various Parts of the Nephron of Healthy Rats 

Proteins and enzymes 

Proteins by DanielH's 
method 

Basic proteins 
Acid proteins 
SH groups 
RNA 
Polysaccharides 
Succinate dehydro- 

genase 
~-Glycerophosphate 

dehydrogenase 
Glucose-6-phosphate 

dehydrogenase 
Lactate dehydrog- 

nase 
Malate dehydroge- 

nase 
Alcohol dehydroge- 

nase 
NAD diaphorase 
NADP diaphorase 
Alkaline phosphatase 
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Legend: a) forproteins and polysaccharides: +~-++ intensive staining of cytoplasm, +++ 
less intensive, ++ weak; b) for enzymes: ++++ intensive enzymic reaction, +++ moderately 
intensive, ++ much weaker, + weak, + -  traces of enzyme activity, - absent. 

tryptophan, histidine, basic and acid proteins, and active SH 
groups, very  high succinate dehydrogenase, NAD and NADP 
diaphorase (Fig. 2), lactate and malate dehydrogenase, and ~-  
glycerophosphate dehydrogenase activities were found in the 
epithelium. The glucose-6-phosphate dehydrogenase activity 
was slightly lower by comparison with the other enzymes. The 
reaction for alcohol dehydrogenase was very weak in the prox- 
imal tubules, as in the other parts of the nephron. 

These results demonstrated the complex and differentiated 
function of the proximal tubules, with a high intensity of all forms 
of metabolism, as reflected by the high NAD and NADP diaphorase 
and dehydrogenase activities. However, the diaphorase and de- 

Fig. 1. Alkaline phosphatase in the hydrogenase activities in the proximal tubule were mainly di- 
brush border of the proximal tubules, rected toward the reabsorption of protein. The selective reab- 
Gomori's reaction. 100• sorption of protein in the proximal tubule was demonstrated not 

only by the enzyme activity and the high concentration of amino 
acids, proteins, nucleic acides, and active SH groups in its epithelium, but also by the characteristic mor:~ 
phology of this reabsorption. The cytoplasm of the epithelium of the proximal tubule constantly contained 
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Fig. 2. NADP diaphorase .  
High concent ra t ion  of the 
enzyme in the epi thel ium 
of the p rox ima l  and dis tal  
tubules, and t r a c e s  in the 
g lomerul i .  P e a r s e ' s  r e -  
action.  100x. 

Fig.  3. High concentra t ion  of SH 
groups in the ascending,  thick 
p a r t  of the distal  tubules and a lower  
concent ra t ion  in the segment  and 
the col lect ing tubules.  B a r r n e t t  
and Se l igman ' s  reac t ion .  100• 

p ro te in  granules ,  which have been  shown by e l ec t ronmic roscop i c  invest igat ion to en te r  the cell  through 
smal l  tubules commenc ing  at the base  of the p r o c e s s e s  of the b rush  b o r d e r  and ending in the vacuoles  of 
the apical  p a r t  of the cell .  The p ro te in  accumula tes  there ,  r e ac t s  with the mi tochondr ia ,  and is t r a n s -  
f o r m e d  by enzyme action into polypept ides  and amino acids .  

The morphologica l  s u b s t r a t u m  for  the r eabso rp t ion  of glucose in the p rox ima l  tubule is the b rush  
borde r ,  for  it  is a s soc ia t ed  with the act ivi ty  of nonspecif ic  alkaline phosphatase .  The r eabso rp t ion  of 
sodium is a s soc ia t ed  with succinate  dehydrogenase  act ivi ty,  as expe r imen ta l  physiological  s tudies  have 
shown. 

The epi thel ium of the thin segment  of the loop of Henle was found to be mode ra t e ly  PAS-pos i t ive  and 
pyroninophil ic ,  o r thoch roma t i c  with toluidine blue, and i t  was dis t inguished by i ts  sma l l  content  of ty ros ine ,  
t ryptophan,  hist idine,  bas ic  and acid p ro te ins ,  and SH groups .  Compared  with the p rox ima l  tubules,  this 
p a r t  of the nephron was c h a r a c t e r i z e d  by e x t r e m e l y  low enzyme act ivi ty  (see Table) and by the absence  of 
many  of the enzymes  tes ted  for :  nonspecif ic  alkaline phosphatase ,  fo r  example .  The except ions were  
NAD and NADP diaphorase ,  cons iderab le  amounts  of which were  found in the epi thel ium of the thin segment .  

The h i s t o c h e m i s t r y  and enzyme c h e m i s t r y  of the thin segment ,  like the s t ruc tu ra l  pecu l i a r i t i e s  of 
i ts  epi thel ium (few mi tochondr ia ,  cy top lasmic  m e m b r a n e s  and l amel lae  c ro s s  the cell  body throughout i ts  
height, and so on), r e f l ec t  the functional spec ia l iza t ion  of this pora t ion  of the nephron, which is a supple -  
m e n t a r y  device fo r  min imiz ing  the f i l t ra t ion  charge  of the water ,  thus fac i l i ta t ing i ts  pa s s ive  r e so rp t ion .  

In the distal  tubules the cy top lasm of the epi thel ium was modera t e ly  PAS posi t ive ,  o r thoch roma t i c  
with toluidine blue,  and highly pyroninophi l ic .  It was r ich in ty ros ine ,  t ryptophan,  hist idine,  bas ic  and 
acid p ro te ins ,  and a lso  in r e a c t i v e  SH groups (Fig. 3). The enzyme act ivi ty  of the d is ta l  tubules was v e r y  
high. High concentra t ions  of succinate  dehydrogenase ,  NAD and NADP diaphorase ,  lac ta te  and mala te  
dehydrogenase ,  and ~ -g lyce rophospha te  dehydrogenase  were  found in both the convoluted and the s t ra ight  
por t ions .  However,  the d iaphorase  act ivi ty  in the distal  tubules was r a t h e r  lower  than in the p rox ima l .  
Glucose-6-phospha te  dehydrogenase  and nonspecif ic  alkaline phospha tase  ac t iv i ty  was found only in the 
s t ra ight ,  ascending por t ion  of the distal  tubules,  where  it  was higher  than in the p rox ima l  tubules; in the 
convoluted p a r t  it was lower .  

The high act ivi ty  of nonspecif ic  alkal ine phospha tase  and g lucose -6 -phospha te  dehydrogenase  in the 
p rox ima l  and, in pa r t i cu l a r ,  in the dis ta l  tubules was p robab ly  a s soc ia t ed  with di f ferent  u l t r a s t r u c t u r e s  of 
the cell,  and re f l ec ted  the different  functions of these por t ions  of the nephron.  Glucose -6 -phospha te  de-  
hydrogenase  is known to be involved in the pentose  cycle and to play an act ive pa r t  in ca rbohydra te  
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m e t a b o l i s m  if oxidation takes place  d i rec t ly  f r o m  the g lucose -6-phospha te  molecule  and not via hexose 
diphosphate and t r i o s e s .  This function evidently is p e r f o r m e d  to some  extent by the g lucose -6 -phospha te  
dehydrogenase  in the dis ta l  tubules,  which is mainly  concerned with the regulat ion of the a c i d - b a s e b a l a n c e  
of the ur ine .  In the p rox i m a l  k~bules, where  the r eabso rp t ion  of glucose is effected pr inc ipal ly  by alkaline 
phosphatase ,  the function of g lucose -6-phospha te  dehydrogenase  as a m e m b e r  of the pentose  cycle  is con- 
ce rned  with the fo rma t ion  of the raw m a t e r i a l s  for  the synthes is  of pentose  nucleotides r equ i r ed  fo r  the 
fo rma t ion  of nucleot ides and nucleic acids .  It does not follow f r o m  this,  of course ,  that this function of 
g lucose -6 -phospha te  dehydrogenase  is not p e r f o r m e d  also in the epi thel ium of the dis ta l  tubules.  

The epi thel ium in the col lect ing tubules was PAS-posi t ive ,  o r thochromat ic  with toluidine blue, mod-  
e r a t e ly  pyroninophil ic ,  and it r e ac t ed  weakly for  p ro te ins  and SH groups.  The enzyme  act ivi ty  of the 
epi thel ium was e x t r e m e l y  weak in the case  of the d iaphorases ,  lac ta te  and mala te  dehydrogenase ,  and 
o~-glycerophosphate and hexose -6 -phospha te  dehydrogenase;  no succinate  dehydrogenase  or  nonspecif ic  
a lkal ine phosphatase  was detected.  The ba semen t  m e m b r a n e s  of the col lect ing tubules and the connective 
t i s sue  of the papi l lae  of the py ramids  surrounding them were  s t rongly  me tach roma t i c  with toluidine blue.  
The m e t a c h r o m a s i a  d i sappeared  a f te r  t r ea tmen t  with t es t i cu la r  hya luronidase  and was reduced by bac te r i a l  
hyaluronidase ,  demons t ra t ing  the p r e s e n c e  of hyaluronic acid among the mucopo lysacchar ides .  There  r e -  
sults  conf i rm A. G. Gine ts insk i i ' s  hypothesis  that in m a m m a l s  the hyalruonic  s t r uc tu r e s  have been d i s -  
p laced  into the mos t  d is ta l  pa r t s  of the t u b u l e s - i n t o  the collect ing tubules.  These  s t ruc tu r e s ,  enveloping 
the b a s e m e n t  m e m b r a n c e s  of the col lect ing tubules,  a re  the point of application of the ant idiuret ic  hormone  
of the p i tu i ta ry .  It can  be taken as p roven  that the s ta te  of these  s t r u c t u r e s  ( p o l y m e r i z a t i o n - d e p o l y m e r ~  
ization) de t e rmines  the magnitude of the facul ta t ive reabsorp t ion .  
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