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SUMMARY 

The renal clearances of horseradish peroxidase (HRP) in d iu re t i c  and 
an t i - d i u re t i c  rats were compared with the concentrations of HRP in the renal 
cortex of the same rats.  The in jec t ion  of mannitol, hypertonic sal ine,  or 
antagonists to histamine and serotonin, together with HRP, caused d iures is .  
The renal clearance of HRP was 7-15% of the inu l in  clearance, r e l a t i ve l y  
small amounts of HRP were reabsorbed into the renal cortex, and r e l a t i v e l y  
large amounts were excreted in the urine. However, when HRP was in jected 
alone causing vascular leakage and an t i -d iu res is ,  6-10 times higher concen- 
t ra t ions of HRP were found in the renal cortex, and only a few percent of the 
protein were excreted in the urine during the f i r s t  20 minutes a f te r  in jec-  
t ion.  I t  is suggested that the low or high endocytic uptake of HRP by the 
renal cortex was related to the high or low tubular f low rates during diuresis 
or an t i -d iu res is .  

INTRODUCTION 

I t  was reported previously ( I -3 ) ,  that the endocytic reabsorption of 

horseradish peroxidase (HRP) by the renal tubule ce l ls  was several times 

higher when a re l a t i ve l y  large dose of HRP was in jected alone into Sprague- 

Dawley rats than when the same dose of HRP was in jected together with antag- 

onists to histamine and serotonin, with mannitol or with hypertonic sal ine. 

HRP, at r e l a t i ve l y  high dose leve ls ,  is known to cause vascular leakage due to 

the release of histamine and serotonin from mast ce l ls  (4). Other changes 

observed during the vascular leakage caused by HRP were a r ise in the hemato- 

c r i t ;  a decrease in the serum protein concentrat ion; a decrease in the ur inary 

excretion of sodium; an accumulation of HRP in the per i tubular  spaces; and a 

temporary drop in the blood pressure (3 ,5) .  

A prel iminary report on th is  work was presented at the meetings of the 
American Physiological Society in St. Louis, Missouri, October 1978. 
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The drast ic  changes in the endocytic uptake of HRP under the experimental 

condit ions mentioned were d i f f i c u l t  to understand. In the present work, the 

renal clearance of HRP alone, at dose levels causing vascular leakage, was 

compared with the clearances of HRP a f te r  treatment with mannitol, hypertonic 

sal ine, or with antagonists to histamine and serotonin. In the same animals, 

the uptake of HRP by the renal cortex was measured. The observations suggest 

that the tubular f low rate or contact time has a strong inf luence on the 

reabsorption of protein by the renal tubule ce l l s ,  the f low rates being low 

during vascular leakage (an t i -d iu res is )  and high during diuresis induced by 

mannitol, hypertonic sal ine or the antagonists. 

MATERIALS AND METHODS 

Male Sprague-Dawley rats,  210-270 g in weight were used. In ear ly exper- 
iments, a high dose of HRP was infused continuously, fo l lowing a priming 
in jec t ion  of the protein.  The blood pressure, glomerular f i l t r a t i o n  rate 
(GFR), and urine f low decreased, and the hematocrit increased considerably. 
Some of the animals died. In subsequent experiments, i t  was preferred, there- 
fore, to measure the renal clearance of a s ingle,  medium to high dose of HRP 
which had been well to lerated by the animals in previous experiments ( I -3 ) .  

The animals were anesthesized by in t raper i toneal  in jec t ion  of Inactin 
(I00 mg/kg body weight),  and a 4% solut ion of polyfructosan (Laevosan Gesell- 
schaft,  Linz, Austr ia) in physiological sal ine was infused at a rate of 1.8 
ml/hr through the jugular  vein. The urine was col lected by a bladder catheter 
into polyethylene tubings (0.86 mm inner diameter). The volume of the urine 
was calculated from the length of the f l u i d  columns. The blood pressure was 
monitored continuously with the aid of a transducer and polygraph through a 
catheter placed into the carot id ar tery.  

Af ter  a period of equ i l i b r i za t i on ,  the clearance of polyfructosan alone 
was measured in order to determine the GFR under control condit ions. A single 
dose of HRP (Sigma type I I )  was then in jected into the jugular  vein over a 

pe r iod  of 1.0-1.5 minutes. The dose of HRP was 60,000 units (7 mg approxi- 
mately) per I00 g body weight. Six to nine urine co l lect ions and 4-5 plasma 
samples were taken during the fol lowing 60-90 minutes. The animals were 
k i l l ed  90 minutes a f te r  in jec t ion  of HRP. The cortex of one kidney was homo- 
genized and the tota l  par t icu la te  f ract ion was prepared as previously ( I -3 ) .  
The a c t i v i t i e s  of HRP and protein in the tota l  par t icu la te  f ract ion were 
determined by the methods mentioned below. 

For the experiments summarized in Table I I ,  the proportion of the in jected 
HRP which was excreted in the urine 20 and 90 minutes a f te r  in jec t ion of the 
standard dose and the concentrations of HRP in the tota l  par t icu la te  f rac t ions,  
90 minutes a f te r  in jec t ion ,  were measured in the same animals used for  the c lear-  
ance experiments (Table I ) .  However, the concentration of HRP in the total  
par t icu la te  f rac t ion and in the ur ine, 20 minutes a f te r  in jec t ion  of HRP alone, 
was obtained from separate animals so that the urine from the bladder catheter 
could be included. The same commercial preparation of HRP was used for  a l l  
experiments since the contaminants may d i f f e r  in d i f f e ren t  batches and may 
inf luence the extent of renal reabsorption and excret ion. 
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In experiments in which the ef fects  of antagonists to histamine and 
serotonin (methapyrilene hydrochloride; Histadyl ,  Eli  L i l l y  Company, Indian- 
apol is ,  Ind.,  and methysergide maleate, Sansert, Sandoc, Inc. ,  East Hanover, 
N.J.) were tested, 0.3 ml of a mixture containing 1.0 mg of each antagonist 
per kg body weight was slowly in jected into the jugular  vein, 2-3 minutes 
before in jec t ing  HRP (3). The clearance of HRP during mannitol d iuresis was 
measured a f te r  infusing 0.5 ml of a 5% solut ion of mannitol into the jugular  
vein immediately before in jec t ing  HRP. Three to four addit ional i . v .  in jec-  
t ions of mannitol were given during the next 90 minutes in order to maintain a 
continuous d iuresis.  Diuresis by hypertonic sal ine was induced by in jec t ing  
0.5 ml of a 10% solut ion of NaCl repeatedly. The f i r s t  in jec t ion  was given 
immediately before in jec t ing  HRP, and 3-4 in jec t ions were made during the 
fol lowing 90 minutes. In some clearance experiments, physiological sal ine 
containing 1.5 mg HRP, Sigma type VI, per ml was infused continuously at a 
rate of 1.8 ml/hr, fo l lowing a priming in jec t ion  with 0.5 mg HRP per I00 g 
body weight. 

HRP was assayed with o-dianisidine and HpOp according to Steinman and 
Cohn (6). The concentrations of HRP in the p?agma usually decreased in a 
logarithmic fashion so that the concentrations at the midpoints of the lO- 
minute clearance periods could be extrapolated. Polyfructosan in plasma and 
urine were assayed by the method of F~hr et al. (7). Protein was analyzed by 
the method of Lowry et al. (8). Sodium in plasma and urine was determined by 
flame photometry. 

RESULTS 

When highly pur i f ied  HRP, Sigma, type VI, was infused continuously at a 

low dose level as indicated above, the clearance of the protein was 7-9% of 

the inulin clearance. No appreciable changes in the glomerular f i l t rat ion 

rate,  blood pressure or hematocrit occurred. When a r e l a t i v e l y  high dose of 7 

mg HRP, Sigma, type I I ,  per I00 g body weight was in jected during I-2 minutes 

into rats in which diuresis had been induced by mannitol or hypertonic saline, 

the renal clearance of HRP amounted to 10-15% of the inulin clearance (Table 

I ) .  The in jec t ion  of the antagonists to histamine and serotonin, together 

with HRP, resulted in s imi lar  clearance values as those obtained during manni- 

t o l -  and hypertonic sal ine- induced diuresis (Table I ) .  The antagonists to 

histamine and serotonin also caused diuresis. After the injection of HRP 

together with mannitol, the GFR and blood pressure sometimes showed a moderate 

and transient decrease and the hematocrit a moderate increase. 

The uptake of HRP into the renal cortex was 6-10 times lower when HRP was 

in jected together with the agents causing diuresis than when i t  was in jected 

alone (Table I I ) .  After the injection of HRP combined with mannitol, hyper- 

tonic saline or the antagonists, 21-25% of the in jected protein was excreted 
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in the urine during the f i r s t  20 minutes (Table I I ) .  However, when HRP was 

in jected alone, only 6% of the in jected protein was recovered in the urine 

during the f i r s t  20 minutes. The renal cortex contained re la t i ve l y  high 

concentrations of HRP at th is  time (Table I I ) .  During the period of high 

uptake and low excret ion of HRP, the fol lowing other changes were observed: 

a 30-50 mm Hg decrease in the blood pressure, a 50-80% decrease in the GFR, a 

50-80% decrease in the urine f low, and a 15-30% r ise in the hematocrit. 

TABLE I 

Comparison of urine flow, hematoerit, GFR, 
and renal clearances of HRP and sodium 
in diuretic and anti-diuretic rats a 

Urine 
flow Hemato- GFR CNa/CIn 

pl/min crSt % ml/min CHRp/CIn A % 

HRP alone 

Controls 8.3 _+ 1.8 43 _+ I 2.5 + 0.1 -- 

+ HRP (0-30') 1.4 + 0.4 56 + 5 0.6 + 0.4 <0.001 

+ HRP (30-60') 4.3 + 1.2 54 + 5 1.1 + 0.3 0.I c 

_83 c 

HRP ÷ ant~onists b 

Controls 5.4 ± 2.4 42 ~ 2 1.6 ~ 0,4 -- 

+ HRP 12.7 ~ 8.1 42 ~ 3 1.5 ~ 0.3 0.12 ~ 0.02 +64 ± 13 

HRP + hypertonic saline 

Controls 4.7 + 2.0 42 + I 2.2 _+ 0.6 -- 

+ HRP 33.4 + 22.6 46 + 2 2.2 _+ 0.6 0.I0 _+ 0.03 +97 _+ 

HRP + mannitol 

Controls 4.7 + 1.1 44 + 2 2.1 + 0.4 -- 

+ HRP 14.3 _+ 5.8 50 + 7 1.3 + 0.4 0.14 _+ 0.04 +64 + 18 

The values observed during the first 30 minutes after injection of HRP 
alone, when the urine flow was very slow, are shown separately from the 
values observed from 30-60 minutes, when the urine flow approached normal 
values again. 

The sodium clearances differed widely in different animals. Therefore, 
only the percentage differences of sodium clearances in the same animals, 
before and after injection of HRP, are shown in the last column. The 
differences for 3-4 rats were averaged. 

aThe values are the means of 3-4 experiments, with standard 
deviations. 

bHistadyl and Sansert, I mg each per kg body weight. 

CEstimated. 
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TABLE II 

Concentration of HRP in total particulate fractions 
of the renal cortex and percentage urinary excretion of HRP 

after injection of HRP alone or together with agents causing diuresis 

Concentration of HRP in 
total particulate fraction 

(units/m~ protein) 
Percentage urinary 
excretion of HRP 

Injected 
asents after 20 min after 90 min after 20 min after 90 min 

HRP alone 26.4 + 0.8 a 25.5 _+ 3.5 6.0 +_ 1,0 27.8 +_ 0.8 

HBP + antagonists __b 3.6 + 0.9 25.2 + 2.2 44.9 + 3.5 

HRP + mannitol __b 4.1 + 0.6 21.1 + 2.6 38.6 + 1.7 

HRP + hypertonic 
saline __b 2.7 + 0,3 25.5 + 4.9 44.9 _+ 6.5 

aThe values are the means of 3-4 experiments, with standard deviations. 
bNot tested. 

Fifteen to 20 minutes after the injection of HRP, high concentrations of the 

protein suddenly appeared in the urine and about 25% of the injected HRP was 

excreted during the following 60 minutes (Tables I, I I ) .  The blood pressure, 

GFR, and urine flow gradually returned towards normal values. The clearance 

of sodium was also much decreased. 

DISCUSSION 

The slow urine flow occurring during vascular leakage after the injection 

of a high dose of HRP made i t  d i f f icu l t  to relate the concentrations of HRP 

and sodium in the urine accurately to those in the blood, and corrections had 

to be made for the delayed transit of the urine through the catheter. The 

clearance values for HRP and sodium in anti-diuretic rats shown in Table I, 

should be considered, therefore to be estimations. However, the clearances 

could be measured accurately in diuretic rats when the urine flow was much 

increased. They also could be measured accurately when low doses of HRP which 

did not cause vascular leakage, were infused continuously. 

As was also observed previously (I-3), considerable amounts of HRP are 

taken up by the renal cortex 15-20 minutes after i ts i .v. injection at dose 
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levels high enough to cause vascular leakage. However, i t  could only be seen 

from renal clearance experiments that re la t i ve ly  l i t t l e  HRP was excreted in 

the urine during th is time. I t  can be estimated that the amounts of HRP reab- 

sorbed into the renal cortex ( total  part iculate fract ions) 20 minutes af ter  

the inject ion into d iuret ic  rats represented only 2% of the excreted HRP 

whereas i t  represented over 20% in the ant i -d iu re t ic  rats. Therefore, the 

glomerular sieving coef f ic ient  for HRP (molecular weight 40,000 daltons) in 

the d iuret ic  rats di f fered only s l i gh t l y  from the fract ional clearance values 

shown in Table I. These values were simi lar  to those reported by Rennke et 

al.  (9) for HRP and by Galaske et al.  (I0) for serum proteins of comparable 

molecular weights. An excellent review on the glomerular f i l t r a t i o n ,  reabsorp- 

t ion and excretion of proteins by the kidney was presented recently by Maack 

et al.  ( l l ) .  

I t  may be suggested that early af ter  the inject ion of a re la t i ve ly  high 

dose of HRP, the protein becomes highly concentrated in the glomerular f i l -  

t rate and is reabsorbed by the renal cortex in re la t i ve ly  high concentrations. 

Such a correlat ion would be in accordance with previous observations showing 

the concentration of HRP in the total  part iculate fract ions of the renal 

cortex to vary in proportion to that in the glomerular f i l t r a t e  ( I ) .  The flow 

rate or contact time may be related to the differences in protein uptake by 

the renal cortex. During diuresis,  the flow rate is increased. The contact 

of HRP to the tubular cel ls is then re la t i ve ly  short and, therefore, re la t ive-  

ly small amounts of protein may be reabsorbed (Table I I ) .  During vascular 

leakage (ant i -d iures is ) ,  the flow rate of the proximal tubular f lu id  is de- 

creased. The contact of HRP to the tubular cel ls is longer and thus the 

reabsorption of HRP into these cel ls may be re la t i ve ly  high. Although the 

concentration of HRP in the tubular f l u id  may be lower during diuresis, the 

load of HRP is increased and~arger amounts are excreted during diuresis than 

during ant i -d iures is  (Table I I ) .  The l a t t e r  effect may be related to the 

decreased plasma disappearance rates of HRP in the d iuret ic  rats (2,3). 
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The antagonists to histamine and serotonin also caused d iures is  (Table 

I ) .  I t  is not known whether the ef fects of the antagonists on the reabsorption 

and excret ion of HRP were related only to t he i r  d i u re t i c  propert ies or also to 

t he i r  antagonist ic  propert ies.  
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