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RENAL RESERVE FILTRATION 

CAPACITY IN MAN 



stellingen 

behorende bij het proefschrift van 

P.M. ter Wee 

Groningen 

11 februari 1987 

1 Het begrip "glomerulaire hyperfiltratie" dient gerelateerd te 

worden aan het onderliggende hemodynamische moment. 

2 Bij een verlies van nefronen wordt het door middel van 

dopamine stimuleerbare deel van de reserve filtratiecapaciteit 

van de nier aangesproken. 

3 Het ontstaan van diabetische nefropathie bij patienten met 

type I diabetes mellitus wordt mede bepaald door de kans op 

het krijgen van essentiele hypertensie. 

4 Bij de behandeling van diabetische nefropathie dient een 

eiwitbeperkt dieet overwogen te worden. 

5 Hyperalimentatie kan de farmacokinetiek van renaal geklaarde 

medicamenten belnvloeden. Dosisaanpassing op geleide van 

serumconcentraties is dan noodzakelijk. 

6 Het instellen van een eiwitbeperkt dieet heeft vooral zin bij 

patienten met proteinurie. 

7 Campylobacter pyloridis speelt waarschijnlijk een pathogene

tische rol bij gastritis en duodenitis. 

8 Als om obduktie wordt gevraagd, dient ook de mogelijkheid van 

orgaandonatie ter sprake te komen. 



9 Binnen de opleiding tot internist dient meer aandacht te 

warden besteed aan statistiek. 

10 Promoveren is een diep(t)e investering. 

11 Milieuverontreiniging vertoont overeenkomsten met hypertensie. 

Beiden zijn "silent killers". 

12 Arbeidsduurverkorting voor een arts-assistent is gelijk een 

fata morgana voor een dorstende in de woestijn. 
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Chapter 1 

INTRODUCTION 

The human body normally contains two kidneys which each 
contain roughly one million functional units called "nephrons". 
Such a nephron consists of a ball of very thin blood vessels, the 
glomerulus, which is attached to an unbranched tubule. The latter 
drains via a collecting duct, the renal pelvis and the ureter 
into the bladder. In former times, it was thought that the basic 
process in urine production consisted of secretion of fluid by 
the glomerulus [1-3), Later on, however, it became clear that the 
basic process was based on a difference in pressure between the 
glomerulus and the tubule (Bowman's space) resulting in ultra
filtration of fluid through the glomerular capillary wall [4,5). 
More recently, the insights in the factors which govern glomeru
lar filtration have been widely deepened. 

The determinants of glomerular ultrafiltration 

Four main factors determine glomerular ultrafiltration [6-
15). Firstly, the glomerular plasma flow (Q

A
) .  Secondly, the 

ultrafiltration coefficient (Kf) which is the product of the 
glomerular surface area and the hydraulic permeability of the 
glomerular wall. Thirdly, the transcapillary hydrostatic pressure 
difference (�P) which is the difference between the hydrostatic 
pressure in the glomerular capillary (PGC) and the hydrostatic 
pressure at the start-point of the tubule called Bowman's space 
(PT) .  Fourthly, the oncotic pressure (IT) in the glomerular 
capillary which counteracts the transcapillary hydrostatic 
pressure difference. As in Bowman's space the protein concentra-
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tion is extremely small [16), the oncotic pressure of the ultra
filtrate can be neglected. With those four factors single nefron 
glomerular filtration rate (SNGFR) can be calculated using the 
following equation: 

SNGFR 

From this equation can be seen that QA can affect SNGFR only 
indirectly by changing rr. 

studies in Munich-Wistar rats, a strain of rats which 
possesses superficial glomeruli easily accessible for micro
punction, have revealed that before the glomerular blood stream 
reaches the efferent arteriole the oncotic pressure in the 
glomerular capillary counterforces the transcapillary hydrostatic 
pressure difference completely and thus, prevents further 
filtration [6]. This condition is called filtration equilibrium. 
Further studies have demonstrated that in case of filtration 
equilibrium the glomerular plasma flow is the main determinant of 
glomerular ultrafiltration. There even appeared to exist a linear 
relationship between these variables as long as filtration 
equilibrium is reached and the oncotic value of arterial plasma 
does not change [8, 9). It is, however, doubtful whether filtra
tion equilibrium does exist in all species including man since, 
for instance, it has been demonstrated that in the dog glomerular 
haemodynamics are characterized by filtration disequilibrium 
[17). Nevertheless, other investigators have shown that in case 
of filtration disequilibrium glomerular plasma flow still remains 
the most important determinant of the glomerular filtration 
process [18, 19). Concerning the ultrafiltration coefficient, it 
was found that this determinant remained constant in a wide range 
of glomerular plasma flows [10) but will be reduced in case of a 
fall in glomerular protein concentration (i.e. oncotic pressure) 
[20, 21). The glomerular hydrostatic pressure declines only 
slightly along the glomerular capillary [6, 7). 
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Glomerular hyperfiltration 

In healthy rats the values for single nephron glomerular 
filtration rate (SNGFR) are within a narrow range [21). Interes
tingly, however, when renal mass is reduced, for instance in 
chronic pyelonephritis [22), ischaemic injury [11] or renal 
ablation [12, 23, 24), the range of values for SNGFR increases and 
SNGFR may amount to more than twice the value of its upper normal 
limit [22). This mainly is achieved by rises in glomerular plasma 
flow and hydrostatic pressure in the glomerular capillaries due 
to decreased resistances of afferent and efferent arterioles 
[12, 23). Thus, a loss of glomeruli is partially compensated for 
by hyperfiltration of the remnant glomeruli. 

One of the most striking events, however, is the fact that if 
single nephron hyperfiltration is induced by a 5/6 reduction of 
renal mass, rats progressively develop end-stage renal failure. 
This course is characterized by massive proteinuria and diffuse 
glomerulosclerosis [25-28), and made Brenner and co-workers 
develop the so-called "hyperfiltration theory": once a certain 
degree of reduction in renal mass has occurred, the compensatory 
increased glomerular plasma flow and filtration pressure in the 
remaining glomeruli are harmful to those glomeruli and ultimately 
cause glomerulosclerosis. Thus, a vicious circle originates which 
results in a progressively downhill course of renal function and 
might be a final common pathway for all renal diseases to end
stage renal failure [29-33). 

Factors influencing "harmful" hyperfiltration 

A reduction in renal mass is often accompanied by hyperten
sion [34, 35). After uninephrectomy an accelerated decrease in 
renal function has been demonstrated in spontaneously hyperten
sive rats compared with normotensive animals [36, 37). In rats 
with 5/6 reduction in renal mass, however, deterioration of renal 
function occurs even when they are kept normotensive whereas rats 
with partial infarction of one kidney develop hypertension but 
show only transient glomerular lesions [26). These findings are 
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in accordance with the hypothesis that renal function 
deteriorates autonomically once a critical amount of renal mass 
has vanished. In the latter situation glomerular hyperfiltration 
exists on which a superimposed hypertension will cause an 
accelerated decrease in renal function, whereas optimal blood 
pressure control doesnot prevent a further loss in renal 
function. 

A factor which appears to be successful in slowing down the 
deterioration of renal function is dietary protein restriction. 
It is well known that high protein intake can cause glomerulo
sclerosis [38-40). Likewise, in case of reduced renal mass (e.g. 
after uninephrectomy) , a high protein intake accelerates the loss 
in renal function [41-46). On the other hand protein-restricted 
healthy rats live longer than rats fed a high protein diet 
[47, 48). In case of reduced renal mass, protein restriction 
attenuates the loss of renal function [28, 49-52). Initially, Farr 
and Smadell postulated that a high protein load was harmful, 
because of a concomitant increased acid load [43, 44). Later on 
the beneficial effect of protein restriction was attributed to a 
reduced workload of the kidney because of a reduced necessity to 
excrete urea [53). Nowadays explanation yields in a beneficial 
effect of protein restriction on renal haemodynamics, i.e. in 
reducing glomerular hyperfiltration. As outlined before, Deen et 
al. [12) demonstrated that ablation of renal mass resulted in an 
increased SNGFR based on elevated glomerular pressure and flow. 
Hostetter et al. [28) showed that in case of subtotal nephrectomy 
values for SNGFR and glomerular plasma flow after restriction of 
protein intake were not significantly elevated when compared with 
control rats whereas:the glomerular hydrostatic pressure tended 
to be lower. Moreover, the glomerular lesions in these rats were 
considerably less severe when compared with non-protein
restricted animals. These findings support the assumption that 
protein restriction is protective against deterioration of renal 
function by preventing glomerular hyperfiltration (or glomerular 
hypertension) [28). 
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Does glomerular hyperfiltration exist in man ? 

Early protein restriction has been proven to have a 
favourable effect on the course of chronic renal disease in man 
(54-59] since an attenuated decline in renal function is observed 
after protein restriction, although a slight decrease in 
glomerular filtration rate (GFR) often occurs immediately after 
the institution of the protein-restricted diet (Table 1). A 
reduction in dietary protein does reduce proteinuria also in 
patients with moderate to severe renal insufficiency withhout or 
with nephrotic syndrome (59-61]. Analogous to observations in 
animal studies, these observations might indicate that also in 
man hyperfiltration in remnant glomeruli occurs. 

Table 1 
GFR ERPF 

LP HP LP HP 
** PR mean 42,2 46.9 181 209 

SD (±) 20.6 22.3 77 94 
C mean 37.0 35,4 154 146 

SD (±) 25.0 24.4 103 97 
*p<0.005; **p<0.001 

Effects of low protein diet (LP=30g daily) 
and high protein diet (HP=90g daily) on 
GFR and effective renal plasma flow. (ERPF; 
ml/min/1.73 m2 both) in patients with 
moderate to severe renal insufficiency. PR 
= protein-restricted patients (n=l8) and c 

control patients (n=5). Published with 
permission of the investigators (Schaap et 
al. (62]). 

* 

However, there are more indications that glomerular hyperfil
tration can occur in man. In obese individuals it has been 
demonstrated that GFR is increased when compared with the GFR of 
non-obese control subjects (63-65]. Likewise, in patients with 
acromegaly (66, 67] or insulin-dependent diabetes mellitus (68-70] 
an increased GFR can be found. Most convincing indications that 
human glomeruli can hyperfiltrate, however, are provided by 
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studies on renal haemodynamics in pregnant women and kidney 
donors. During pregnancy an increased GFR exists when compared 
with the GFR after delivery (71-74). This rise in GFR during 
gestation is attributed to renal vasodilatation induced by 
circulating prostaglandines (75), resulting in an increased 
effective renal plasma flow (ERPF) . ERPF increases even more than 
GFR and, therefore, causes a fall in the filtration fraction (FF 

GFR: ERPF) (73, 74), In kidney donors values for GFR and ERPF 
amount to roughly 70 per cent of the values prior to kidney 
donation (76-81). After a few months values for GFR and ERPF in 
the recipients may amount to more then 50 per cent of the donor 
values for GFR and ERPF before kidney donation (79). These 
observations indicate that the remnant kidney compensates for the 
loss of glomeruli by hyperfiltration. As it is unlikely that 
during pregnancy and after kidney donation the number of 
glomeruli increases, the observed rise in GFR must be attributed 
to an increased glomerular ultrafiltration. These observations 
also indicate that in healthy subjects a reserve in glomerular 
filtration capacity must be present. 

Basic aims of this thesis 

Based on the idea of a reserve in glomerular filtration 
capacity, two basic questions have risen which we shall try to 
answer in this thesis. Firstly, is it possible to demonstrate a 
reserve in glomerular filtration capacity in healthy subjects and 
if so, is it possible to measure the maximal GFR? Secondly, is 
this reserve in glomerular filtration capacity consumed in case 
of renal disease before renal function starts to decline and does 
the absence of reserve in glomerular filtration capacity point to 
the existence of glomerular hyperfiltration in moderate to severe 
renal insufficiency? In order to provide answers for these 
questions, changes of the GFR have been pursued by the infusion 
of dopamine and/or amino acids. 
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Dopamine 

Dopamine is an endogenous catecholamine which acts on a-adre
(vasoconstriction) , p-adrenergic receptors 

specific dopaminergic receptors [82]. The 
nergic receptors 
(vasodilatation) and 
latter receptors are amongst others located in cardiac, coeliac 
and renal vascular beds. Especially the dopaminergic receptors in 
the kidney are considered to have an important physiological 
function in the control of the renal blood flow [83] . Infusion of 
dopamine at a dose of 1-3 µg/kg/min causes renal vasodilatation 
[84-86]. The maximal increases in GFR and ERPF are observed at a 
dopamine infusion rate of 4 µg/kg/min (A.J. Smit; personal 
communication) . At higher doses, p-receptors located in the 
cardiac tissue also are stimulated, which results in an increased 
cardiac output. At doses exceeding 20 µg/kg/min, systemic and 
renal vasoconstriction occurs because of stimulation of a-recep
tors [84]. Administration of low-dose dopamine causes an increase 
in cortical blood flow together with a relative shift of flow 
from outer medulla to cortex [87]. The rise in renal blood flow 
is accompanied by an increase in GFR and sodium excretion 
[88,89]. FF falls during dopamine infusion [89, 90], This might be 
explained by an increased renal blood flow through nephrons with 
a low FF [91] and/or by a relatively larger increase in ERPF than 
GFR because of a fall in renal vascular resistance due to 
vasodilatation of afferent and efferent arterioles [92] . Thus, 
dopamine is an agent capable to increase GFR and, therefore, 
might be used to demonstrate the existence or absence of reserve 
glomerular filtration capacity. 

The effects of a low dose dopamine (1.5-2,0 µg/kg/min) on 
renal haemodynamics of 32 patients with IgA nephropathy, a fairly 
well defined renal disease, have been investigated. The results 
of this particular study are discussed in chapter II. In patients 
with IgA glomerulopathy the above-mentioned effects of dopamine 
on renal haemodynamics could be demonstrated. Furthermore, it was 
concluded that GFR could not be improved if baseline GFR amounted 
to 72 ml/min/1.73 m2 or less and, therefore, that the infusion of 
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a low dose of dopamine could be used to demonstrate the existence 

or absence of renal reserve filtration capacity. 
To compare the effects of low-dose dopamine between patients 

with IgA glomerulopathy and patients with other renal diseases, 
the investigations have been extended to other renal patients. 
Furthermore, the effects of dopamine on renal haemodynamics of 
healthy subjects and healthy individuals after uninephrectomy 

(due to trauma, kidney donation etc.) have been investigated and 

compared with the observations in patients with renal diseases. 

These patients were subdivided in three groups. The first group 

consisted of patients with an apparently normal GFR, that is a 
baseline GFR comparable with the baseline GFR of healthy 

subjects. The second group consisted of patients with moderate 

renal failure, that is a GFR between 30 and 90 ml/min/1.73 m2 • 

The third group consisted of patients with a severe impairment of 

renal function, defined as a baseline GFR <30 ml/min/1.73 m2 • The 

results of this study are discussed in chapter III. 

Protein intake and administration of amino acids 

It is well-known that protein intake as well as infusion of 
amino acids have a marked effect on GFR [93-106), It seems that 
this effect on GFR can be subdivided into an effect due to long

term protein intake and into an effect due to acute protein 
loading. A high daily protein intake is accompanied by a higher 

value for GFR when compared with the value obtained during a low 

daily protein intake as, for instance, was demonstrated by 
Pullman et al. [96). These investigators found an average 
difference between high dietary protein intake and low dietary 

protein intake of 22 ml/min. It has been demonstrated that the 

increase in GFR during a high protein intake is merely based on 
an increase in the ultrafiltration coefficient [100,106], which 

probably can be attributed to an increased glomerular filtration 

surface area (100), and a decrease in renal vascular resistance. 
The latter results in a rise in glomerular plasma flow and 

possibly in an increase in the transcapillary hydrostatic 
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pressure difference [100,106]. As the ERPF increases propor
tional to or even less than the GFR, the FF is unaffected or 
rises slightly during protein loading. 

The short-term effect of protein intake on normal glomerular 
filtration is demonstrated by a diurnal variation in GFR which is 
related to the food intake [95,102] and can be induced by a meat 
meal or by infusion of amino acids [97-104), Several authors have 
found that the increase in GFR thus obtained is probably 
independent of baseline GFR [94,105,107] although Bosch et al. 
[102) showed that after a protein load GFR increases more during 
a low protein diet than during a high protein diet. It is likely 
that the factors mentioned above also contribute to the rise in 
GFR during short-term protein loading. However, it might be that 
changes in glomerular plasma flow are less important since Zager 
et al. [108) demonstrated in rats that renal blood flow, measured 
with flow probes, did not alter significantly after the infusion 
of amino acids. The latter indicates that changes in GFR after 
short-term protein loading or amino acid infusion mainly seem to 
be based on an increased ultrafiltration coefficient and/or a 
rise in glomerular hydrostatic pressure difference. 

Until now it is not clear what induces the rise in GFR during 
protein loading. A very interesting hypothesis was postulated by 
Alvestrand and Bergstrom [109). They proposed the theory that the 
increase in GFR observed after a protein gift or infusion of 
amino acids is induced by a factor (hormone) called 11glomerulo
pressin11, synthesized in the liver. This factor was first found 
in the toad by Uranga [110-112). and, later on, could be 
demonstrated in the rat, the rabbit and the dog [113-115). It has 
been excluded that this factor is glucagon since infusion of 
glucagon into the renal artery of dogs does not change GFR 
whereas plasma derived from the hepatic vein after infusion of 
glucagon into the portal vein, results in a significant increase 
in GFR [116,117] , This also indicates that glucagon might be a 
mediator to release glomerulopressin. It is thought that 
glomerulopressin induces afferent vasodilatation and thus 
increases the transcapillary pressure difference [118), although 
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effects on the ultrafiltration coefficient are not excluded. So 
far, only indirect evidence has been provided that glomerulo
pressin also may exist in man: in patients with liver cirrhosis a 
protein gift does not increase GFR (119). 

Bosch et al. (102) and Hostetter (120) have demonstrated that 
a meat meal can be used to test renal reserve filtration 
capacity. Infusion of amino acids and a meat meal do increase GFR 
to the same extent (121). In this thesis we have used the 
infusion of an amino acid solution (Vamin�; KabiVitrum, Limoges, 
France) to demonstrate the existence or absence of reserve 
filtration capacity. Investigations were performed in healthy 
subjects, in healthy individuals after uninephrectomy and in 
patients with renal disease, who were subdivided as outlined 
above. The results of this study are discussed in chapter IV. 

As mentioned before, dopamine infusion results in a fall in 
FF. However, infusion of amino acids does not affect or even 
increases FF. These observations indicate that dopamine and amino 
acids exert their effect on GFR in different ways. Therefore, the 
effects of a combined infusion of dopamine and amino acids on 
renal haemodynamics were studied to investigate in what way these 
agents interact. The results of this particular study are 
discussed in chapter v. 

Diabetes mellitus 

Approximately 40 per cent of all patients with Type I 
(insulin-dependent) diabetes mellitus develop renal failure due 
to diabetic nephropathy (122-127). Proteinuria and hypertension 
frequently are the first signs of an existing diabetic nephro
pathy. Once clinical proteinuria occurs, the average period until 
end-stage renal failure has developed amounts to five years 
(128). Optimal blood glucose control cannot prevent this (129). 
Prolonged hyperfiltration and rnicroalburninuria, the latter 
probably partially the result of hyperfiltration, usually are 
considered to be provoking factors in the development of diabetic 
nephropathy [130,131], whereas inadequate blood pressure control 
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will accelerate the progression of diabetic nephropathy to end
stage renal failure [132). 

An increased GFR can be found in Type I diabetic patients 

despite good metabolic control [70, 133-135). Poor metabolic 
control even results in a further increase in GFR [68, 69) in 
which hyperglycaemia [136, 137], elevated glucagon levels [138), 

the postulated "glomerulopressin" [109) and other factors may be 
involved. In rat studies it has been demonstrated that the 

increased GFR during moderate hyperglycaemia is mainly based on a 

rise in glomerular hydrostatic pressure and plasma flow because 

of a predominantly afferent vasodilatation [106, 139]. As the 

glomerular filtration rate increases more than the glomerular 

plasma flow, 

and FF can 

demonstrated 

surface area 

FF rises. In diabetic patients an increase in GFR 

be found also [68, 135]. Furthermore, it has been 
that in diabetes mellitus an increased glomerular 

can exist [140, 141] which possibly affects GFR by 
means of an increased ultrafiltration coefficient. However, this 

observation cannot completely account for the elevated GFR since 

optimal metabolic control decreases GFR, while the glomerular 

surface area remains the same [141). Another factor which might 

be involved in the supernormal GFR is a general fall in renal 

vascular resistance. The latter has proven to occur when kidney 

size increases [142) and results in a rise in glomerular plasma 

flow. A change 

Br�chner-Mortensen 
that in diabetes 

in extracellular volume has been excluded by 

et al. [143). These investigators have found 

mellitus the extracellular volume is not 
elevated and, therefore, that the supernormal GFR reflects a real 

hyperfiltration. Thus, several factors have been implicated to 

explain the rise in GFR in Type I diabetic patients, which is 
thought to initiate diabetic nephropathy [144). 

To investigate whether the supernormal GFR in well-controlled 

Type I diabetic patients leads to a loss of reserve filtration 
capacity, we firstly have studied the effect of low-dose dopamine 

on renal haemodynamics of patients with well-regulated short-term 

diabetes mellitus. The results are given in chapter VI. However, 

as in diabetes mellitus the FF is unaffected or increased, a 
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phenomenon that also can be found after protein or amino acid 
loading, it might be that mechanisms through which amino acids or 

protein affect GFR are involved in the supernormal GFR of Type I 

diabetic patients. Therefore, the effects of amino acids on renal 
haemodynamics in Type I diabetic patients were studied and 
compared with the effects of dopamine, infused separately as well 

as combined with amino acids, on renal haemodynamics of diabetic 
patients. The results of the latter study are discussed in 

chapter VII. 

Methods 

A standard procedure which consists of a combination of the 

standard method and the constant infusion method was used to 
determine GFR and ERPF simultaneously [145), The GFR was 
measured with 125 I-iothalamate which has proven to be a satisfac

tory substitute for inulin [134), 131 I-hippurate was used to 

measure the ERPF. The clearances of 131 I-hippurate and p-amino
hippurate are both representative of the ERPF as long as the 

difference in extraction is taken into account [146). The 

radiopharmaceuticals were infused at a constant rate after a 
priming dose was given. After an equilibration period of one and 

a half hour, two 2-hour clearances were determined, each 

calculated from the 2-hour urinary tracers excretion and the mean 

serum tracer values of three blood samples drawn at the 

beginning, midway and the end of each period using the formula 

UxV/120xP (U=urine counts, V=urine volume, P=plasma counts). The 

coefficient of variation of the day to day determinations for the 

GFR amounts to �2.2 per cent and for the ERPF to �5.0 per cent 
[145). The measurements were carried out in supine position, but 

the subjects were allowed to void in upright position, if 
necessary. A diuresis of at least 100 ml per hour was procured by 
oral administration of fluids. 

If the effects of low-dose dopamine on renal haemodynamics 
had to be investigated, the standard procedure was prolonged for 
another 2-hour period during which dopamine was infused at a dose 
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of 1. 5-2. 0 µg/kg/min. The values for GFR and ERPF thus obtained 
were compared with the values for GFR and ERPF of the preceding 
2-hour period. 

The effects of amino acids were studied as follows. On day 
one, a standard procedure was carried out to determine baseline 
GFR and ERPF. On day two, the infusion of a 7 per cent amino acid 
solution (Vamin¾) was started at 6. 00 p. m. at a rate of 83 
ml/hr. This is equal to the amount used by von Graf et al. who 
infused a 10 per cent amino acid solution at a rate of 60 ml/hr 
[101). On day three, the above-mentioned procedure including the 
dopamine infusion was repeated while the amino acid infusion was 
continued. 

As outlined before, FF is defined as the ratio GFR: ERPF. The 
normal values for FF in our laboratory vary between 0. 22 and 
0. 28. 

A common mercury sphygmomanometer was used to measure blood 
pressure. Mean arterial pressure was calculated by adding one 
third of the pulse pressure to the diastolic pressure. Blood 
pressure and heart rate were measured every 15 minutes during the 
last two hours of the standard procedure and during dopamine 
infusion. 

13 



References 

1 Bowman w. on the structure and use of the Malpighian bodies of 
the kidney, with observations on the circulation through that 
gland, Philos Trans R Soc London (Biol Sci) 1842; 132: 57 

2 Smith HW. The Kidney, pp XV (Oxford University Press, New 
York 1951) 

3 Brenner BM, Ichikawa I, Deen WM. Glomerular filtration. In: 
Brenner BM, Rector Fe jr, (eds) . The Kidney, pp 289. (Saun
ders, Philadelphia 1981) 

4 Ludwig c. Beitrage zur Lehre vom Mechanismus der Harnsecre
tion. Marburg, Elwert 1843 

5 Wearn JT, Richards AN. Observations on the composition of 
glomerular urine, with particular reference to the problem of 
reabsorption in the renal tubule. Arn J Physiol 1924; 71: 209 

6 Brenner BM, Troy JL, Daugharty TM. The dynamics of glomerular 
ultrafiltration in the rat. J Clin Invest 1971; 50: 1776 

7 Deen WM, Robertson CR, Brenner BM. A model of glomerular 
ultrafiltration in the rat. Arn J Physiol 1972; 223: 1178 

8 Brenner BM, Troy JL, Daugharty TM, Deen WM, Robertson CR. 
Dynamics of glomerular ultrafiltration in the rat. II. Plasma
flow dependence of GFR. Arn J Physiol 1972; 223: 1184 

9 Robertson CR, Deen WM, Troy JL, Brenner BM. Dynamics of glome
rular ultrafiltration in the rat. III. Hemodynamics and auto
regulation. Arn J Physiol 1972; 223: 1191 

10 Deen WM, Troy JL, Robertson CR, Brenner BM. Dynamics of glome
rular ultrafiltration in the rat. IV. Determination of the 
ultrafiltration coefficient. J Clin Invest 1973; 52: 1500 

11 Daugharty TM, Ueki JF, Mercer PF, Brenner BM. Dynamics of 
glomerular ultrafiltration in the rat. V. Response to ischemic 
injury. J Clin Invest 1974; 53: 105 

12 Deen WM, Maddox DA, Robertson CR, Brenner BM. Dynamics of 
glomerular ultrafiltration in the rat. VII. Response to 
reduced renal mass. Arn J Physiol 1974; 227: 556 

13 Andreucci VE, Herrera-Acosta J, Rector FC jr, Seldin DW. 
Effective glomerular filtration pressure and single nephron 
filtration rate during hydropenia, elevated urethral pressure, 
and acute volume expansion with isotonic saline. J Clin Invest 
1971; 50: 2230 

14 Hayslett JP. Functional adaptation to reduction in renal 
mass. Physiol Rev 1979; 59: 137 

15 Fried TA, Stein JH. Glomerular Dynamics. Arch Int Med 1983; 
143: 787 

16 Gaizutis M, Pesce 
amounts of albumin 
17: 327 

AJ, Lewy JE. Determination of nanogram 
by radio-immune-assay. Microchem J 1972; 

17 Ott CE, Marchand GR, Diaz-Buxo JA, Knox FG, Determinants of 
glomerular filtration rate in the dog. Arn J Physiol 1976; 231: 
235 

18 Tucker 
nephron 

19 Brenner 
tion. N 

BJ, Blantz RC. An analysis of the determinants of 
filtration rate. Arn J Physiol 1977; 232: F477 

BM, Humes HD. Mechanisms of glomerular ultrafiltra
Eng J Med 1977; 297: 148 

14 



20 Baylis C, Ickikawa I, Willis WT, Wilson CB, Brenner BM. 
Dynamics of glomerular ultrafiltration. IX. Effects of plasma 
protein concentration. Am J Physiol 1977; 232: F58 

21 Blantz RC, Effect of mannitol on glomerular ultrafiltration in 
the hydropenic rat. J Clin Invest 1974; 54: 1135 

22 Bank N, Aynedjian HS. Individual nephron function in experi
mental bilateral nephritis. I. Glomerular filtration rate and 
proximal tubule sodium, potassium and water reabsorption. J 
Lab Clin Med 1966; 68: 713 

23 Kaufman JM, Sugel NJ, Hayslett JP. Functional and hemodynamic 
adaptation to progressive renal ablation. Circ Res 1975; 36: 
286 

24 Chevalier RL, Kaiser DL. Effects of acute uninephrectomy and 
age on renal blood flow autoregulation in the rat. Am J 
Physiol 1985; 249: F672 

25 Shimamura T, Morrison 
occurring in partial 
1975; 79: 95 

AB. A progressive glomerulsclerosis 
five-sixths nephrectomy. Am J Pathol 

26 Purkerson ML, Hoffstein PE, Klahr s. Pathogenesis of the 
glomerulopathy associated with renal infarction in rats. 
Kidney Int 1976; 9: 407 

27 Shea SM, Raskova J, Morrsion AB. A stereological study of 
glomerular hypertrophy in the subtotally nephrectomized rat. 
Am J Pathol 1978; 90: 201 

28 Hostetter TH, Olson JL, Rennke HG, Venkatachalam MA, Brenner 
BM. Hyperfiltration in remnant nephrons: a potentially adverse 
response to renal ablation. Am J Physiol 1981; 241: F85 

29 Brenner BM, Meyer TM, Hostetter TH. Dietary protein intake and 
the progressive nature of kidney diseases. N Eng J Med 1982; 
307: 652 

30 Hostetter TH, Rennke HG, Brenner BM. Compensatory renal heme
dynamic injury: a final common pathway of residual nephron 
destruction. Am J Kidney Dis 1982; 1: 310 

31 Brenner BM. Hemodynamically mediated glomerular injury and the 
progressive nature of kidney disease. Kidney Int 1983; 23: 647 

32 Hostetter TH. The hyperfiltering glomerulus. Med Clin N Amer 
1984; 68: 387 

33 Brenner BM. Nephron adaptation to renal injury or ablation. Am 
J Physiol 1985; 249: F324 

34 Chanutin A, Ferris E. Experimental renal insufficiency 
produced by partial nephrectomy. I. Control diet. Arch Int Med 
1932; 49: 767 

35 Koletsky s, Goodsitt AM. Natural history and pathogenesis of 
renal ablation hypertension. Arch Pathol 1960; 69: 654 

36 Azar s, Johnson MA, Hertel B, Tobian L. Single nephron 
pressures, flows and resistances in hypertensive kidneys with 
nephrosclerosis. Kidney Int 1977; 12: 28 

37 Azar s, Johnson MA, Iwai J, Bruno L, Tobian L. Single-nephron 
dynamics in "post-salt" rats with chronic hypertension. Lab 
Clin Med 1978; 91: 156 

38 Osborne TB, Mendel LB, Park EA, Winternitz MC. Variations in 
the kidney related to dietary factors. Am J Physiol 1925; 72: 
2 2 2  

15 



39 Osborne TB, Mendel LB, Park EA, Winternitz MC. Physiological 
effects of diets unususally rich in protein or inorganic 
salts. J Biol Chem 1927; 71: 317 

40 Newburg LH, Curtis AC. Production of renal injury in the white 
rat by the protein of the diet. Dependence of the injury on 
the duration of the feeding, and on the amount and kind of 
protein. Arch Int Med 1928; 42: 801 

41 Moise TS, Smith AH. The effect of high protein diet on the 
kidneys. Arch Pathol Lab Med 1927; 4: 530 

42 Medlar EM, Blatherwick NR. The pathogenesis of dietary 
nephritis in the rat. Am J Pathol 1937; 13: 881 

43 Farr LE, Smadell JE. The effect of dietary protein on the 
course of nephrotoxic nephritis in rats. J Exp Med 1939; 70: 
615 

44 Smadell JE, Farr LE. The effect of diet on the pathological 
changes in rats with nephrotoxic serum nephritis. Am J Pathol 
1939; 15: 199 

45 Wachtel LW, Cole LJ, Rosen VJ. X-ray-induced glomerulosclero
sis in rats: modification of lesion by food restriction, 
uninephrectomy and age. J Gerontol 1966; 21: 442 

46 Lalich JJ, Allen JR. Protein overload nephropathy in rats with 
unilateral nephrectomy. II. Ultrastructural study. Arch Pathol 
Lab Med 1971; 91: 372 

47 Berg BN, Simms HS. Nutrition and longevity in the rat. II. 
Longevity and onset of disease with different levels of food 
intake. J Nutr 1960; 71: 255 

48 Berg BN, Simms HS, Nutrition and longevity in the rat III. 
Food restriction beyond 800 days. J Nutr 1961; 74: 23 

49 Kleinknecht c, Salusky I, Breyer M, Gubler M-c. Effect of 
various protein diets on growth, renal function, and survival 
of uremic rats. Kidney Int 1979; 15: 534 

50 Salusky I, Kleinknecht c, Breyer M, Gubler M-C. Prolonged 
renal survival and stunting with protein-deficient diets in 
experimental uremia. J Lab Clin Med 1981; 97: 21 

51 El-Nahas AM, Paraskevakou H, Zoob s, Rees AJ, Evans DJ. Effect 
of dietary protein restriction on the development of renal 
failure after subtotal nephrectomy in rats. Clin Science 1983; 
65: 399 

52 Kenner CN, Evan AP, Blomgren P, Aronoff GR, Luft FC. Effect of 
protein intake on renal function and structure in partially 
nephrectomized rats. Kidney Int 1985; 27: 739 

53 Addis T. Glomerular nephritis: diagnosis and treatment, pp 
222. (McMillan Co, New York 1948) 

54 Barsotti G, Guiducci A, Ciardelli F, Giovannetti s. Effects on 
renal function of a low nitrogen diet supplemented with 
essential amino acids and ketoanalogues and of hemodialysis 
and free protein supply in patients with chronic renal 
failure. Nephron 1981; 27: 113 

55 Giordano C. Protein restriction in chronic renal failure. 
Kidney Int 1982; 22: 401 

56 Gretz N, Korb E, Strauch M. Low-protein diet supplemented by 
ketoacids in chronic renal failure: a prospective controlled 
study. Kidney Int 1983; 24 (suppl 16) : S263 

16 



57 Alvestrand A, Ahlberg M, Bergstrom J. Retardation of the 
progression of renal insufficiency in patients treated with 
low-protein diets. Kidney Int 1983; 24 (suppl 16) : S268 

58 Maschio G, Oldrizzi L, Tessitore N, D'Angelo A, Valvo E, Lupo 
A, Loschiavo c, Fabris A, Gammaro L, Rugiu C, Panzetta G. 
Early dietary protein and phosphorus restriction is effective 
in delaying progression of cnronic renal failure. Kidney Int 
1983; 24 (suppl 16) : S273 

59 Rosman JB, ter Wee PM, Meijer s, Piers-Becht TPM, Sluiter WJ, 
Donker AJM. Prospective randomized trial of early dietary 
protein restriction in chronic renal failure. Lancet 1984; 
ii: 1291 

60 Van der Meulen J, Gooren L, Oe PL. Low-protein diet increases 
serum albumin by reducing proteinuria in some nephrotic 
patients. Proc EDTA-ERA 1985; 22: 1083 

61 Kaysen GA, Gambertoglio J, Jimenez I, Jones H, Hutchison F. 
Effect of dietary protein intake on albumin homeostasis in 
nephrotic patients Kidney Int 1986; 29: 572 

62 Schaap GH, Bilo HJG, Alferink THR, Oe PL, Donker AJM. The 
influence of a high protein (HP) versus a low protein (LP) 
diet on the kidney function in moderate to severe renal 
insufficiency. Kidney Int 1986; 30 

63 Br¢chner-Mortensen J, Rickers H, Balslev I. Renal function and 
body composition before and after intestinal bypass operation 
in obese patients. Scand J Clin Invest 1980; 40: 695 

64 Stokholm KH, Br¢chner-Mortensen J, Hoilund-Carlsen PF. 
Increased glomerular filtration rate and adrenocortical 
function in obese women. Int J Obes 1980; 4: 57 

65 Kasiske BL, Napier J. Glomerulosclerosis in patients with 
massive obesity. Am J Nephrol 1985; 5: 45 

66 Ikkos D, Ljunggren H, Luft R. Glomerular filtration rate and 
renal plasma flow in acromegaly. Acta Endocrinol 1956; 21: 226 

67 Falkheden T, Sjogren B. Extracellular fluid volume and renal 
function in pituitary insufficiency and acromegaly. Acta 
Endocrinol 1964; 46: 80 

68 Mogensen CE, Andersen MJF. Increased kidney size and 
glomerular filtration rate in untreated juvenile diabetes: 
normalization by insulin treatment. Diabetologia 1975; 11: 221 

69 Christiansen JS, Gammelgaard J, Tronier B, Svendsen PA, 
Parving HH. Kidney function and size in diabetes before and 
during initial insulin treatment. Kidney Int 1982; 21: 683 

70 Christiansen JS, On the pathogenesis of the increased glomeru
lar filtration rate in short-term insulin-dependent diabetes. 
Dan Med Bull 1984; 31: 349 

71 Sims EAH, Krantz KE. Serial studies of renal function during 
pregnancy and the puerperium in normal women. J Clin Invest 
1958; 37: 1764 

72 Semple PF, Carswell W, Boyle JA. Serial studies of the renal 
clearance of urate and inulin during pregnancy and after the 
puerperium in normal women. Clin Sci Mol Med 1974; 47: 559 

73 Davison JM, Dunlop w. Renal hemodynamics and tubular function 
in normal human pregnancy. Kidney Int 1980; 18: 152 

17 



74 Katz AJ, 
Pregnancy 
192 

Davison JM, Hayslett JP, Singson E, Lindheimer MD. 
in women with kidney disease, Kidney Int 1980; 18: 

75 Donker AJM, Min I, Venuto RC. The conscious instrumented 
rabbit: a model for the study of mechanisms of blood pressure 
regulation during pregnancy. Hypertension 1983; 5: 514 

76 Krohn AG, Ogden DA, Holmes JH. Renal function in 29 healthy 
adults before and after nephrectomy. JAMA 1966; 196: 110 

77 Donadio JV, Farmer CD, Hunt JC, Tauxe WN, Hallenbeck GA, 
Shorter RG. Renal function in donors and recipients of renal 
allotransplantation. Ann Int Med 1967; 66: 105 

78 Ogden DA. Donor and recipient function 2 to 4 years after 
renal homotransplantation. Ann Int Med 1967; 67: 998 

79 Flanigan WJ, Burns RO, Takacs FJ, Merrill JP. Serial studies 
of glomerular filtration rate and renal plasma flow in kidney 
transplant donors, identical twins, and allograft recipients. 
Am J surgery 1968; 116: 788 

80 Pubico RC, McKenna BA, Freeman RB. Renal function before and 
after unilateral nephrectomy in renal donors. Kidney Int 1975; 
8: 166 

81 Davison JM, Uldall PR, Walls J, Renal function studies after 
nephrectomy in renal donors. Br Med J 1976; i: 1050 

82 Goldberg LI. Cardiovascular and renal actions of dopamine: 
potential clinical applications. Pharm Rev 1972; 24: 1 

83 Chapman BJ, Horn NM, Munday KA, Robertson MJ. The actions of 
dopamine and of sulpiride on regional blood flow in the rat. J 
Physiol 1980; 298: 437 

84 Rahmdohr B, Biamino G, Schroder R. Vergleichende Unter
suchungen uber die Wirkung von Dopamin und Orciprenalin am 
gesunden Menschen: Muskeldurchblutung, Nierendurchblutung, 
Nierenfunktion. Klin Wschr 1975; 50: 149 

85 Goldberg LI. Dopamine: clinical use of an endogenous 
cathecholamine. N Eng J Med 1974; 291: 707 

86 McNay JL, McDonald RH jr, Goldberg LI. Direct renal vasodila
tation produced by dopamine in the dog. circ Res 1965; 16: 210 

87 Huland H, Augustin HJ, Baumgarten HG, Jenner s. Effect of 
dopamine on renal hemodynamics in the denervated dog kidney. 
Urol Res 1981; 9: 5 

88 McDonald RH, Goldberg LI, McNay JL, Tuttle EP. Augmentation of 
sodium excretion and renal blood flow by dopamine in man. Clin 
Res 1963; 11: 248 

89 McDonald RH, Goldberg LI, McNay JL, Tuttle EP. Effects of 
dopamine in man: augmentation of sodium excretion, glomerular 
filtration rate and renal plasma flow. J Clin Invest 1964: 43: 
1116 

90 Vlachoyannis J, Weismuller G, Schoeppe W. Effects of dopamine 
on kidney function and on the adenyl cyclase phosphodiesterase 
system in man. Europ J Clin Invest 1976; 6: 131 

91 Bruns FJ, Alexander EA, Riley AL, Levinsky NG. Superficial and 
juxtamedullary nephron function during saline loading in the 
dog. J Clin Invest 1974; 53: 971 

92 Edwards RM. Response of isolated arterioles to acetylcholine, 
dopamine and bradykinin. Kidney Int 1984; 25: 287 

93 Shannon JA, Jolliffe N, Smith HW. The excretion of urine in 
the dog. IV. The effect of maintenance diet, feeding, etc., 

18 

r 



upon the quantity of glomerular filtrate. Am J Physiol 1932; 
102: 625 

94 Pitts RF. The effects of infusing glycin and varying the 
dietary protein intake on renal hemodynamics in the dog. Am J 
Physiol 1944; 142: 355 

95 Addis T, Barrett E, Pao L.J, Ureen HJ, Lippman RW. The 
relation between protein consumption and diurnal variations 
of the endogenous creatinine clearance in normal individuals. 
J Clin Invest 1951; 30: 206 

96 Pullman TN, Alving AS, Dern RJ, Landowne M. The influence of 
dietary protein intake on specific renal functions in normal 
man. J Lab Clin Med 1954; 44: 320 

97 O'Connor WJ, Summerill RA. The effect of a meal of meat on 
glomerular filtration rate in dogs at normal urine flows. J 
Physiol 1976; 256: 81 

98 O'Connor WJ, Summerill RA. The excretion of urea by dogs 
following a meat meal. J Physiol 1976; 256: 93 

99 Johannesen J, Lie M, Kiil F. Effect of glycine and glucagon 
on glomerular filtration and renal metabolic rates. Am J 
Physiol 1977; 233: F61 

100 Ichikawa I, Purkerson ML, Klahr s, Troy JL, Martinez
Maldonado M, Brenner BM. Mechanism of reduced glomerular 
filtration rate in chronic malnutrition. J Clin Invest 1980; 
65: 982 

101 Graf H, Stummvoll HK, Luger A, Prager R. Effect of amino acid 
infusion on glomerular filtration rate. N Eng J Med 1983; 
308: 159 

102 Bosch JP, Saccagi A, Lauer A, Ronco C, Belledonne M, Glabman 
s. Renal functional reserve in humans. Am J Med 1983; 75: 943 

103 Bosch JP, Lauer A, Glabman S. Short-term protein loading in 
assessment of patients with renal disease. Am J Med 1984; 77: 
873 

104 Jones G, Lee K, Swaminathan R. Glomerular filtration response 
to acute protein load. Lancet 1985; ii: 838. 

105 Bergstr8m J, Ahlberg M, Alvestrand A. Influence of protein 
intake on renal hemodynamics and plasma hormone concentra
tions in normal subjects. Acta Med Scand 1985; 217: 189 

106 Zatz R, Meyer TW, Rennke HG, Brenner BM. Predominance of 
hemodynamic rather than metabolic factors in the pathogenesis 
of diabetic glomerulopathy. Pree Natl Acad Sci 1985; 82: 5963 

107 Mansy H, Patel D, Tapster s, Torrance A, Wilkinson R. Four 
ways to recruit renal functional reserve. Nephrol Dial 
Transpl 1986 (in press) 

108 Zager A, Venkatachalam MA. Potentiation of ischemic renal 
injury by amino acid infusion. Kidney Int 1983; 24: 620 

109 Alvestrand A, Bergstrom J. Glomerular hyperfiltration after 
protein ingestion, during glucagon infusion, and in insulin
dependent diabetes is induced by a liver hormone: deficient 
production of this hormone in hepatic failure causes hepato
renal syndrome. Lancet 1984; i: 195 

110 Uranga J. Influence of the liver on regulation of glomerular 
pressure in the toad. Am J Physiol 1967; 213: 1244 

111 Uranga J. Humeral regulation of glomerular pressure in the 
toad kidney. Acta Physiol Lat 1967; 17: 95 

19 



112 Uranga J. The hepatic production of a glomerular pressure 
substance in the toad (Bufo arenarum) , Gen Comp Endocrinol 
1969; 13: 179 

113 Uranga J. Some characteristics of hepatic glomerular 
pressuere substance. Am J Physiol 1971; 220: 1617. 

114 Uranga J, Fuenzalida R. Effect of glomerulopressin and a 
rabbit glomerulopressin-like substance in the rat. Horm Metab 
Res 1975; 7: 180 

115 Del Castillo E, Fuenzalida R, Uranga J. Increased glomerular 
filtration rate and glomerulopressin activity in diabetic 
dogs. Horm Metab Res 1977; 9: 46 

116 Uranga J, Fuenzalida R, Rapoport AL, del Castillo E. Effect 
of glucagon and glomerulopressin on the renal function of the 
dog, Horm Metab Res 1979; 11: 275 

117 Premen J. Importance of the liver during glucagon-mediated 
increases in canine renal hemodynamics. Am J Physiol 1985; 
249: F319 

118 Uranga J. Effect of glomerulopressin, oxytocin, and norepine
phrine on glomerular pressure in the toad. Gen Comp 
Endocrinol 1973; 20: 515 

119 Hirschberg R, von Herrath D, Pauls A, Schaeffer K. No rise in 
glomerular filtration rate after protein load in severe liver 
disease. Lancet 1984; i i :  1047 

120 Hostetter TH. Renal hemodynamic response to a meat meal in 
humans. Kidney Int 1983; 25: 168 

121 Bilo HJG, Schaap GH, ten Kate RW, Alferink THR, Oe PL, Denker 
AJM. The effect of proteins (P) , amino acids (AA) and 
dopamine (D) on renal function of normal subjects. Nephrol 
Dial Transpl 1�86 (in press) 

122 Arieff AL, Myers BD. Diabetic nephropathy. In: Brenner BM, 
Rector FC jr (eds) . The Kidney, pp 1906. (Saunders, 
Philadelphia 1981) 

123 Viberti GC. Early functional and morhological changes in 
diabetic nephropathy. Clin Nephrol 1979; 12: 47 

124 Mauer SM, Steffes MW, Brown DM. The kidney in diabetes. Am J 
Med 1981; 70: 603 

125 Keen H, Viberti GC. Genesis and evolution of diabetic nephro
pathy. J Clin Pathol 1981; 34: 1261 

126 Berden JHM, Hoitsma AJ, Wetzels JFM, Koene RAP. Diabetische 
nefropathie. Ned Tijdschr Gen 1985; 47: 2247 

127 Krolewski AS, :Warram JH, Christlieb AR, Busick EJ, Kahn CR , 
The changing natural history of nephropathy in Type 1 
diabetes. Am J Med 1985; 78: 785 

128 Andersen AR, Christiansen JS, Andersen 
T. Diabetic nephropathy in Type 
diabetes: an epidemiological study. 
496 

JK, Kreiner S, Deckert 
1 (insulin-dependent) 
Diabetologia 1983; 25: 

129 Van Ballegooie E, de Jong PE, Sluiter WJ. The effect of 
continuous subcutaneous insulin infusion on renal function in 
Type 1 diabetic patients with and without proteinuria. Proc 
EDTA-ERA 1984; 21: 722 

130 Mogensen CE. Blood pressure, renal hemodynamics and albumin 
excretion as predictors for diabetic nephropathy. Diabetic 
Nephr 1985; 4: 30 

20 



131 Viberti GC, Keen H. The patterns of proteinuria in diabetes 
mellitus. Diabetes 1984; 33: 686 

132 Parving HH, Andersen AR, Smidt UM, Svendsen PA. Early 
aggressive anti-hypertensive treatment reduces rate of 
decline in kidney function in diabetic nephropathy. Lancet 
1983; i: 1175 

133 Mogensen CE. Glomerular filtration rate and renal plasma flow 
in short-term and long-term juvenile diabetes mellitus. Scand 
J Clin Lab Invest 1971; 28: 91 

134 Br¢chner-Mortensen J. Glomerular filtration rate and extra
cellular fluid volumes during normoglycemia and moderate 
hyperglycemia in diabetics. Scan J Clin Lab Invest 1973; 32: 
311 

135 Feldt-Rasmussen B, Mathiesen ER, Hegedus L, Deckert T. Kidney 
function during 12 months of strict metabolic control in 
insulin-dependent diabetic patients with incipientnephro
pathy. N Eng J Med 1986; 314: 665 

136 Christiansen JS, Frandsen M, Parving HH. Effect of 
intravenous glucose infusion on renal function in normal man 
and in insulin-dependent diabetics. Diabetologia 1981; 21: 
368 

137 Wiseman MJ, Viberti GC, Keen H. Threshold effect of plasma 
glucose in the glomerular hyperfiltration of diabetes, 
Nephron 1984; 38: 257 

138 Aguilar-Parada E, Eisentraut AM, Unger RH. Pancreatic 
glucagon secretion in normal and diabetic subjects. Am J Med 
Sci 1969; 257: 415 

139 Hostetter TH, Troy JL, Brenner BM. Glomerular hemodynamics in 
experimental diabetes mellitus. Kidney Int 1981; 19: 410 

140 ¢sterby R, Gundersen HJG. Glomerular size and structure in 
diabetes mellitus. I. Early abnormalities. Diabetologia 1975; 
11: 225 

141 Kroustrup JG, Gundersen HJG, ¢sterby R, Glomerular size and 
structure in diabetes mellitus. III. Early enlargement of the 
capillary surface. Diabetologia 1977; 13: 207 

142 Tucker BJ, Blantz RC. Factors determining superficial nephron 
filtration in the mature growing rat. Am J Physiol 1977; 232: 
F97 

143 Br¢chner-Mortensen J, Ditzel J. Glomerular filtration rate 
and extracellular fluid volume in insulin-dependent patients 
with diabetes mellitus. Kidney Int 1982; 21: 696 

144 Hostetter TH, Rennke HG, Brenner BM. The case for intrarenal 
hypertension in the initiation and progression of diabetic 
and other glomerulopathies. Am J Med 1982; 72: 375 

145 Denker AJM, van der Hem GK, Sluiter WJ, Beekhuis H. A radio
isotope method for simultaneous determination of the glomeru
lar filtration rate and the effective renal plasma flow. Neth 
J Med 1977; 20: 97 

146 Houwen B, Denker AJM, Woldring MG, Beekhuis H, van Zanten AK, 
Looy A, van der Hem GK. Simultaneous determination of 
glomerular filtration rate with 1 2 6I-iothalamate and 
effective renal plasma flow with 1 3 1I-hippuran. In: Dynamic 
studies with radioisotopes in medicine. IAEA Vienna 1971; 331 

21 



Chapter 2 

EFFECT OF LOW-DOSE DOPAMINE ON EFFECTIVE RENAL 
PLASMA FLOW AND GLOMERULAR FILTRATION RATE IN 
32 PATIENTS WITH IGA GLOMERULOPATHY 

Abstract 

Low doses of dopamine are known to increase renal blood flow 
without influencing heart rate or systemic blood pressure. Indeed 
this effect was observed in 32 patients with IgA glomerulopathy. 
A concomitant increase in glomerular filtration rate (GFR) , 
however, was only observed in patients with a baseline GFR �73 
ml/min/1,73 m2 • Moreover, the change in GFR during dopamine 
infusion increased with increasing baseline GFR. We conclude that 
in IgA glomerulopathy nephron loss is compensated for by a 
progressive utilization of the kidney's functional reserve 
capacity which seems to be exhausted when compensated GFR falls 
below 73 ml/min/1.73 m2 • 

Introduction 

After uninephrectomy in healthy individuals, the glomerular 
filtration rate (GFR) amounts to roughly 70% of the original 
value ( 1, 2). The increase in GFR in the remaining kidney is a 
result of vasodilatation in the spared organ (1, 3). One can 
wonder whether in renal diseases with affected and/or hyalinized 
glomeruli such an adaptation is present before GFR falls. 

One of the agents that can increase renal blood flow is 
dopamine (4, 5] . At a low dose, dopamine does not influence heart 
rate and/or systemic blood pressure (6). 

In this study we infused a low dose of dopamine in patients 
with primary IgA glomerulopathy with or without impaired GFR 
during a simultaneous measurement of the effective renal plasma 
flow (ERPF) and GFR. The results support the idea that if GFR in 
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renal disease is substantiall y  impaired, normal l y  no significant 

reserve in GFR is present anymore. 

Patients and methods 

32 Patients (24 men and 8 women; median age 35, range 19 -70 

years) with primary IgA gl omerul opathy have been investigated. 
The diagnosis was based on a renal biopsy specimen on which 

immunofl uorescence studies had been performed. Patients with 
Henoch-S chonl ein purpura, systemic l upus erythematosus, and 
cirrhosis of the l iver were excluded ( 7). Patients used neither 

diuretics nor antihypertensive drugs. 
All patients gave verbal consent to the infusion of dopamine 

during a routine measurement of the GFR and ERPF. The study had 

been approved by the medical ethics committee. 
s upine GFR and ERPF were measured simul taneousl y with 1 2 5 I

iothal amate and 1 3 1 I-hippurate, respectivel y, according to a 

method previousl y described ( 8 ). During the procedure a diuresis 

> 100 ml /hr is maintained by oral administration of fluids. The 

coefficients of variation are �2.2% and �5.0% , respectivel y. 
At the end of the standard procedure, dopamine was infused at 

a dose of 1, 5-2.0 µg/kg/min for two hour (Braun Unita II pump) . 

GFR and ERPF during these two hour were compared with the GFR and 

ERPF just before the infusion (al so measured over a 2-hour 

period) . Before and during the administration of dopamine, heart 

rate and bl ood pressure were recorded at interval s of 15 min 

during four hour. 
The mean arterial pressure was cal cul ated by adding one third 

of the pul se pressure to the diastol ic pressure. Fil tration 
fraction (FF) was defined as the ratio GFR: ERPF. The normal val ue 

of the FF in our l aboratory varies between 0.22 and 0.28 . 
For statistical anal ysis Wil coxon ' s  tests on paired and 

unpaired sampl es were used. Deming's method was used to eval uate 

l inear regressions (9 ). 
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The relation between percentage increase (�) in GFR during 
dopamine infusion and baseline GFR is depicted in figure 1. 
The shadowed area depicts the 95% confidence limits of the GFR 
determination. o = women and • = men with IgA glomerulopathy. 
x = healthy subjects. Figure 2 shows the relation between 
percentage increase in ERPF during dopamine infusion and base
line ERPF. 

Results 

During infusion of the low dose of dopamine, median heart 
rate (72 versus 78 beats/min) and median mean arterial pressure 
(101 versus 100 mmHg) did not change significantly. Diuresis 
before dopamine ranged from 155 to 729 ml/2hr (median 347 ml/2hr) 
and during dopamine infusion from 129 to 690 ml/2hr (median 389 
ml/2hr) . The difference was not significant. 

Dopamine caused a change in natriuresis of -40 up to +140% of 
the preceding values. Although the median sodium excretion only 
increased from 30.1 to 34.6 mmol/2hr, the increase for all 
patients was statistically significant (0.01<2a<0.02) . 
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dopamine infusion GFR increased from -6,0 to 47%, and 
-1 to +62%. After elimination of one patient on 

Chauvenet • s  criterion, the change in GFR ranged from -6 to +18%, 
and the change in ERPF from -1 to +39% , The relative changes in 
GFR and ERPF tended to increase with increasing baseline values 
(r = 0. 74 and 0,55, respectively; figures 1 and 2) . FF fell in 30 
patients (figure 3) . When looking at individual patients, GFR did 
only increase beyond the 95% confidence limits of the baseline 
value if GFR exceeded 72 ml/min/1. 73 m2 , Significant increases in 
GFR occurred in 18 out of 24 patients with a baseline GFR �73 
ml/min/1,73 m2 , and in 0 out of 8 patients with a baseline GFR 
<73 ml/min/1. 73 m2 (Fischer exact, p=0. 0003, one tailed) . 

The absolute change in GFR (6GFR) appeared to be positively 
related to the absolute change (6) in ERPF (6GFR = 2,763 + 
0, 127X6ERPF ml/min; r = 0. 89, p<0. 001) , 

Finally, 10 out of 12 patients with a 6GFR 8 ml/min did not 
have proteinuria. However, 13 patients with a 6GFR <8 ml/min 
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revealed a urinary protein loss of �1 . 0  g/24hr (p<0 . 02) . No 
relationship could be established between the degree of baseline 
proteinuria and �GFR. 

Discussion 

It has been postulated, on the basis of micropuncture studies 
in the rat, that single-nephron GFR only depends on pressure 
(PGC) in and flow (Q

A
) through the glomerular capillaries, 

provided that oncotic pressure of the peripheral plasma , 
hydraulic permeability of the glomerular basement membrane, and 
hydrostatic pressure in Bowman ' s  space (PT) remain constant (10). 
As long as filtration pressure equilibrium is attained, single
nephron GFR is directly proportional to QA and single-nephron FF 
is constant (11 ) .  However, if QA is disproportionally increased 
and filtration equilibrium is not reached, single-nephron FF 
falls (12). 

Dopamine receptors are among others located in cardiac, 
coeliac, mesenteric and renal vascular beds. The latter site is 
considered to have particular physiological importance in the 
control of renal blood flow (13). In the dog it has been shown 
that dopamine administration is associated with an increase in 
both outer and inner cortical blood flow. Moreover, a relative 
shift in blood flow from the outer two thirds to the inner one 
third of the cortex was established. This change in fractional 
distribution of blood flow occurred in dogs receiving intra
venously administered dopamine and in kidneys of dogs receiving 
the agent directly into the renal artery (14). 

We observed in patients with IgA glomerulopathy and a GFR �73 
ml/min/1. 73 m2 that GFR increased and that FF fel l during the 
infusion of a low dose of dopamine. The higher the baseline GFR, 
the greater 
be explained 
a low FF 
substantial 

the increase in GFR (and ERPF) on dopamine. This can 
by an increase in blood flow to deeper nephrons with 

( 15) or 
increase 

single-nephron GFR 

by a disproportional increase in QA. Only a 
in QA will be associated by both a rise in 

and a fall  in single-nephron FF, although a 
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concomitant, dopamine-induced change in PGC, PT, and/or ultra
filtration coefficient cannot be excluded and even seems likely 
if in human glomeruli normally a filtration pressure equilibrium 
is not reached. Interestingly, patients with a baseline GFR <73 
ml/min/1. 73 m2 did not show a substantial change in GFR during 
dopamine infusion, although their FF also fell. Regression 
analysis revealed that tGFR was strongly correlated with tERPF 
(r=0. 89; p<0. 001) and that an increase in ERPF up to 22 ml/min 
was not associated with a positive change in GFR. This implies 
that in IgA patients with a severely impaired renal function ERPF 
can increase during dopamine without a change in GFR. 

From our findings one can speculate that in patients with IgA 
glomerulopathy and an apparently normal GFR, to some extent an 
adaptation is present. It might be that in these patients blood 
flow to (outer and inner) nephrons already is increased with 
consequently a lesser effect of dopamine on ERPF and especially 
on GFR. IgA patients with an impaired GFR have once more lesser 
possibilities to increase their ERPF, while their GFR already is 
maximal. 

Our results show parallels with the physiological increase in 
GFR during pregnancy, a phenomenon also explained by renal vaso
dilatation [16]. It is especially observed if renal function is 
within normal ranges [17]. In women with a renal homograft, only 
half of the individuals show an increase in creatinine clearance 
during gestation [18]. 

Recently, comparable observations have been made by Bosch et 
al. [19]. Normal subjects showed an increase in GFR 2. 5 hr after 
a protein load. In patients with a reduced number of nephrons, 
the renal functional reserve appeared to be diminished or absent. 
Another recent and supplemental study of Hostetter [20] describes 
an increase of both GFR and ERPF in normal individuals after a 
meat meal. The increase in GFR was only observed if the baseline 
GFR amounted to 80 ml/min or more ! 

Renal adaptations to the 
hypertrophy, hyperplasia, and a 

loss of 
resetting 

nephrons include 
of tubular and 

regulatory functions [21-23]. An additional mechanism seems to be 
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an utilization of the reserve filtration capacity as suggested by 
our results in IgA glomerulopathy. In normal man (n=9) we found a 
mean relative increase in GFR of 12 ± 1. 1% during infusion of 
1.5-2,0 µg/kg/min dopamine. In normal individuals after 
uninephrectomy and in patients with other kidney diseases, a 
lesser or no effect of the drug was observed (chapter 3) . 

In conclusion, our results with dopamine in patients with 
primary IgA glomerulopathy are well in accordance with the view 
that a decline in GFR implies a progressive use of the reserve 
filtration capacity which ultimately might result in a constant 
state of glomerular hyperfiltration [24, 25) and proteinuria [26 ) .  
Thus, an impaired GFR usually means more than a partial decrease 
of "normal" GFR . 
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Chapter 3 

THE EFFECT OF INTRAVENOUS INFUSION OF A LOW-DOSE 

DOPAMINE ON RENAL FUNCTION IN NORMAL INDIVIDUALS 
AND IN PATIENTS WITH RENAL DISEASE 

Abstract 

A low-dose dopamine was infused in 28 normal volunteers and in 

137 patients with varying degrees of renal insufficiency during a 
routine measurement of the effective renal plasma flow (ERPF) and 

the glomerular filtration rate (GFR) . Dopamine infusion led to an 

increase in the ERPF and the GFR, and to a fall in the filtration 

f raction. The effect of dopamine on renal f unction was most 

pronounced i f  baseline GFR was normal. However, healthy 
individuals showed greater increases in both ERPF and GFR than 

renal patients vith a comparable baseline GFR. I n  renal patients 
no effect of dopamine was observed if baseline GFR was below 50  

ml/min/1.73 m2 • It is 
loss of nephrons is 

ml/min/1.73 m2 , renal 

exhausted. 

concluded that early in renal disease a 
compensated for. If  GFR is less than 5 0  

reserve filtration capacity seems to be 

I ntroduction 

Recently it was shown in patients with I gA glomerulopathy that 
intravenous infusion of low-dose dopamine (1.5 -2.0 µg/kg/min) 
increases GFR significantly, provided that baseline GFR is �73 

ml/min/1.73 m2 [l ] .  A comparable finding has been reported by 
Hostetter, who showed that after a meat meal GFR increases unless 
baseline GFR is <80 ml/min [2] . A meat meal even has been 

recommended to measure the "renal reserve filtration capacity" or 
alternatively, the existence of so-called hyperfiltration [3]. 

The precise effect of a fixed low-dose dopamine on renal 

function of normal individuals and patients with various renal 
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diseases has not been established. For this reason we undertook 
such a study and analyzed the results obtained in healthy 
volunteers, in healthy individuals after uninephrectomy, and in 
patients with renal diseases and varying degrees of renal 
insufficiency. The results in healthy individuals moreover, were 
compared with the results in patients with IgA glomerulopathy and 
an apparently normal renal function. 

Patients and methods 

One hundred and sixty five persons, subdivided in five groups, 
have been investigated. Group I consisted of 28 healthy 
volunteers with a baseline GFR �90 ml/min/1. 73 m2 • Group II 
consisted of 40 renal patients (including 19 patients with IgA 
glomerulopathy) with a GFR �90 ml/min/1, 73 m2 • Group III 
consisted of 14 healthy individuals who had lost one kidney 
(kidney donation; trauma). Groups IV and V finally, consisted of 
renal patients with a baseline GFR between 30 and 90 (n=58; 17 
with IgA glomerulopathy) and <30 ml/min/1,73 m2 (n=25; one with 
IgA glomerulopathy), respectively. 

All individuals gave verbal consent to the study that included 
an infusion of a low dose of dopamine. The study protocol had 
been approved by the local medical ethics committee. 

Supine GFR and ERPF were measured simultaneously with 1 2 6 I
thalamate and 1 3 1 I-hippurate, respectively. The radiopharmaceuti
cals were infused at a constant rate after a priming dose was 
given. Three hours after the priming dose, 2-hour clearances were 
determined using for each clearance calculation the 2-hour 
urinary excretion of the involved tracer and the mean serum value 
of this tracer in three blood samples drawn at the start, midway 
and end of the two hours. At the end of this standard procedure, 
dopamine was infused at a dose of 1. 5-2. 0 µg/kg/min for two 
hours. GFR and ERPF during these two hours were compared with the 
preceding GFR and ERPF just before infusion. The coefficients of 
variation of the GFR and ERPF determinations amount to �2. 2 and 
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�5.0 per cent, respectively (4). Filtration fraction was defined 
as the ratio GFR: ERPF (normal value in our laboratory 0.22-0.28) . 

Before and during the administration of dopamine, heart rate 
( HR) 

during 
adding 

and blood pressure were recorded at intervals of 15 minutes 
four hours. Mean arterial presure (MAP) was calculated by 
one third of the pulse pressure to the diastolic blood 

pressure. 
Statistical analysis was performed on median values since most 

of the results were not normally distributed. Wilcoxon ' s  tests on 
paired and unpaired samples were used. Linear regression analysis 
was performed to study correlations (5), A probability level of 
5% was chosen as level of significance. 

Table 1 
Group n BL t.GFR t.GFR BL t.ERPF t.ERPF t.FF 

GFR ml/min % ERPF ml/min % % 
** ** ** I 28 109 1 1  12.5 443 161 35.0 -16.5 
** ** ** II 40 108 8 7.5 450 96 20.5 -11.3 
* * * III 14 76 6 8.0 308 68 21.5 -10.0 
** ** ** IV 58 67 2 4.1 281 32 13.0 -6.9 

V 25 15 0 0 66 2 4.0 0 
*p<0.01; **p<0.0001 

The effect of dopamine on baseline (BL) GFR (ml/min/1.73 m2) ,  
baseline ERPF (ml/min/1.73 m2) and change in (t.) FF. For group 
explanation see text. 

Results 

Median baseline GFR in group I (109 ml/min/1.73 m2 ; range 90-
145) was not statistically different from median baseline GFR in 
group II  (108 ml/min/1.73 m2 ; range 90-143) , but differed from 
median baseline GFR in group III (76 ml/min/1.73 m2 ; range 38-
96) , group IV 

ml/min/1. 73 m2 ; 
group III  was 
(p<0.001) , not 

(67 ml/min/1.73 m2 ; range 30-89) and group v (15 
range 1-28) p<0.001 each) . Median baseline GFR in 

lower than median baseline GFR in group II  
different from that in group IV and higher than 

that in group V (p<0.001) . Similar comparisons hold true for 
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median baseline ERPF, values being 443 (range 327-679) , 450 
(range 299-873) , 308 (range 178-437) , 281 (range 128-690) and 66 
(range 1-261) ml/min/1. 73 m2 , respectively (Table 1) . FF in group 
I was 0. 25 and in group II 0. 23 (n. s. ) .  

Infusion of low-dose dopamine caused statistically 
significant increases of both GFR and ERPF in groups I, II, III 
and IV, while no changes were observed in group V (see Table 1) . 
The rise in GFR was highest in group I and trivial in group IV. 
The percentage increases of GFR and ERPF were s ignificantly 
higher in group I when compared with group II (see Table 2 and 
3) . The difference in percentage increase in GFR of groups I and 
III did not reach statistical significance, whereas the 
difference in percentage increase in ERPF did. FF decreased 
s ignificantly in groups I-IV, while no change was seen in group V 
(Table 1) . 

Table 2 
Group I II III IV V 
I p<0. 03 ns p<0. 0001 p<0. 0001  
II p<0. 03 ns ns p<0. 02 
III ns ns ns p<0. 03 
IV p<0. 0001 ns ns ns 
V p<0. 0001 p<0. 02 p<0. 03 ns 
Cross table of s ignificance levels of differences in 
percentage change in GFR (see also Table 1) . 

Table 3 
Group I II III IV V 
I p<0. 001 p<0. 01 p<l0-7 p<l0-8 

II p<0. 001 ns p<0. 01 p<l0-5 

III p<0. 01 ns p<0. 05 p<0. 002 
IV p<l0-7 p<0. 01 p<0. 05 p<0. 01 
V p<l0-8 p<l0-5 p<0. 002 p<0. 01 
Cross table of s ignificance levels of differences in 
percentage change in ERPF (see also Table 1) . 
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Figure 1 
The rel ation between basel ine GFR 
and the dopamine-induced change 
(� ) in GFR (n=l 31) . Dots depict 
the dopamine- induced changes in 
GFR of the 18 persons with ful l 
bl own nephrotic syndrome. 

Figure 2 
The rel ation between basel ine 
ERPF and the dopamine- induced 
change (�) in ERPF. Dots depict 
the dopamine-induced changes in 
ERPF of the 18 persons with ful l 
blown nephrotic syndrome. 
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After subdividing group II (n=40) in patients with IgA 
glomerulopathy (n=l9) and patients with other kidney diseases 
(chronic glomerulonephritis n=6, interstitial nephritis n=4, 
nephrosclerosis n=4, polycystic kidney disease n=3, diabetic 
glomerulopathy n=2, and kidney graft n=2) , dopamine-induced 
changes in renal hemodynamics were compared again with the 
control group (=I) . Neither in the patients with IgA 
glomerulopathy nor in the patients with other renal diseases, 
median baseline GFR, ERPF or FF differed significantly from group 
I (healthy volunteers) . The percentage increase in ERPF of group 
I (35 . 0%) was higher when compared with the percentage rise in 
ERPF of both the subgroup with IgA glomerulopathy (22 . 0%; p<0 . 02) 
and the subgroup with other renal diseases (18%; p<0 . 01) . The 
percentage increase in GFR was also higher in group I (12 . 5%) 
when compared with both the subgroup with IgA glomerulopathy 
(8 . 4%) and the subgroup with other renal diseases (2 . 6%; p<0 . 02 
each) . Finally no differences between the subgroup with IgA 
glomerulopathy and the subgroup with other renal diseases could 
be established in respect to their reaction on exogenous 
dopamine . 

To investigate if there existed a relationship between the 
dopamine-induced change in GFR and the baseline GFR, all subjects 
were arranged in eleven groups based on their baseline GFR . The 
results are shown in Table 4 from which it can be seen that a 
persistent increase in GFR was present if baseline GFR was 71 
ml/min/1, 73 m2 or more, that a persistent increase in ERPF was 
present if baseline GFR mounted to 51 ml/min/1 . 73 m2 or more and 
lastly, that the {percentage) rise in GFR (and ERPF) during 
dopamine infusion increased with rising baseline GFR . 

Regression analysis, after excluding 34 patients with a 
baseline GFR s40 ml/min/1 . 73 m2 , revealed a relation between the 
absolute change in GFR and baseline GFR (�GFR = -11 . 1243 + 
0 . 2073xGFR ml/min; r = 0 . 34; p<0 . 001; figure 1) , The absolute 
change in ERPF was related to baseline ERPF (�ERPF = -67 . 2932 + 
0 . 4118xERPF ml/min; r = o . 51; p<0 . 001; figure 2) . Finally, there 
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Table 4 

GFR 
2 

n Baseline GFR 
2 

t:::. GFR C::. GFR% Baseline ERPF
2 

C::. ERPF C::. ERPF% C::. FF% 
ml/min/1 . 73 m ml/min/1 . 73 m ml/min ml/min/ 1 . 73 m ml/min 

1-10 10 7 0 0 22 0 0 0 

1 1-20 10 18 1 5 . 5  122 6 6 . 5  -2 . 5  

21-30 7 25 0 0 143 6 3 . 0  -6 . 8* 

31-40 7 37 1 2 . 8  1 53 5 4 . 0  -3 . 8  

41-50 8 46 2 3 . 0  206 25 6 . 5  -2 . 5  

51-60 1 1  56 3** 5 . 0  263 39** 1 6 . 8  -8 . 7* 

61-70 1 1  67 2 3 . 0  276 36* 1 1 . 0  -5 . 0* 

71-80 1 5  75 5* 5 . 8  300 76*** 22 . 0  -11 . 0*** 

81-90 21 87 6*** 7 . 0  355 75**** 1 9 . 8  -9 . 0*** 

91-100 18  97  10** 9 . 5  415 102*** 23 . 0  -12 . 5*** 

101-145 47 116  10**** 8 . 0  487 135**** 27 . 9  -14 . 4**** 

*p <  0 . 0 5 ;  **p< 0 . 01 ; ***p< 0 . 001 ; ****p <  0 .  0001 

Effect of dopamine on baseline GFR , baseline ERPF , and FF after subdividing all  investigated persons 

( n=l65 ) according to their baseline GFR ( median values ) 
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Figure 3 
The relation between the 
dopamine-induced changes 
(�) in GFR and ERPF. 

appeared to exist a strong relation between the absolute change 
in GFR and the absolute changes in ERPF (�GFR = -1.7892 + 
0.1032x�ERPF ml/min; r = 0, 84; n = 165; p<0.001; figure 3) . 

The effects of low-dose dopamine on median HR, MAP, urine 
volume and sodium excretion are given in Table 5. 

After excluding patients with the diagnosis of "nephrotic 
syndrome" (protein excretion �3 . 5  g/24hr; n=l8) , the median 
protein excretion in groups IV (1. 7 g/24hr) and V (1, 3 g/24hr) 
appeared to be significantly higher (p<0. 001) when compared with 
the median protein excretions in groups I (0 g/24hr) , II (0. 05 
g/24hr) and III (0 g/24hr) . 

Discussion 

Subpharmacological doses (1-3 µg/kg/min) of dopamine, an 
endogenous catecholamine, interact with specific dopaminergic 
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Table 5 
HR MAP U vol Na 
beats/min mm Hg ml/2hr mmol/2hr 

Baseline 7 2  100 309 18.4 
Plus dopamine 76 97 34 0 19.0 
Significance n.s. p<0.01 p<0.001 p<0.001 

Influence of dopamine on HR, MAP, urine volume (U vol) , 
and sodium excretion (Na) in the combined group (n=l65; 
medians) . 

intrarenal receptors to reduce renal vascular resistance and 
improve renal cortical vasculature [ 6]. The dopamine-induced 
increase in renal blood flow can be accompanied by a rise in GFR 
and urinary output [7]. At higher doses the agent also stimulates 
fi-adrenergic cardiac receptors, which increase the cardiac 
output. At doses in excess of 20 µg/kg/min however, a-receptors 
are stimulated, causing systemic vasoconstriction and a reversal 
of the vasodilatation of the renal vessels achieved at low levels 

[ 8 ]  • 

In a recent study on the effect of low-dose dopamine (1.5-2.0 
µg/kg/min) on renal function of patients with IgA glomerulopathy, 
we found that GFR only increased significantly if baseline GFR 
exceeded 72 ml/min/1.73 m2 [l]. The present study extends those 
previous observations. The dopamine-induced increases in GFR and 
ERPF depended on the baseline values of these variables also in 
patients with other renal diseases. The largest increases were 
found in healthy volunteers. Their increases in renal function 
during dopamine infusion were significantly higher when compared 
with IgA patients and a comparable baseline GFR or patients with 
other renal diseases and a baseline GFR �90 ml/min/1.73 m2 • Thus, 
already early in renal disease (for instance IgA glomerulopathy) , 
a loss of nephrons seems to be compensated for, maintaining GFR 
in the normal range. The significantly higher proteinuria 
established in the groups IV and V might fit in with the progress 
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of such compensation when renal function deteriorates and thus 
fit in with the so-called hyperfiltration hypothesis [9]. 

The correlation coefficients between 6GFR and baseline GFR, 
and tERPF and baseline ERPF, although significant, are not high. 
This might be due to the fact that the patients with renal 
disease made up a very inhomogeneous group which contained among 
others 18 persons with a full-blown nephrotic syndrome (median 
protein loss 11.5 g/24 h) , The latter patients in general are 
characterized by an increased ERPF and a strikingly low FF [10). 
In our patients with a full-blown nephrotic syndrome (median 
baseline FF 0.13) , ERPF still could be increased a little with 
dopamine but despite this, GFR did not change (see dots in 
figures 1 and 2) . so, in most nephrotic patients GFR seems to be 
maximal already. 

As shown in figure 3, 6GFR was strongly correlated with 
6ERPF suggesting that also in man filtration dynamics are plasma 
flow dependent. However, concomitant dopamine-induced changes in 
glomerular capillary pressure and/or ultrafiltration coefficient 
are not excluded [l]. 

From the data of Hostetter [2] , it can be noticed that a 
meal increases GFR more thdn ERPF. This implies that after a 
meal FF rises, which contrasts with the fall in FF (together 

meat 
meat 
with 

an increase in GFR) during infusion of a low dose of dopamine. We 
recently found that infusion of amino acids increased GFR, 
whereas FF rose or was not affected [11). These findings strongly 
suggest that a meat meal (or infusion of amino acids) and the 
administration of a low dose of dopamine increase filtration in 
different ways, for instance by predominantly an increase in net 
ultrafiltration pressure and an increase in glomerular plasma 
flow, respectively. Thus, neither dopamine infusion nor a meat 
meal (or amino acid infusion) seem to be the measure to determine 
maximal renal function, casu quo the reserve filtration capacity. 
A study on the effect of a combined infusion of amino acids and 
dopamine on baseline renal function therefore, is warranted. 
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Chapter 4 

TESTING RENAL RESERVE FILTRATION CAPACITY 

WITH AN AMINO ACID SOLUTION 

Abstract 

In healthy individuals and in patients with varying degrees 
of impaired renal function, glomerular filtration rate and 

effective renal plasma flow were measured before and during the 

infusion of an amino acid solution (VaminRN) . Glomerular 

filtration rate increased during amino acid infusion in healhty 

individuals while the filtration fraction remained constant. 

However, in patients with an impaired renal function no 

significant changes in glomerular filtration rate were observed. 

The filtration fraction increased slightly. We conclude that 
amino acid infusion can increase glomerular filtration rate, 

possibly by utilization of "dormant cortical nephrons" together 
with a rise in net ultrafiltration pressure of other filtrating 
glomeruli, both due to afferent vasodilatation. Thus, amino acid 

administration can be used to test the presence of reserve 

filtration capacity. 

Introduction 

After kidney donation healthy donors appear to have a 
glomerular filtrat1 on rate (GFR) that amounts to roughly 70% of 

the value before uninephrectomy [1, 2). This indicates a "dormant 
filtration capacity" in healthy individuals. Recently, a meat 

meal was recommended to measure this so-called "functional renal 

reserve" [ 3] . 

Unless renal function is substantially impaired [3, 4), an 

increase in GFR can be achieved by both a protein-rich diet [5-7) 

and intravenous infusion of amino acids [8-10). In this study we 

have measured both the GFR and the effective renal plasma flow 
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(ERPF) during the infusion of the amino acid solution VaminRN. In 
order to elucidate the mechanism by which amino acids influence 
the GFR, studies were performed before and during VaminRN 
infusion in healthy volunteers, in healthy individuals after 
uninephrectomy and in patients with varying degrees of impaired 
renal function. The presented results will show that GFR indeed 
increased, provided that renal function was not severely 
impaired. We suggest that in moderate to severe renal 
insufficiency no significant reserve in filtration capacity is 
present. 

Three groups 
consisted of 20 

Patients and methods 

of individuals were investigated. Group I 
healthy individuals subdivided in 10 healthy 

volunteers (Ia) and 10 healthy uninephrectomized persons (Ib) . 
Group II consisted of 31 patients with renal disease without or 
with impaired renal function. This group was subdivided into 9 
patients with a baseline GFR �90 ml/min/1.73 m2 (IIa), 14 
patients with 
(IIb), and 8 

a baseline GFR between 90 and 30  ml/min/1.73 m2 

patients with a baseline GFR <30 ml/min/1.73 m2 • 

Finally, group III consisted of 5 healthy volunteers in whom the 
short-term effect of mannitol on renal haemodynamics was studied. 

All patients gave verbal consent to the study including the 
infusion of Vamin¾. The study protocol had been approved by the 
local medical ethics committee. 

Supine 
iothalamate 

GFR and ERPF were measured simultaneously with 1 2 6I
and 1 3 1 I-hippurate, respectively, according to a 

previously described [11]. After a priming dose, the method 
radiopharmaceuticals were infused simultaneously at a constant 
rate (Braun Unita II pump). After an equilibration period of 1.5 
hr, two 2-hour clearances were determined using the formula 
UxV/120xP. During the procedure a diuresis of at least 100 ml/hr 
is maintained by oral administration of fluids (150 ml/hr). The 
coefficients of variation of the day to day determinations are 
�2.2% for the GFR and �5.0% for the ERPF [11] . 
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on two separate days GFR and ERPF were measured in groups I 
and II. On day one, baseline values were achieved. At 6. 00 p . m. 
on day two, the infusion of Vamin¾ was started (500 ml/6hr) . GFR 
and ERPF were measured again on day three while Vamin¾ infusion 
was maintained at a rate of 500 ml/6hr. The supplemental sodium 
load by Vamin¾ was 85 mmol. 

In five healthy volunteers (group III) 250 ml mannitol 20% 
was infused in approximately 5 min immediately after the 
determination of baseline GFR and ERPF on day one. GFR and ERPF 
after mannitol infusion were measured for two 1-hour periods and 
compared with the baseline values. This part of the study was 
performed to exclude effects of Vamin¾ on GFR and ERPF due to 
its hyperosmolality (700 mosm/kg H20) . 

Blood pressure and heart rate (HR) were measured four times 
during the determination of the baseline values for GFR and ERPF, 
and four times during Vamin¾ infusion. Mean arterial pressure 
(MAP) was calculated by adding one third of the pulse pressure to 
the diastolic blood pressure. Filtration fraction ( FF) was 
defined as the ration GFR: ERPF. The normal value of the FF in our 
laboratory varies between 0. 22 and 0. 28. This range is higher 
than the range found if PAH is used for the determination of the 
ERPF. The difference is explained by a lower extraction of 1 3 1 I
hippurate. The latter most likely is due to contamination of 
1 3 1 I-hippurate with free 1 3 1 I (11], 

For statistical analysis paired and unpaired Wilcoxon rank 
sum tests were used. 

Results 

Median body weight in group Ia was 77 kg (range 53-84) , in 
group Ib 75 kg (range 56-92) , in group IIa 71 kg (range 58-84) , 
in group IIb 78 kg (range 51-89) and in group IIc 68 kg (range 
56-86) . No significant differences between the various groups 
could be established , 

Vamin¾ infusion did not change HR or MAP significantly in 
each group separately. Median HR of the combined groups I and II 
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Tab l e  I .  Ef fect uf Vam i nt<N ( VN )  Ull GFH, ERPF and H .  

No . Sl?X Age D i agnos i s  Gfff m l / m i n/ 1 . 7 1 m' ERPF ml /min/ I .  73 m7 FF 

OL VN BL VN UL VN 

Group l a :  hea l l hy vo lunl eers 
I F 22 92 1 25  s05 557 o. 23 0 .  22 

H 25 90 9s s03 3B2 0 . 22 0 .  Zs 
H 19  I s  I 153 679 5B0 o. 21 0. 26 

s H 22 ls5 }/il 586 56 1  0 .  25  0 .  Zs  
5 F Zs 1 05 1 35  s00 531  o .  26 0 .  26 
6 F 23 1 2 7  1 38  53s 5 7 1  o .  2s o. 2s 
7 H 26 1 1 5 126  5s3 662 0. 21 o, 1 9  
B H 27 98 107 s35 4110 o .  22 0 . 2. 
9 H s2 125  12s s27 s20 o. 29 0. 30 

1 0  F s3 99 1 10 376 383 o. 26 0. 29 
Hed i an I 10 1 26'' s3 1  51.3 0. Zs o. 2s 
Hean (±  SEH) 1 1 11  (±6 )  125  (±5) s79 (±30) 509 (±29) o. 211 0 .  25 

Group I b: hea l thy individuals after uni nephrectomy 
I H 28 63 66 235 232 o .  27 0 .  28 
2 M 63 78 76 292 289 0. 27 0 .  26 
3 H 37 80 87 31s 313 o. 25 o. 28 
s H 25 ss 50 22 1  225  0 , 20 0. 22 
5 H 3 1  72 89 3 1 8  3 7 3  0 . 23 o. 2s 
6 H 25 1. / 57 1 78  2 1 1  o .  26 o. 2s 
7 M 70 51, 66 2 1 8  2 1 8  o .  2 5  0 .  30 
8 F 29 86 9s 335 382 0 . 26 0. 25 
9 H 22 8 1  7 7  32 1  3s2 0 . 25 o. 23 

1 0  F 5s 38 1, 5 1 79 I 911 0 .  23 0. 25 
Hed ian 68 7 1 ,·, 2611 261  o .  25 o .  25 
Hean (± SEH) 6s <±5 ) 71 (±5 ) 26 1  (±1 8 )  278 (±2 1 )  o .  25 o .  26 

Group ! I a :  renal patients w i th GFR 3 90 ml/min/ I .  7 3  m2 

I F s0 DG 1 1 6 1 33 s07 s8s o. 29 D. 27 
2 H s6 u 1 1 7  1 1 5 s0Z s03 o .  29 o .  29 
3 F 27 EH 1 1 9 1 09 s 1 8  396 o. 28 o, 28  
s M 23 Ell 122  1 1 9  583 577 0 . 2 1  0 .  2 1  
5 ss FG 1 1 3 ls8 s08 s76 o .  28 o. 31 
6 M 26 lgA 1 03 1 1 9 55 1  563 o. 19 o, 21 
7 F s3 PD 95 1 20 37 1  s56  o .  25 o, 26 
8 H 38 Ell I 22 ls0 s93 577 0 .  25 D .  2s 
9 M s7 lgA 1 2s 1 22 Ms 6.8 0. 1 9  0 . 1 8  

Median 1 1 7  1 20 s l 8  s8s 0. 25 0. 26 
Hean (± SEH) 1 1 5  (±3 ) 1 25 <±s) s75 (±30) 509 (±27 ) o .  25 o .  25 

Group l i b :  renal pat ients w i th GFh between 30 and 90 ml/min/ l .  73 m 2 

I F 29 RA 57 68 2 1 0  2so o ,  27 o. 28 
2 H 3 1  HGP 30 32 2 1 3  229 0 .  ls 0. ls 
3 H 25  lgA 83 8 1  355 367 o. 23 o .  2 1  
s H 38 HGP 59 75 259 265 o, 23 o, 25 
5 H s6 FG 58 69 25s 309 0 ,  23 0, 22 
6 F ss Ell 69 Is 276 295 o .  25 o ,  25 
7 F 28 IN 65 53 3 1 8  2 s l  0 . 20 o .  22 
8 H 60 FG 55 5 1  297 282 o. 1 9  o ,  1 8  
9 H 55 EH 87 8s 333 291 0 .  26 0. 29 

10  F 55 FG 30 35 ls3 153 o .  2 1  o .  23 
I I  H 28 lgA 8 1  86 38s s l 9  0 . 2 1  o .  2 0  
1 2  H 6 1  FG s2 ss 190 2 1 8  0 . 22 o. 20 
13 H 60 Ell 6 1  7 2  1 7 9  2 3 1  0 , 3 1  o ,  3 2  
l s  F 6 1  Ell 37 39 ls6 ls5 0 . 25 0. 26 
Median 59 69 257 253 0 . 23 0 .  23  
Hean (± SEH) 58 ( ±5 )  6 2  (±5 ) 25s (±20)  263 (±1 9 )  0 . 23 0 . 23 

Group I l e :  renal patients w i th GFR < 30 ml/min/ I .  73 m2 

I H 60 HGP 19 20 ls0 Isl  0 .  ls  0 . 1 3  
2 F 67 IN 5 6 1 2  1 5  o ,  3 8  0 . s2 
3 F 73 IN 9 10  s5 s6 0 . 1 9  o .  22 
s F 70 V 5 20 1 6  0 . 23 0 ,  Zs 
5 H 3 1  FG I I  I I  57 5s 0. 1 9  o .  2 0  
6 H ss Ell 1 7  1 8  1 28 1 35 o. 1 3  o .  1 3  
7 F 72 FG 23 26 26 1  2 12  0 , 09 0 . 1 2  
8 H 60 w 1 8  1 6  J s 6  105 o .  13 o .  16 

Median )q l s  9 3  80 o, 1 7  o . 1a1, 
Hean <± SEH) 1 3  (±2 ) l s  (±2) 1 0 1  ( ±28 )  9 1  (±23) 0. 1 9  o ,  20 

,\  signi ficant versus base l ine ( B L ) .  DG=di.abetic  glomerulopathy; U=uro l i thias i s ;  EH=essential hyper-
tension; FG=focal glomerulosc lerosis ;  IgA=lgA glomerulopathy; PD=polycystic kidney disease; HGP= 
membranous glomerulopathy; IN=inters t i t i a l  neph r i t i s ;  V=vascu l i t i s ;  W=morbus Wegener; RA=renal amy-
loidos i s .  
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Figure 1 
Absolute change (6) in GFR 

versus ERPF of all subjects 
during infusion of the amino 
acid solution Vamin N. o = 
healthy volunteers; • 
healthy individuals after 
uninephrectomy; ■ renal 
patients with a GFR �90 ml/ 
min/1. 73 m2 ; C = renal 
patients with a GFR �30 ml/ 
min/1.73 m2 ; 6 renal 
patients with a GFR <30 ml/ 
min/1. 73 m2 • 

was 76 beats per minute (bpm; range 56-96) baseline and 76 bpm 
( range 58-92) during Vamin� (n.s.) . MAP of groups I and II 
together showed a small rise from a median value of 98 (73-143) 
to 102 (72-147) mmHg (p<0.01) . 

In group I median GFR increased significantly during VaminRN 
infusion in both healthy volunteers and healthy uninephrectomized 
individuals ( Table 1) . In group Ia median GFR was 110 ml/min/1.73 
m2 baseline versus 126 ml/min/1.73 m2 during Vamin � (p<0. 01) . In 
group Ib median GFR increased from 68 to 71 ml/min/1.73 m2 

(p<0.02) . Some patients with renal disease and a normal to 
moderately impaired GFR showed an increase in GFR during VaminRN. 
The median rises in GFR in these subgroups, however, did not 
prove to be significant (Table 1) . Patients with severely 
impaired renal function showed no significant change in GFR 

during Vamin�. Median ERPF did not change significantly in any 
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Absolute change (�) in 
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figure 1. 

GFR versus baseline GFR (a) and �ERPF 
(b) of all subjects. For symbols, see 

group during Vamin¾ infusion (Table 1) . 
The median FF only increased in 

impaired renal function (0,18 versus 
patients with severely 
0.17; p<0.05) . In the 

combined group II, FF also increased (p<0.05) , as did FF of the 
combined groups I and II (p<0.05) , Median baseline FF in patients 
with moderately to severely impaired renal function was signi
ficantly lower when compared with FF of renal patients with 
normal GFR and healthy individuals (0.21 versus 0, 25; p<0.01) . 
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Figure 3 
Filtration fraction (%) 
before (-) and during (+) 
Vamin N infusion. For 
symbols, see figure 1. 

There appeared to exist a positive relation between the 
absolute change in GFR (6GFR) and the absolute change in ERPF 
(6ERPF; 6GFR 0. 173lx6ERPF + 3. 6607 ml/min; r=0. 73; p<0. 001; 
figure 1) . The absolute changes in GFR and ERPF in relation to the 
baseline GFR and ERPF are shown in figure 2 .  In figure 3 the 
effect of Vamin¾ on the FF of all individuals is shown. 

Vamin¾ infusion led to a rise in urine volume of the combined 
groups I and II [median urine volume 321 ml/2hr (range 94-820) 
baseline versus 388 ml/2hr (22-1135) during VaminRN; p<0. 01), 
although in each group separately no significant change in urine 
volume was apperent . Sodium excretion also increased only in the 
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Table 2 
No Age Sex GFR ERPF FF u vol Na 

ml/min ml/min ml/hr mmol/hr 
1 26 F 1 111 457 0. 24, 138 6 

2 110 463 0.24 340 27 
3 113 463 0.24 182 12 

2 23 F 1 117 541 0.22 300 15 
2 109 518 0.21 480 31 

3 115 485 0,24 208 19 
3 27 M 1 134 592 0.23 290 27 

2 135 604 0.22 415 31 

3 137 643 0.21 475 32 
4 24 F 1 99 356 0.28 289 12 

2 96 363 0.27 520 26 
3 101 358 0.28 295 19 

5 23 M 1 135 631 0.21 488 22 
2 139 634 0.22 778 44 
3 125 624 0.20 612 32 

Effect of mannitol infusion (250 ml 20%) on GFR, ERPF, 
FF, urine volume (U vol) and sodium excretion (Na) of 5 
healthy volunteers. l=before infusion; 2=lst hr after 
infusion; 3=2nd hr after infusion. 

combined groups I and II [18.6 mmol/2hr (range 0,8-49.1) versus 
24.5 mmol/2hr (0.1-62.5) ; p<0.05). 

The results of mannitol infusion on GFR and ERPF in the five 
healthy volunteers are listed in Table 2, Urine volume and sodium 
excretion increased significantly, whereas there was no consis
tent effect on GFR or ERPF. 

Discussion 

Micropuncture studies in rats have led to the conclusion that 
pressure (PGC) in, and flow (Q

A
) through the glomerular capilla

ries are the two factors which govern single nephron GFR (SNGFR) 
as long as oncotic pressure of peripheral plasma, hydraulic 
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permeability of the glomerular basement membrane (Kf) and hydro
static pressure in Bowman's space (PT) remain constant (12). A 
rise in SNGFR can be achieved by an increase in net ultrafiltra
tion pressure (PUF) and occurs if afferent arterioles dilatate. 
This rise will slightly elevate single nephron FF (SNFF) . An 
increase in glomerular plasma flow (due to afferent and efferent 
vasodilatation) will be accompanied by a proportional rise in 
SNGFR unless Q

A 
is substantially increased and a filtration 

equilibrium cannot be reached anymore. In the latter case SNFF 
will fall [ 13]. 

Our results show that GFR in healthy individuals can be 
increased significantly 
interestingly without any 

by the infusion of amino acids, 
effect on FF. In renal patients with 

moderately to severely impaired function such a rise in GFR could 
not be established whereas FF increased sligthly. The observed 
increase in GFR can be caused by a rise in transcapillary 
hydrostatic pressure difference (i.e. afferent vasodilatation) , 
although concomitant changes in QA and/or the ultrafiltration 
coefficient (Kf) are not excluded . The increase in GFR together 
with a constant FF can also be explained by utilization of 
"dormant cortical nephrons" as postulated by Brenner et al. (7) 
in analogy to observations in desert quails, in which a water 
load led to employment of superficial nephrons (14). Our 
observation that there exists a strong correlation between the 
change in GFR and the change in ERPF during amino acid infusion, 
while FF remained unchanged or increased, supports our hypothesis 
that during the infusion of amino acids GFR rises by utilization 
of "dormant cortical nephrons" together with an increase in net 
ultrafiltration pressure due to afferent vasodilatation. As shown 
in figure 1, GFR can rise during administration of amino acids 
without any change in ERPF. In rats, amino acid infusion 
increases the ratio GFR to renal blood flow (measured with a flow 
probe) , as can be calculated from the data recently presented by 
Zager and Venkatachalam (15). The latter excludes an amino acid
induced lower extraction of hippurate which could explain the 
observed effect of Vamin� on FF. Finally, in humans, a meat meal 
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also increases GFR more than ERPF, the latter being measured with 
PAH [ 4]. 

In a recent study we found that a rise in GFR can also be 
achieved by infusion of a low dose dopamine, provided that renal 
function is not severely impaired [ 16 ] . However, this rise was 
accompanied by a marked increase in ERPF and a substantial fall 
in FF. The finding has been explained by a rise of the cortical 
blood flow in combination with a relative shift of this flow to 
the inner cortex and/or an increase in QA both due to dopamine
induced decrease in renal vascular resistance ( i. e. afferent and 
efferent vasodilatation) . 

The question remains how amino acids can influence net ultra
filtration pressure of functioning and/or dormant nephrons. Amino 
acids may have a slight direct effect on renal haemodynamics 
[ 17 , 18 ] . However, an effect of the postulated liver hormone 
"glomerulopressin" on renal haemodynamics could be more important 
as shown in the toad, rabbit and dog [ 19 , 2 0 ] , The recent obser
vation that in severe liver cirrhosis a protein load does not 
change GFR in man might indicate that glomerulopressin exists in 
human beings, too [ 2 1 ] . Whether the release of glomerulopressin 
is induced by amino acids per se or indirectly by glucagon is at 
the moment an open question. Serum glucagon levels increase after 
infusion of amino acids [ 2 2 , 23 ] , Glucagon, however, does not have 
a direct effect on renal haemodynamics [ 2 4 , 2 5 ] , but is very 
effective in releasing glomerulopressin [ 2 4 ] . Glomerulopressin is 
thought to induce afferent vasodilatation [ 2 0 , 2 6 ]  and this will 
increase ultrafiltration pressure. Whether glomerulopressin also 
induces an empolyment of "dormant nephrons" is not clear yet. 

Interestingly, the amino acid-induced percentage rise in GFR 
in healthy volunteers did not differ from the percentage rise in 
GFR in individuals after uninephrectomy (median 1 0  versus 12 % ,  

respectively, n.s.) . Perhaps such a difference can be found if 
the latter persons are studied in a paired way before and after 
uninephrectomy. It is possible that factors leading to an 
increase in GFR after amino acid administration are not involved 
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in the mechanisms that l ead to the rise in GFR after uninephrec
tomy . In this respect it is noteworthy that we found a 

significant difference in the percentage changes in GFR and ERPF 

between normal volunteers and heal thy individual s  after kidney 
donation during the infusion of l ow dose dopamine (chapter 3) . 

From Table 1 and figure 2a it can be seen that there were 

heal thy individual s  in whom GFR did not change after amino acid 

infusion. Factors which might be responsibl e for this could be 
ageing and/or al ready existing high protein intake, as simulta

neous measurement of GFR and ERPF during amino acid infusion was 
not preceded by standardization of dietary protein intake. 

Patients with renal disease and a " normal " GFR might simil arl y 
have fail ed during amino acid infusion, but the nature of the 

disease, for instance essential hypertension, can 

responsible for this. 

al so have been 

I nfusion of Vamin¾ did not influence GFR in renal patients 

with a substantiall y  impaired kidney function. In patients with 

I gA gl omerul opathy 
I 

GFR if basel ine 
we found earl ier that dopamine cannot increase 
GFR is 72 ml /min/1 .73 m2 or l ess, despite the 

fact that ERPF still increased and, therefore, FF fel l .  Thus, one 

can specul ate that patients with moderatel y to severel y impaired 

renal function have 
fil tration capacity or, 

exhausted their physiol ogical reserve 

al ternativel y,  are al ready hyperfil -

tering. As amino acids and dopamine differ in their effect on 

renal haemodynamics, a study on the combined infusion of GFR and 

ERPF is warranted. I t  might be that infusion of amino acids 

(afferent vasodil atation) together with a l ow dose dopamine 

(afferent and efferent vasodil atation) results in the highest GFR 

and will measure best so-call ed renal reserve fil tration 
capacity. 
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Appendix 
Vamin� (KabiVitrum, Limoges, France) contains per 1000 ml: 

1-asparaginic acid 4.1 g; 1-glutaminic acid 9.0 g; 1-alanin 3.0 
g; 1-arginine 3.3 g; 1-cysteine/cystine 1.4 g; glycine 2.1 g; !
histidine 2.4 g; 1-isoleucine 3.9 g; 1-leucine 5.3 g; 1-lysine 
3.9 g; !-methionine 1.9 g; !-phenylalanine 5.5 g; 1-proline 8.1 
g; 1-serine 7.5 g; !-threonine 3.0 g; 1-tryptophan 1.0 g; 1-
tyrosine 0.5 g and 1-valine 4.3 g. 
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Chapter 5 

RENAL HAEMODYNAMICS DURING SEPARATE 
AND COMBINED INFUSION OF AMINO ACIDS 
AND DOPAMINE 

Abstract 

Healthy volunteers (n=9) and patients with varying degrees of 
renal insufficiency (n=36) were given a low dose of dopamine 
and/or amino acids intravenously during a simultaneous 
measurement of the glomerular filtration rate and the effective 
renal plasma flow. Dopamine infusion led to a rise in the 
glomerular filtration rate and a fall in the filtration fraction . 
Infusion of amino acids was accompanied by an increase in the 
glomerular filtration rate while the filtration fraction remained 
unchanged or increased slightly. The highest values for the 
glomerular filtration were obtained during the combined infusion 
of amino acids and dopamine. A reserve in filtration capacity was 
not or hardly present in patients with moderate (GFR 30 to 90 
ml/min/1.73 m2 ) to severe (GFR <30 ml/min/1.73 m2 ) renal 
insufficiency. We conclude that dopamine decreases total renal 
vascular resistance while amino acids mainly reduce the tone of 
afferent arterioles. As amino acids and dopamine seem to be 
additive in their effects on the glomerular filtration rate, we 
recommend the combined infusion of these two stimuli to measure 
renal reserve filtration capacity. 

Introduction 

Both a diet rich in protein [1-3] and an intravenous infusion 
of amino acids [4-6] cause an increase in glomerular filtration 
rate (GFR), provided that renal function is not severely impaired 
[7,8]. A meat meal has been recommended to measure the so-called 
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"renal functional reserve" ( 8), that is, the absence of glomeru
lar hyperfiltration. 

Recently, we found in patients with IgA glomerulopathy that a 
low dose of dopamine increased GFR if the baseline GFR amounted 
to 73 ml/min/1. 73 m2 or more ( 9). The relative changes in GFR 
increased with increasing baseline values (r=0. 74, p<0. 001) . 
Thus, a low dose of dopamine administered during simultaneous 
measurement of GFR and effective renal plasma flow (ERPF) could 
be an alternative for a meat meal or an amino acid infusion if 
the presence (or absence) of hyperfiltration has to be 
determined. However, in a study on the effect of an amino acid 
solution on GFR and ERPF, we observed that amino acids, in 
contrast with dopamine, barely affected the filtration fraction, 
that is, the renal vascular resistance ( 10). 

The aim of this study, therefore, was to compare the effects 
of amino acids and a low dose of dopamine, separately or simul
taneously infused, on the GFR and ERPF in healthy volunteers, in 
healthy individuals after nephrectomy, and in patients with renal 
disease with or without impaired function. 

Patients and methods 

Five groups were studied 
volunteers (group I) , nine healthy 
renal patients with a GFR �90 

consisting of nine healthy 
kidney donors (group II) , nine 
m/min/1. 73 m2 (group III) , 11 

patients with moderate renal insufficiency, i. e. a GFR between 30 
and 90 ml/min/1. 73 m2 (group IV) , and seven patients with 
severely impaired . renal function, i. e. a GFR <30 ml/min/1. 73 m2 

(group V) . Renal diseases included essential hypertension (n=6) , 
focal glomerulosclerosis (n=6) , IgA glomerulopathy (n=4) , 
membranous glomerulopathy (n=3) , interstitial nephritis (n=3) , 
polycystic kidney disease (n=l) , and miscellaneous (n=4) . 

The medical ethics committee approved to the study protocol 
and all the individuals verbally consented to an infusion of 
amino acids and/or dopamine. 
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The measurements were performed on two separate days. With 
the standard procedure baseline GFR and ERPF were measured 
simultaneously on day one, using 1 2 6 I-iothalamate and 1 3 1 I
hippurate according to a method previously descibed, with 
coefficients of variation of the day to day determination of �2.2 
and �5.0%, respectively [11). After a priming dose was given, the 
radiopharmaceuticals were infused at a constant rate (Braun Unita 
II pump) . After an equilibration period of 1.5 hour, two 2-hour 
clearances were determined, each calculated from the 2-hour 
urinary tracers excretion and the mean serum tracer value from 
three samples drawn at the start, midway and at the end of each 
2-hr period. During the procedure a diuresis of at least 100 
ml/hr was maintained by orally administering fluids. At the end 
of this standard procedure, dopamine was infused at a rate of 
1.5-2.0 µg/kg/min for two hour. GFR and ERPF during these two 
hour were compared with the GFR and ERPF just before the infusion 
of this agent. 

At 6.00 p.m. on day two, the infusion of Vamin� (a 7% amino 
acid solution) was started at a rate of 500 ml/6hr (=83 ml/hr) , 
analogous to the study of von Graf et al. who infused a 10% amino 
acid solution at a rate of 60 ml/hr [6), On day three, GFR and 
ERPF were measured a second time as outlined above while the 
amino acid infusion was continued, including the infusion of low
dose dopamine at the end of the procedure. 

Filtration fraction (FF) was defined as the ratio GFR: ERPF. 
The normal value of the FF in our laboratory varies between 0.22 
and 0.28. 

Before and during the administration of dopamine, heart rate 
(HR) and blood pressure were recorded at 15-min intervals for 
four hour. Mean arterial pressure (MAP) was calculated by adding 
one third of the pulse pressure to the diastolic pressure. 

Paired and unpaired Wilcoxon rank sum tests were used for the 
statistical analysis of the data. This was performed on median 
values as we considered our data (especially dopamine- and amino 
acid-induced changes in GFR and ERPF) not normally distributed. 
To study correlations, linear regression analysis [12) or 
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Spearman • s  rank correlation test were used. A p<0, 05 was chosen 
as level of significance. 

Results 

Neither the dopamine infusion, nor the amino acid infusion 
nor the combined infusion caused significant changes in HR or 
MAP. In the combined groups I to V, median HR values were 72 
beats per minute (bpm) baseline, 76 bpm during dopamine infusion, 
78 bpm during amino acid infusion and 76 bpm during the combined 
infusion. Median MAP values were 97 mmHg baseline, 97 mmHg during 
dopamine infusion, 102 mmHg during amino acid infusion and 103 
mmHg during combined infusion. 

In the healthy volunteers (group I) both the dopamine 
infusion and the amino acid infusion caused significant increases 
in GFR (p<0.05) which were of comparable magnitude (Table 1) . The 
largest rise in GFR, however, was observed during the combined 
infusion. In healthy individuals after uninephrectomy (group II) , 
the increase in GFR did not reach significance during the 
dopamine infusion but did during the amino acid infusion 
(p<0.05) . Here as well, combined infusion increased GFR most 
(Table 1) . 

In Table 2, the effects of dopamine, amino acids and combined 
infusion on GFR in patients with renal disease are listed. In 
group III no significant changes in GFR could be obtained. In 
group IV only the dopamine infusion increased GFR significantly. 
In patients with severely impaired renal function (group V) 
neither the dopamine infusion, nor the amino acid infusion nor 
the combined infusion changed GFR. 

As can be seen in Tables 1 and 2, dopamine infusion caused a 
fall in the FF in all groups except group V. Infusion of amino 
acids, however, either did not change the FF or slightly 
increased it. This indicates that dopamine and amino acids affect 
renal haemodynamics in different ways. Figure 1 shows the effects 
of the dopamine infusion, the amino acid infusion and the 

58 



Tabl e 1 

Group 

I median 

mean 

SEM (±) 

II median 

mean 

SEM (±) 

BL 

1 1 5  

1 1 5  

7 

7 2  

67 

5 

Do 

1 25 

129 

8 

76 

7 2  

7 

GFR 
AA 

* * 
1 26 

127 

7 
* 

76 

74 

5 

FF 
A+D BL Do AA A+D 

1 43
*

# 
* 

0.21
*

# 0.23 0.1 9 0.24 

1 40 0.24 0.20 0.24 0.21 

8 

so
*

# 
* 

0.22
*

# 0.25 0.23 0.26 

79 0.25 0.22 0, 26 0.22 

6 
* significant versus basel ine (BL) ; # significant versus Do 

The effects of dopamine infusion (Do) , amino acid infusion (AA) ' 
and combined infusion (A+D) on the GFR (ml /min/1. 73 m2 ) and FF in 
heal thy subjects. 

Tabl e 2 
GFR FF 

Group BL Do AA A+D BL Do AA A+D 
median 

* 
0, 23

*
# III 1 1 7  116  120 1 31 0.25 0.22 0.26 

mean 1 1 5  124 125 1 32 0.25 0.21 0.25 0.21 
SEM (± )  1 6 4 7 
median 

* * 
IV 59 66 69 77 0.23 0.21 0.22 0.21 

mean 61 64 64 7 2  0.22 0.20 0.23 0.21 
SEM (±)  6 6 6 6 
median 1 1  1 0  1 1  1 1  

* 
0.1 9 0.1 9 0.20 0.21 

mean 1 3  1 3  14  12  0.1 9 0.1 9 0.21 0.22 
SEM (± )  2 2 2 3 
* significant versus basel ine (BL) ; # significant versus Do 

The effects of dopamine infusion (Do) , amino acid infusion (AA) ' 
and combined infusion (A+D) on the GFR (ml /min/1 .73 m2 ) and FF in 
patients with renal disease. 

combined infusion on the ERPF. This figure al so shows that the 

dopamine infusion increased ERPF, whereas the amino acid infusion 
barel y affected ERPF. Furthermore, in severe renal insufficiency 
no changes in ERPF could be observed. 

S pearman• s  rank test reveal ed a positive rel ation between the 
basel ine ERPF and the change in ERPF during dopamine infusion. 
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1000 ml/min/ 1.73 m 2 

med ian ERPF 
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•·-·-·- · • ·-·-·-·•·-·-·-·• n = 7  

0 0 ---....... --..-----,,-----,,-

2 3 4 2 3 4 

Figure 1 
The effects of dopamine (2) , amino acids (3 )  and the com
bined infusion (4) on the ERPF of the 45 subjects , plotted 
individually (left panel) and on the median ERPF ( right 
panel) of the control group ( -- ) , the subjects with one 
kidney ( • · · • ) ,  and the patients with renal disease ( · - · - ·  
normal function; - - - moderate renal failure; · - • - · ; 
severe renal failure) .  1 = baseline. 

During 
(figure 
for the 
positive 
relation 

amino acid infusion no such relationship could be found 
2 ) . Figure 3 shows that similar findings were obtained 
baseline GFR and the absolute changes in GFR , that is , a 

relation during dopamine infusion and no significant 
during amino acid infusion (p<O,l) . The absolute change 

(� )  in GFR appeared to be strongly related to the absolute change 
in ERPF during dopamine infusion as well as the amino acid 
infusion and the combined infusion (figure 4) . Using linear 
regression analysis we found during the dopamine infusion that 
the �GFR = -1. 8164 + 0. 0989x�ERPF ml/min ( r=0. 87; p<0. 001) during 
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Figure 2 
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• 

• 
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• 

600 

• 

800 

baseline ERPF ml/min/1 .73 m2 

The relation 
and baseline 
acids , 

between the absolute change in ERPF (�ERPF) 
ERPF during infusion of dopamine and amino 

amino acid infusion �GFR = 3.64 4 + 0.1737x�ERPF ml/min (r=0.73; 
p<0 , 001), and during the combined infusion �GFR = -1.2910 + 
0.1270x�ERPF ml/min (r=0.81; p<0.001). The relation between �GFR 
and �ERPF during the dopamine infusion proved to be different 
from the relation between �GFR and �ERPF during the amino acid 
infusion , 

In the combined groups I to V, administration of amino acids 
appeared to increase urine volume (p<0.05) compared with both 
urine volume during baseline measurement and urine volume during 
dopamine infusion. Median values for urine volume (ml/2hr) were 
340 (baseline), 302 (dopamine infusion), 390 (amino acid 
infusion) and 431 (combined infusion). The addition of dopamine 
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Figure 3 
The relation between the absolut change in GFR (�GFR) 
and baseline GFR during infusion of dopamine and amino 
acids, 

to amino acids did not change urine volume significantly. 
Sodium excretion in groups I to V combined was only increased 

(p<0.05) during the combined infusion of amino acids and dopamine 
compared with baseline sodium excretion. Median values for sodium 
excretion (mmol/2hr) were 20.7 (baseline) , 26.6 (dopamine) , 31.4 
(amino acids) and 31.9 (combined infusion) . 

Discussion 

Renal plasma flow, net ultrafiltration pressure, colloid 
osmotic pressure of plasma and the ultrafiltration coefficient 
are the determinants of glomerular ultrafiltration (13) . In both 
filtration equilibrium and filtration disequilibrium, an increase 
in renal blood flow, for instance induced by a decreased renal 
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6GFR versus 6ERPF during 
infusion of dopamine (D) , 
infusion of amino acids (A) 

A + □ and during the combined 
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vascular resistance, will result in an increase in glomerular 
ultrafiltration [13,14). 

A general decrease in renal vascular resistance can be ob-
tained by infusing a 
efferent and afferent 

low dose of dopamine. This agent causes 
vasodilatation by binding to specific 

dopaminergic receptors [15). The decreased vascular resistance 
results in an increased renal plasma flow, a rise in glomerular 
filtration rate and a fall in filtration fraction. Indeed these 
effects of dopamine were observed in the present study unless 
renal function was severely impaired. In renal patients with a 
normal GFR, no significant rise in GFR could be obtained, a 
phenomenon probably due to the small number of patients and/or 
the variety of renal diseases. After eliminating three patients 
with essential hypertension the GFR values were parallel to the 
control group. 

Glomerular filtration rate can also be increased by infusing 
amino acids [5,6,10). Although this may occur partially because 
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of a direct effect of amino acids on renal haemodynamics [ 16, 17) , 
the effect of an amino acid-induced release of the postulated 

liver hormone glomerulopressin seems more important [18, 19). 

Recently, it has been demonstrated that no rise in GFR can be 
obtained after a meat meal in patients with severe liver disease 

[20). Glomerulopressin causes afferent vasodilatation [ 21) and 

therefore increases GFR by a rise in net ultrafiltration pressure 

without affecting or only slightly elevating FF. Our observations 
that amino acids can increase GFR without affecting FF are in 

accord with the above mentioned hypothesis. I n  severe renal 

disease, infusion of amino acids also cannot increase GFR. 

As dopamine and amino acids influence GFR in different ways, 

it is understandable why the highest values of GFR were observed 
during combined infusion: an amino acid-induced increase in the 
net ultrafiltration pressure and a dopamine-induced rise in renal 

plasma flow are additive. I t  may be that infusing amino acids in 

larger amounts than used in this study combined with a low dose 

of dopamine will result even in higher values of GFR than those 
observed in the present study and measures best so-called renal 

reserve filtration capacity. 

Changes in GFR induced by infusion of amino acids are not 

likely caused by the hyperosmolality of the amino acid solution. 
I n  a recent study we demonstrated that infusion of mannitol 20% 

did not change GFR or ERPF [10) . 
I nterestingly, the relative effect of dopamine on baseline 

ERPF and baseline GFR was greater in the normal volunteers when 

compared to the subjects after uninephrectomy ( median increase in 
ERPF 34 versus 21% , p<0.05; median increase in GFR 11 versus 6% , 

respectively) .  However, the relative effect of amino acids on 

baseline GFR was the same in both groups ( 9  versus 10% , respecti

vely) . The combined infusion increased ERPF 23 versus 24% , and 

GFR 13 versus 22% ( n.s.) . I t  might be that we only found a 

difference with dopamine between the two groups because of the 

small number of subjects studied. Perhaps a difference with amino 

acid infusion and the combined infusion can be found if the 
subjects in group II are studied in a paired way before and 
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after nephrectomy. Another explanation may be that after 
uninephrectomy total vascular resistance is decreased without 
substantially affecting afferent tone. 

In conclusion, amino acids and dopamine increase filtration 
by different mechanisms as expressed by the filtration fraction. 
The combination leads to the highest values for the GFR without 
an influence on systemic blood pressure or heart rate. The 
results support the hypothesis that if in renal disease GFR is 
severely impaired, a significant reserve in renal function is no 
longer present 
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Chapter 6 

THE EFFECT OF LOW-DOSE DOPAMINE ON RENAL 
HAEMODYNAMICS IN PATIENTS WITH TYPE 1 
(INSULIN-DEPENDENT) DIABETES DOES NOT 
DIFFER FROM NORMAL INDIVIDUALS 

Abstract 

It is well-known that patients with Type 1 (insulin-depen
dent) diabetes exhibit both an increased glomerular filtration 
rate and an increased effective renal plasma flow which can be 
found even when these patients are well-controlled. Usually this 
is attributed to a decrease in renal vascular resistance and/or 
to an enlarged kidney size and glomerular volume. 

Among the factors which govern glomerular filtration rate, 
renal plasma flow is most important. Renal plasma flow increases 
if renal vascular resistance decreases. The latter might exist in 
insulin-dependent diabetes mellitus because of either a predo
minantly afferent or a predominantly efferent vasodilatation . 
Dopamine is an agent which causes predominantly efferent vasodi
latation. Therefore, the effects of infusing a low dose of 
dopamine on glomerular filtration rate and effective renal plasma 
flow in 12 well-controlled patients with insulin-dependent 
diabetes and 28 healthy volunteers were compared to investigate 
whether the increased glomerular filtration rate in insulin
dependent diabetes is induced by efferent vasodilatation. 

The median increase in glomerular filtration rate during 
dopamine infusion amounted 13.0% in the diabetic patients and 
12. 5% in the healthy control subjects (n.s.) . It is concluded 
that the elevated glomerular filtration rate in well-controlled 
insulin-dependent diabetes is not caused by a predominantly 
efferent vasodilatation. 
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Introduction 

In Type 1 (insulin-dependent) diabetes, a supernormal 
glomerular filtration rate (GFR) and effective renal plasma flow 
(ERPF) have been well-established, especially during poor 
metabolic control [1-3]. In obesity and acromegaly, conditions 
also characterized by a supernormal renal function [4, 5], the 
high GFR has been attributed to an expanded extracellular fluid 
volume [6, 7]. In Type 1 diabetes, however, it has been found that 
the relation between extracellular fluid volume and body weight 
(or body surface area) is normal [8]. This indicates that the 
high GFR in Type 1 diabetes reflects a real hyperfiltration. 
Recently, it has been suggested that such a hyperfiltration 
initiates the process of glomerulosclerosis [9, 10]. 

A low dose of dopamine can be used to increase ERPF and GFR 
[11-13]. As the ERPF increases more than the GFR during dopamine 
infusion, the filtration fraction (FF) falls. Therefore, it has 
been concluded that the dopamine-induced decrease in renal 
vascular resistance [14] is obtained by predominantly efferent 
vasodilatation [13]. To investigate whether efferent vasodilata
tion is an important factor in the elevated GFR in Type 1 
diabetes, the effects of dopamine infusion on GFR, ERPF and FF in 
12 patients with this disorder were compared with the effects of 
low-dose dopamine on those parameters in 28 healthy control 
subj ects. 

Patients and methods 

In 12 non-obese Type 1 diabetic patients (four male and eight 
female) , renal function was measured before and during dopamine 
infusion. The median age was 25. 5 years and the median duration 
of diabetes was 7 . 5 years (Table 1) . All had developed diabetes 
before age 30 . C-peptide levels were below 0.1 nmol/1 after 
stimulation with glucagon. None had hypertension or signs of 
clinical nephropathy (i.e., proteinuria <0.5 g/24hr and 
creatinine clearance �80 ml/min) , and there existed no or only 
mild background retinopathy. All were treated with intensified 

69 



insulin therapy, i . e . ,  multiple insulin injections, frequent home 
blood glucose monitoring with reagent strips, and adjustment of 
the insulin dose accordingly . (Near) normoglycaemia (3-10 mmol/1) 
was the goal for all patients . 

In supine position GFR was measured with 12 5 I-iothalamate 
and ERPF with 1 3 1I-hippurate, which were simultaneously infused . 
Iothalamate is a satisfactory substitute for inulin [15) . The 
clearances of p-aminohippurate and 1 3 1I-hippurate are both 
representative of the renal plasma flow when the difference in 
extraction is taken into account [15, 16), The radiopharmaceuti
cals were infused at a constant rate after a priming dose was 
given . After an equilibration period of 1 . 5  hour, two 2-hour 
clearances were determined using the formula UxV/120xP [16) . At 
the end of this standard procedure, dopamine was infused at a 
dose of 1 . 5-2 . 0  µg/kg/min for 2 hour (Braun Unita II pump, 
Melsungen, Germany) . GFR 
compared with the GFR 
(also measured over a 

and ERPF during these 2 hour were 
and ERPF just before dopamine infusion 
2-hour period) . The coefficients of 

variation of the determinations are �2 . 2% for the GFR, and �5 . 0% 
for the ERPF [16) . The FF was defined as the ratio GFR: ERPF 
(normal value in our laboratory amounts to 0 . 22-0, 28) . During the 
procedure a diuresis of at least 100 ml/hr was pursued by oral 
administration of fluids . 

To exclude effects of poor metabolic regulation, the renal 
functioning studies, 
were repeated after 
latter consisted of 

including the effect of low-dose dopamine, 
one year of careful glycaemic control . The 
obtaining 24-hour blood glucose profiles 

every 2-4 weeks by- measuring blood glucose in finger prick 
samples which were taken at 03 . 00, 07 . 00 (fasting) , 09 . 00, 11 . 00, 
14 . 00, 17 . 00, 19 . 00 and 24 . 00 h .  The samples were stored in small 
plastic cups for measurement in the laboratory (Auto-analyzer II, 
Technikon, Tarrytown N . Y . ,  U . S . A . ) . All the curves obtained in 
this way during the control year were used to calculate an 
individual mean 24-hour blood glucose value during the control 
year . Furthermore, glycosylated haemoglobin (HbA1) was measured 
every two months by the colorimetric method of Flilckiger and 
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Table 1 

sex age 

F 29 
F 28 
F 23 
F 21 
F 27 
F 23 
F 32 
F 24 
M 32 
M 23 
M 43 
M 24 

median 25. 5 
mean 27. 4 

duration 

12 
13 

9 

4 

2 

3 

4 

9 

6 

4 

13 
10 

7. 5 
7. 4 

mean HbA1 
(± SEM) 

7. 0 (0. 3) 
7. 0 (0. 2) 
6. 4 (0. 2) 
7. 8 (0. 2) 
7. 4 (0. 3) 
8. 0 (0. 3) 
7. 9 (0. 3) 
7. 9 (0. 3) 
8. 0 (0. 4) 
7. 7 (0. 4) 
7. 9 (0. 4) 
6. 9 (0. 3) 
7. 8 
7. 5 

SEM (±) 0 .  2 

mean glucose 
(± SEM) 

5. 4 (0. 3) 
6. 4 (0. 3) 
6. 0 (0. 7) 
8. 7 (0. 4) 
8. 1 (0. 9) 
7. 7 (0. 9) 
9. 2 (0. 5) 
8. 8 (0. 4) 
7. 5 (0. 6) 
7. 0 (0. 6) 
8. 2 (0. 3) 
7. 3 (0. 5) 
7. 6 
7. 5 
0. 4 

Sex, age, (years) , duration of diabetes (years) , mean HbA 
(normal range 6. 0-8. 5%) (%) during the control year, and 
mean 24-hr blood glucose (mmol/1) during the control year 
in 12 patients with Type 1 (insulin-dependent) diabetes. 

Winterhalter [17). Thus, individual mean HbA1 during the control 
year was calculated. Finally, all patients were seen at the 
diabetes outpatient clinic every four weeks. 

The control group consisted of 22 male and 6 female volun
teers, with a median age not significantly different from the 
median age of the patient group (31. 5 years, range 19-48) . 

The study was approved by the medical ethics committee of the 
University Hospital Groningen. All individuals gave verbal 
consent to the infusion of dopamine. 

Heart rate (HR) and blood pressure were recorded at intervals 
of 15 min during dopamine infusion and the preceding 2-hour 
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period. Mean arterial pressure (MAP) was cal cul ated by adding one 

third of the pul se pressure to the diastol ic bl ood pressure. 

S tatistical anal ysis was performed on median val ues, since we 
considered our data not normal ly  distributed. Wil coxon rank sum 

tests on paired and unpaired sampl es were used. A probabil ity 

l evel of p<0.05 was chosen as l evel of significance. Though the 
contained significantl y more mal es than femal es control group 

(p<0.05) , no subdivision between mal es and femal es was made; 

the control group nor in the patient group basel ine neither in 
GFR, basel ine ERPF, basel ine FF, and dopamine-induced changes in 

GFR, ERPF and FF in mal es did differ from those in femal es. 

Table 2 
GFR ERPF FF 

B median 134.5 561.5 0.24 
mean 130.9 551. 6 0.24 
SEM (±)  4.9 18.8 0.006 

Do median 
* * * 

142.5 684.0 0.22 
mean 146.7 697.5 0.21 
SEM (±)  6.3 23.9 0.007 
* p<0.01 

GFR (ml /min/1.73 m2 ) ,  ERPF (ml /min/1.73 m2 ) 
and FF before (B) and during dopamine infu
sion (Do) in 12 Type l diabetic patients at 
the beginning of the study. 

Resul ts 

In Tabl e l the individual data on sex, age, duration of 
diabetes, mean HbA1 and mean 24-hour bl ood gl ucose of the 12 

diabetic patients are l isted. The median val ue of the individual 
mean HbA1 during the control year was 7.8% (range 6.4-8.0; normal 

range 6.0- 8.5% ) . The median val ue of the individual mean 24-hr 
bl ood gl ucose val ue during the control year was 7.6 mmol /1 (range 

5.4-9.2) . From these two findings it was concl uded that metabol ic 

control during the control year was rather good. None of the 
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Table 3 
BL Do L'IGFR L'IGFR 

ml/min % 

I median 
* 

109.0 124.5 11. 0 12.5 
mean 111. 6 125.2 13.6 12.2 
SEM (±)  3.3 3.5 2.0 1.9 

I I  median 
* 

131. 0 147.5 14.0 13.0 
mean 128.6 142.7 14.1 11. 0 
SEM {± )  5.9 5.4 2 . 4  1. 9 
* p<0.01 

The effect of low-dose dopamine (Do) on baseline 
{BL) GFR (ml/min/1.73 m2 ) in 28 control subjects { I) 
and in 12 Type 1 diabetic patients { II) .  

patients developed signs of clinical nephropathy or hypertension 
during the control year. 

At the beginning of the control year, median GFR was 134.5 
ml/min/1.73 m2 (range 95-161) , median ERPF 561.5 ml/min/1.73 m2 

(range 383-635) and median FF 0.24 (range 0.20-0.27) , as can be 
seen in Table 2. 

After the control year, median GFR in Type 1 diabetic 
patients had not significantly changed and was 131.0 ml/min/1.73 
m2 (range 86-170) . This was significantly higher when compared 
with the median GFR of the healthy control subjects { 109 ml/min/ 
1 . 73 m2 ; range 90-145; p<0.02) . The median ERPF was 538 ml/min/ 
1.73 m2 (range 317-613) in the diabetic patients and 443 ml/min/ 
1.73 m2 (range 327-679) in the control sujects (p<0.02) . In both 
the diabetic patients and the control subjects GFR increased 
significantly during the infusion of low-dose dopamine {Table 3) . 
Interestingly, however, there was no significant difference in 

increase in GFR between the two groups. Similar 
true for the ERPF { Table 4) . FF fell in both 

dopamine-induced 
comparisons held 
diabetic patients and control subjects during dopamine infusion 
(Table 4) . 

Dopamine infusion did not affect HR or MAP significantly. 
Median HR was 72 beats per minute (bpm) in control subjects 
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versus 76 bpm during dopamine infusion. In Type 1 diabetic 
patients, median HR was 74 bpm versus 80 bpm during dopamine. 
Median values for MAP were 94 versus 92 mmHg in control subjects, 
and 87 versus 87 mmHg in diabetic patients. 

Table 4 
ERPF FF 

BL Do BL Do 
median 

* * 
I 443.0 622. 5 0.25 0.20 

mean 461.3 628. 8 0. 24 0.20 
SEM (±) 15. 3 20. 1 0, 006 0. 004 
median 

* * 
II 538. 0 694. 0 0.24 0. 21 

mean 530. 8 669. 8 0. 24 0. 21 
SEM (±) 22. 1 30. 4 0.006 0.006 
* p<0.01 

The effect of low-dose dopamine (Do) on baseline 
(BL) ERPF (ml/min/1.73 m2 ) and FF in 28 control 
subjects (I) and in 12 Type 1 diabetic patients 
(II). 

Discussion 

Increased kidney size with increased filtration surface area, 
high plasma levels of glucagon, growth hormone and non-specified 
other mediators, and poor metabolic control itself are the 
factors which have been implicated in the supernormal GFR and 
ERPF of Type 1 diabetic patients [18]. Especially during poor 
metabolic control, a very high GFR can be observed. The latter is 
most likely caused by a hyperglycaemia-induced change in renal 
haemodynamics [19]. The literature on the effect of long-term 
normoglycaemia on GFR and ERPF in Type 1 diabetic patients is 
contradictory. Recently, it was concluded that good metabolic 
control for one year normalizes GFR [20]. In a recent study, we 
also demonstrated that good metabolic control for a longer period 
decreases GFR [21]. In the present study, however, we found that 
GFR in the patient group was still increased when compared with 
the control group after one year of careful glycaemic control. 
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This might indicate that our patients still were not well
controlled enough or that in Type 1 diabetes even during careful 
glycaemic control for a long time renal vascular resistance is 
basically decreased (22). Such a decrease in renal vascular 
resistance will exist in case of efferent vasodilatation , 
afferent vasodilatation or a generalized vasodilatation. 

Infusion of a low dose of dopamine causes a predominantly 
efferent vasodilatation which is mediated by specific renal 
dopamine receptors and results in an increase in renal blood flow 
and GFR (13 , 14 , 23). Administration of dopamine at a dose of 2. 0 
µg/kg/min results in the highest increase in ERPF and GFR , 
although in some individuals ERPF and GFR can be increased 
slightly more by infusing dopamine at a rate of 4. 0 µg/kg/min 
(A. J. Smit, personal communication). The effect of dopamine on 
renal haemodynamics is most pronounced in healthy individuals 
(14). In patients with IgA-glomerulopathy , GFR could not be 
improved if baseline GFR amounted to 73 ml/min/1. 73 m2 or less 
[ 12] . 

In 
changes 
diabetic 

the 
in 

present 
ERPF and 

study 
GFR 

we 
of 

found that the dopamine-induced 
normoglycaemic insulin-dependent 

patients did not differ from those observed in control 
subjects. This finding militates against a fall in renal vascular 
resistance caused by a predominantly efferent vasodilatation in 
Type 1 diabetes since a lesser effect of dopamine is expected in 
already existing efferent vasodilatation. The normal FF in our 
well-controlled diabetic patients is in accord with this also. 

Recently , it was suggested that there exists an enhanced 
release of the liver hormone "glomerulopressin11 in Type 1 
diabetes which causes only afferent vasodilatation and , 
therefore , an increase in glomerular plasma flow and a rise in 
ultrafiltration pressure (24-26). This results in an increased 
GFR with an unchanged or slightly elevated FF. An increased 
glomerular ultrafiltration pressure has been so demonstrated in 
diabetic rats (27). 

The increase in GFR that can be observed during protein 
intake or glucagon infusion is also thought to be caused by an 
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enhanced glomerulopressin release [24]. Indeed, we have shown 

that the infusion of amino acids in healthy individuals increases 

GFR (median value from 110 to 126 ml/min/1 , 73 m2 ) and ERPF 
(median value from 431 to 543 ml/min/1. 73 m2 ) without affecting 

FF [28]. These values, obtained during amino acid infusion in 

normal individuals, are comparable with those found in the (near) 

normoglycaemic patients with Type 1 diabetes of the present 

study . Interestingly, Bosch et al. [22] found that a protein load 

did not influence GFR in Type 1 diabetic patients with normal to 

supernormal GFR. However, to confirm the hypothesis that in Type 

1 diabetes a predominantly afferent vasodilatation exists, due to 

for instance an enhanced glomerulopressin release, more detailed 

studies are warranted. 
A general renal vasodilatation induced by the diabetic state 

as an explanation for increased ERPF and GFR is not excluded. 
However, if such a generaliz ed vasodilatation (including the 
existence of efferent vasodilatation) exists, it seems contra
dictory that the effect of low-dose dopamine on renal haemody

namics in Type 1 diabetic patients did not differ from the effect 

observed in healthy volunteers. Finally, an increased kidney 
weight per se [2, 3, 20] might explain the supernormal GFR and 

ERPF. An increased kidney weigth has been found to be associated 

with a decreased renal vascular resistance in the mature growing 

rat which results in an increased renal plasma flow [29], 

In conclusion, we found a supernormal GFR and ERPF in 
patients with Type 1 diabetes, even after a long period of fairly 

well-regulated metabolic control. The hyperfiltration seemed not 

to be caused by a decrease in renal vascular resistance on the 
base of efferent vasodilatation. A decreased renal vascular 

resistance caused by afferent vasodilatation, and an increased 

kidney weight are remaining possibilities which might explain the 

supernormal ERPF and GFR in Type 1 diabetes. 
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Chapter 7 

RENAL RESERVE FILTRATION CAPACITY IN 
PATIENTS WITH TYPE I (INSULIN-DEPENDENT) 
DIABETES MELLITUS 

Abstract 

Roughly 40% of all patients with Type 1 (insulin-dependent) 
diabetes mellitus will develop diabetic nephropathy. Therefore, 
it is important to detect the patients at risk. Glomerular hyper
filtration is one of the factors held responsible for the 
development of diabetic nephropathy. A supernormal glomerular 
filtration rate (GFR) can be found in diabetic patients even when 
they are well-controlled. In a recent study we have demonstrated 
that such glomerular hyperfiltration is not based on a predomi
nant vasodilatation of the efferent arteriole. This is in accord 
with animal studies, in which it has been demonstrated that the 
increased GFR in diabetes is caused by a predominant decrease in 
resistance of the afferent arteriole. Protein loading and 
infusion of amino acids cause an increase in GFR. This increase 
also is caused by a dilatation of the afferent arteriole. Thus, 
protein loading and amino acid infusion may be used to test renal 
reserve filtration capacity. In this study, we used infusion of 
amino acids to investigate whether the supernormal GFR in 
diabetic patients might be caused by the existence of afferent 
vasodilatation. Furthermore, the effects of amino acid and/or 
dopamine infusion on renal haemodynamics of diabetic patients 
were compared with these effects in normal volunteers. 

It is concluded that diabetic patients may be subdivided in 
patients with a normal GFR (in whom a normal reserve filtration 
capacity exists) and patients with a supernormal GFR (in whom 
administration of amino acids does not affect GFR). Our results 
suggest the existence of afferent vasodilatation in diabetic 
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patients with a high GFR. The cause of this vasodilatation 
warrants further study. 

Introduction 

Despite satisfactory metabolic control, a supernormal 
glomerular filtration rate (GFR) can be found in some but not all 
patients with Type 1 (insulin-dependent) diabetes mellitus [1-3) . 
An increased kidney weight with an increased glomerular filtra
tion surface area [4, 5), and a decreased renal vascular resis
tance [6] are held responsible for this glomerular "hyperfil
tration" which is considered to be one of the causal factors in 
the development of diabetic glomerulopathy [ 7 ) , In a previous 
study we have demonstrated that the increased GFR in Type 1 
diabetic patients is not based on a predominantly efferent 
vasodilatation [3] . This is in accord with the hypothesis of 
Alvestrand and Bergstrom, who postulated that the supernormal GFR 
in insulin-dependent diabetic patients is induced by a liver 
hormone which causes afferent vasodilatation [8, 9). 

The rise in GFR which can be observed after a meat meal [ 10) 
or infusion of amino acids [11) is also attributed to afferent 
vasodilatation. As in healthy individuals values for GFR, 
effective renal plasma flow (ERPF) and filtration fraction (FF) 
during infusion of amino acids resemble values for these 
variables in well-controlled diabetic patients [3] , it might be 
that administration of amino acids has a lesser effect on GFR, 
ERPF and FF of satisfactory controlled Type 1 diabetic patients 
because of already existing afferent vasodilatation. Therefore, 
we undertook such a study, the results of which are dealt with in 
this paper . Moreover, the effects of low-dose dopamine on renal 
haemodynamics were compared with the effects of amino acids on 
renal function of control subjects and diabetic patients. 

Patients and methods 

In 16 insulin-dependent diabetic patients (eight male and 
eight female) renal function studies were performed. The median 
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age of these patients 
duration of diabetes 17 
glucagon, C-peptide levels 
Diabetic nephropathy was 

was 31 years (20-51) and the median 
years (8-29). After stimulation with 

were below 0.1 nmol/1 in all patients. 
considered to be absent since in all 

patients proteinuria was <0.5 g/24h, creatinine clearance was 
above 80 ml/min, none of them had hypertension, and there existed 
no or only mild background retinopathy. All patients were treated 
with intensified insulin therapy, i.e. multiple insulin injec
tions and frequent home blood glucose monitoring with reagent 
strips and adjustment of the insulin dose accordingly. (Near) 
normoglycaemia (3-10 rnrnol/1) was pursued for all patients. To 
check glycaemic control all patients were seen at the diabetes 
outpatient clinic every four weeks and glycosylated haemoglobin 
(HbA1) was measured every two months using the colorimetric 
method of FlUckiger and Winterhalter. Furthermore, at least once 
a month a 24hr blood glucose profile was obtained by measuring 
blood glucose in finger prick samples taken at 03.00, 07.00 
(fasting), 09.00, 11.00, 14.00, 17.00, 19.00 and 24.00 hr. 

The control group consisted of 12 healthy volunteers (eight 
male, four female) with a median age of 26.5 years (23-50). 
Median age nor sex distribution differed significantly between 
the diabetic group and the control group. 

On 
performed 
upright 
was used 

two separate days, renal haemodynamic studies were 
in supine position allowing to void the subjects in 

position if necessary. On day one, a standard procedure 
to measure GFR and ERPF. 1 2 5 I-iothalamate was used to 

determine GFR and 1 3 1 I-hippurate to determine ERPF [12). The 
radiopharmaceuticals were infused at a constant rate after the 
administration of a priming dose. After an equilibration period 
of 1. 5 hr, two 2-hr clearances were determined using the formula 
UxV/120xP. At the end of this standard procedure, dopamine was 
infused at a dose of 1.5-2.0 µg/kg/min for 2hr (Braun Unita II 
pump). GFR and ERPF during these 2hr were compared with the GFR 
and ERPF preceding dopamine infusion. On day two, infusion of an 
amino acid solution (Vamin¾) was started at 18,00 pm at a rate 
of 500 ml/6hr (=83 ml/hr). On day 3, the standard procedure was 
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repeated and prolonged again for a 2-hr period during which a low 
dose dopamine was infused while the infusion of amino acids was 
continued. The coefficients of the day to day variation of GFR 
and ERPF are �2.2% and �5.0%, respectively [12]. Filtration 
fraction was defined as the ratio GFR: ERPF (normal values in our 
laboratory amount to 0.22-0.28) . A diuresis of at least 100 ml/hr 
was maintained by the oral administration of fluids. 

Heart rate (HR) and blood pressure were recorded at 60 min 
intervals during the infusion of low-dose dopamine and the 
preceding 2-hr period. Mean arterial pressure (MAP) was 
calculated by adding one third of the pulse pressure to the 
diastolic blood pressure. Urinary excretion rate of albumin was 
measured by radioimmunoassay. 

Wilcoxon rank sum tests on paired and unpaired samples were 
used for the statistical analysis of our data as we considered 
our data not normally distributed. Deming's method was used to 
study correlations. A p<0.05 was chosen as level of significance. 

Table 1 
DM alb BL Do AA A+D 

1 27 233 90 94 103 110 
2 15 154 116 137 146 167 
3 29 97 125 141 130 142 
4 16 165 107 109 112 118 

Duration of diabetes (DM; years) , baseline (BL) 
GFR and GFR during dopamine (Do) infusion, 
amino acid (AA) infusion and combined (A+D) 
infusion (ml/min/1.73 m2 ) of the four patients 
with increased microalbuminuria (alb; µg/min) 

Results 

From the initial investigated diabetic subjects, four had to 
be skipped because of an elevated microalbuminuria (�20 µg/min) . 
Individual data on duration of diabetes, microalbuminuria, GFR 
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Table 2 
BL t.Do% LI.AA% t.A+D% 

C median 
** ** **  

107.0 10.5 9. 5 17.5 
mean 106,6 11.2 12. 3 20. 6 
SEM (± )  3.3 2. 1 2.9 2. 7 

D median 
**  * * *  129.0 8.0 4.5 17.5 

mean 13 4.0 10.7 6. 9 21.4 
SEM (±)  7.4 2.1 2. 8 4.2 

* * * 
ND median 115. 0 1 . 0  15.0 3 3.0 

mean 116.0 12. 4 14.1 32. 0 
SEM (± )  4. 1 3.8 3.1 5.0 

HD median 
* * 

145.5 9.5 1.0 12. 5 
mean 152.0 9.1 -0.2 10.8 
SEM (±)  9.6 1.7 2.2 2.9 

The effects of dopamine (Do) , amino acid (AA) and 
combined (A+D) infusions on baseline GFR (BL; ml/min/ 
1,73 m2 ) of healthy individuals (C) , patients with 
insulin-dependent diabetes mellitus (D) and these 
patients after subdivding them in normofiltering (ND) 
and hyperfiltering (HD) diabetics. 

and response of GFR to dopamine infusion, amino acid infusion and 
combined infusion are given in Table 1. In the 12 diabetic 
patients left (microalbuminuria <20 µg/min) , MAP decreased during 
the infusion of low-dose dopamine. Median MAP was 97 mmHg (range 
83-117) baseline and 90 mmHg during dopamine infusion (range 80-
107; p<0.05) . Infusion of amino acids and the combined infusion 
of amino acids and dopamine did not affect MAP significantly, 
values being 96 mmHg (82-115) and 92 mmHg (78-105) , respectively. 
In the healthy volunteers neither dopamine infusion nor amino 
acid and the combined infusion caused significant changes in MAP. 
Values were 92 mmHg (78-108) baseline, 93 mmHg (80-105) during 
dopamine infusion, 93 mmHg (83-107) during amino acid infusion 
and 92 mmHg (82-105) during the combined infusion. Neither in the 
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Figure 1 
The effects of dopamine infusion (Do) , amino acid infusion 
(AA) and combined infusion (A+D) on baseline (BL) GFR (left 
panel) , ERPF (middle panel) and FF (right panel) of control 
subjects (C) , normofiltering diabetics (ND) and hyperfil
tering (HD) diabetics . (GFR and ERPF both in ml/min/1. 73 m2 ; 

*p<0. 05; * *p<0 . 01) . 

diabetic 
ficantly 
combined 
beats per 

patients nor in the control subjects HR changed signi
during dopamine infusion, amino acid infusion or the 
infusion. In the diabetic patients median HR was 76 

minute (bpm; 52-92) baseline, 78 bpm (56-100) during 
dopamine infusion, 72 bpm (64-112) during amino acid infusion and 
76 bpm (60-100) during the combined infusion . In the volunteer 
group those values were 80 bpm (48-92) , 80 bpm (60-100) , 82 bpm 
(60-88) and 84 bpm (72-100) , respectively. During the four test 
situations there were no significant differences in MAP or HR 
between the diabetic patients and the control subjects . 

The effects of dopamine infusion, amino acid infusion and the 
combined infusion of amino acids and dopamine on GFR are listed 
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Amino acid-induced change (LiA GFR%) versus base
line GFR (ml/min/1.73 m2 ) in 12 Type 1 diabetic 
patients. 

in Table 2. There tended to be a difference betweeen the diabetic 
subjects and the control subjects with respect to the response to 
amino acid infusion: baseline GFR was higher (p<0.01) in the 
diabetic patients and GFR tended to increase to a lesser extent. 
Therefore, the diabetic patients were subdivided in a patient 
group (n 
GFR below 

= 6) with a normal baseline GFR, defined as a baseline 
130 ml/min/1.73 m2 (130 = mean baseline GFR plus 2x 

standard deviation of the control subjects) , and a patient group 
(n=6) with a supernormal GFR. A striking difference occurred 
(figure 1) . In the diabetic patients with a normal baseline GFR, 
amino acid infusion caused a significant increase in GFR which 
did not differ significantly from the amino acid-induced rise in 
GFR of the control subjects. However, in the patients with a 
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Table 3 
BL LIDO% llAA% llA+D% 

C median 
* *  * * *  

415 35.5 6.0 36.0 
mean 443 35,9 10.4 42.4 
SEM (± )  16.6 4.2 4.3 7. 0 

D median 
* *  **  

562 25.0 o . o  27.0 
mean 568 28.2 -0.6 30.8 
SEM (± )  40.7 4.1 3.3 7.5 

ND median 
* * 

538 27.5 4.5 40.0 
mean 510 33.3 5.6 47.5 
SEM (± )  29.9 5.0 4.7 9.4 

HD median 
* * 

587 19.5 -8 . 0  8.5 
mean 627 23.l -6 . 8  14.1 
SEM (± )  71.0 6.3 3.3 7.0 

*p<0.05; * *p<0.01 

The effects of dopamine (Do) , amino acid (AA) and 
combined (A+D) infusions on baseline ERPF (BL; ml/min/ 
1.73 m2 ) of healthy volunteers (C) , patients with Type 
1 diabetes mellitus (D) and these patients after 
subdividing them in normofiltering (ND) and 
hyperfiltering (HD) diabetic patients. 

supernormal GFR, amino acid infusion did not change GFR signifi
cantly (Table 2 and figure 1) . Interestingly, there appeared to 
exist a strong 
induced change 
change in GFR 

negative correlation between the amino acid
in GFR and the baseline GFR: amino acid-induced 
decreased with increasing baseline GFR (llGFR% 

53.9 - 0.35xGFR; r=0.83; p<0.01; figure 2) , 
On the contrary, dopamine infusion increased GFR to the same 

extent in as well as the diabetic patients with a supernormal GFR 
as in the diabetic patients with a normal GFR or the control 
subj ects. The combined infusion of amino acids and dopamine 
increased GFR most in both the normofiltering diabetic patients 
and the control subj ects. In patients with a supernormal GFR, the 
rise in GFR during the combined infusion did not differ 
significantly from the dopamine-induced change in GFR. 
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Table 4 

sex ratio 
BL MAP 

(mmHg) 

M/F 
median 
mean 
SEM (±) 

age (years) median 
mean 
SEM (±) 

Duration of median 
DM (years) mean 

SEM (±) 

24-hr glue 
(rnrnol/1) 

microalb. 
(µg/min) 

protein/kg 

median 
mean 
SEM (±) 
median 
mean 
SEM (±) 
median 
mean 
SEM (±) 
median 
mean 
SEM (±) 

urea excr median 
(rnrnol/2hr) mean 

SEM (±) 
*ND versus HD p<0.05 

C 
8/4 

92 
93 

2.9 
26.5 
31.9 
2.9 

ND 
4/2 

* 107 
106 
4.9 

* 36.0 
37.3 
3.0 

18.0 
16.3 
2. 5 
7.1 
7.0 
0.2 
9.5 
9.4 
0.3 
5.0 
6.7 
2.3 
1.3 
1.5 
0.2 

38.5 
35.2 
7.0 

HD 
3/3 

89 
90 

2.8 
27.5 
27.3 
1.8 
9.5 

12.3 
2.2 
7.2 
7.4 
0.3 
7.8 
7.9 
1.0 
6.5 
7.7 
2,4 
1.9 
1.5 
0.1 

44.5 
4 8 . 4  

5 , 0  

Data on sex distribution, age, duration of 
diabetes (DM) , dietary protein intake and meta
bolic control. C = control subjects; ND = normo
filtering diabetic patients; HD = hyperfiltering 
diabetic patiens; BL = baseline; 24-hr glue = 

24-hr blood glucose profile; microalb = microal
buminuria; urea excr = urinary urea excretion. 
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As can be seen from Table 3 and figure 1, amino acids do 
affect renal haemodynamics in another way than dopamine. Low-dose 
dopamine caused a significant increase in ERPF in as well as the 
control subjects as the diabetic patients. As the percentage 
increase in ERPF exceeded the percentage increase in GFR, FF 
fell . During amino acid infusion ERPF increased significantly in 
the healthy volunteers. However, FF tended to increase (0.24 vs 
0.25) indicating a relatively larger increase in GFR than ERPF 
which is in contrast with the observations during dopamine 
infusion. In the diabetic patients no significant change in ERPF 
was found during amino acid infusion whereas FF rose signifi
cantly (0.24 vs 0.25; p<0.01) . 

Diabetic patients with a normal baseline GFR were older 
(median age 36.0 years) than both the control subjects (median 
age 26.5 years) and the hyperfiltering diabetic patients (median 
age 27.5 years) although only the difference between the two 
patient groups was statistically significant (p<0.05; Table 4) . 
Duration of diabetes tended to be longer in the diabetic patients 
with a normal baseline GFR, but the difference was not 
statistically significant (table 3) . Median HbA1 (normal range 
6, 0-8,5%) just before the renal function studies was 7.1% (6.1-
7.6) in the normofiltering diabetic patients and 7.2% (6.4-8.7) 
in the hyperfiltering diabetic patients (n.s.) . Median 24-hr 
blood glucose, calculated from the 24-hr blood glucose values of 
the three months preceding the renal function studies, was 9.5 
mmol/1 (8, 5-10.4) in the patients with a normal baseline GFR and 
7, 8 mmol/1 (4.7-11.4 � in the patients with a supernormal baseline 
GFR (n.s.) . From these observations it was concluded that the 
metabolic control of our patients was satisfactory, though not 
optimal. Furthermore, we concluded that metabolic control in the 
patients with a supernormal GFR certainly was not worse than 
metabolic control of patients with a normal GFR. 
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Discussion 

Diabetic nephropathy does occur in approximately 40% of all 
patients with Type 1 (insulin-dependent) diabetes mellitus [13) . 
Glomerular hyperfiltration, which can be found in these patients 
even during good metabolic control [2), is thought to be an 
important factor in the development of diabetic nephropathy [7]. 
Increased kidney weight and glomerular surface area, a decreased 
renal vascular resistance and several hormones (e.g. glucagon and 
growth hormone) are considered to be involved in the genesis of 
this glomerular hyperfiltration. Recently, we demonstrated that 
infusion of a low dose dopamine, which exerts its effect on GFR 
by increasing renal blood flow due to a predominant vasodila
tation of the efferent arteriole [3], resulted in a rise in GFR 
and ERPF of healthy volunteers and Type 1 diabetic patients of a 
comparable magnitude. Thus, it was concluded that glomerular 
hyperfiltration in insulin-dependent diabetic patients was not 
based on a decrease in resistance of the efferent arteriole. In 
the present study this observation is confirmed since dopamine
induced changes in ERPF and GFR of healthy volunteers did not 
differ from that of Type 1 diabetic patients. 

By means of micropuncture studies it has been demonstrated in 
the rat that a high protein diet results in a rise in GFR because 
of an increase in net ultrafiltration pressure and glomerular 
blood flow, both induced by a decreased resistance of the 
afferent arteriole [14, 15). The FF was slightly higher in case of 
high protein feeding. In man the administration of amino acids or 
a meat meal also causes an increase in GFR whereas FF increases 
slightly or is unaffected. Therefore, amino acids and protein 
probably affect GFR in man also by the induction of afferent 
vasodilatation. However, amino acid- or protein-induced changes 
in the ultrafiltration coefficient are not excluded. Recently, it 
was postulated that the protein-induced rise in GFR as well as 
the supernormal GFR in Type 1 diabetic patients are caused by a 
liver hormone which causes afferent vasodilatation [8, 9 ) .  
Therefore, a lesser effect of amino acids on GFR might be found 
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in case 
observation 

of 
of 

already existing afferent vasodilatation, The 
the present study that the GFR of hyperfiltering 

diabetic patients does not increase after amino acid infusion 
whereas normofiltering diabetic patients have a normal response 
to amino acid infusion, does favour the hypothesis that in 
hyperfiltering diabetic patients an afferent vasodilatation 
exists. Because of this decrease in resistance of the afferent 
arteriole, glomerular hypertension can occur and persist, and 
thus, may be involved in the initiation and progression of 
diabetic nephropathy. Furthermore, it is imaginable that 
prolonged afferent vasodilatation ultimately may cause damage to 
the afferent arteriole itself and results in an impaired 
autoregulation of glomerular filtration rate, In patients with 
diabetic nephropathy the existence of an impaired autoregulation 
indeed has been demonstrated by Parving et al. [16). 

The four patients with increased microalbuminuria had a 
relatively long duration of diabetes but showed a normal baseline 
GFR and seemed to possess a normal reserve filtration capacity. 
This might point to the fact that glomerular hyperfiltration is 
not strictly necessary for the development of microproteinuria. 
Further studies on this subject are warranted, however. 

As can be seen in Table 4, several possibilities were 
excluded to explain the observed difference between hyperfilte
ring and normofiltering diabetic patients with respect to the 
effect of amino acids on GFR, Protein intake and urea excretion 
were not significantly different. The explanation that normofil
tering diabetic patients revealed a higher MAP might be that they 
were 
their 

significantly 
disease. Why 

older and moreover, had a longer duration of 
they, despite this, showed no increased 

microalbuminuria and a normal reaction on amino acid infusion 
remains at this moment speculative, although it indicates that 
these patients have "healthy" kidneys. 

The observation that GFR rises most during a combined 
infusion of low-dose dopamine and amino acids can be explained by 
their different effects on renal haemodynamics [17). A dopamine
induced efferent vasodilatation resulting in an increased renal 
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plasma flow and an amino acid-induced afferent vasodilatation 
causing an increase in the hydrostatic pressure in the glomerular 
capillary will be additive. The fact that the change in GFR 
during the combined infusion did not differ from the change in 
GFR during dopamine infusion in hyperfiltering diabetic patients 
whereas, on the other hand, in normofiltering diabetic patients 
the combined infusion resulted in a significant larger rise in 
GFR when compared with dopamine infusion alone, also favour the 
assumption of the existence of afferent vasodilatation in 
insulin-dependent diabetic patients with a supernormal GFR. 
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Chapter 8 

GENERAL DISCUSSION 
(and look at the future) 

Based on the results of roicropuncture studies Brenner and co
workers have developed a model of gloroerular ultrafiltration in 
the rat [1-4]. This model has deepened our insights in the 
factors which govern gloroerular ultrafiltration. Of these factors 
gloroerular plasma flow appeared to be roost important. Since in 
roan, in contrast to the rat, no methods are available to measure 
single nephron gloroerular filtration rate and its determinants, 
it is questionable whether the observations in the rat model are 
completely valid in roan. For instance, in the dog gloroerular 
filtration rate (GFR) appeared to be only moderately dependent on 
renal plasma flow [5]. Nevertheless, we assume that the GFR in 
roan also depends on gloroerular plasma flow, net ultrafiltration 
pressure and the ultrafiltration coefficient as long as the 
oncotic pressure of arterial plasma remains constant. The 
clearance of PAH or 1 3 1 I-hippurate can be used to measure the 
effective renal plasma flow (ERPF) . The latter generally is 
considered to be a valid reflection of the gloroerular plasma 
flow. Thus, changes in ERPF reflect changes in gloroerular plasma 
flow although we have to realize that changes in the distribution 
of intrarenal blood flow and changes in the extraction of PAH or 
1 3 1 I-hippurate also may have a marked effect on ERPF. It is even 
more difficult in roan to get reliable information about the 
values for net ultrafiltration pressure and the ultrafiltration 
coefficient. Changes in the filtration fraction (FF) may indicate 
whether these variables are involved in changes of the GFR. 
Again, changes in distribution of intrarenal blood flow might 
disturb such interpretations. Especially so, since the renal 
cortex contains two populations of nephrons: juxtaroedullary 
nephrons with a low FF and superficial nephrons with a high FF 
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(6). From the above mentioned remarks we have to conclude that in 
man translation of changes in effective flow and/or FF in changes 
of the determinants of glomerular ultrafiltration at this moment 
are more or less speculative. 

In order to clarify the basic questions posed in this thesis 
( p  6)  we have tried to manipulate renal haemodynamics, Therefore, 
changes in haemodynamics were pursued by the infusion of low-dose 
dopamine and of amino acids, separately or combined administered. 
Dopamine acts on specific dopaminergic receptors which amongst 
others are located in the renal vascular bed [7, 8]. Stimulation 
of these receptors results in an increased cortical blood flow 
and a rise in GFR (9, 10). The observed fall in FF can be 
explained by a substantially larger rise in ERPF than in GFR, for 
instance, because of a predominant efferent vasodilatation. 
However, both a relative shift of blood flow from cortical 
nephrons to juxtamedullary nephrons and a change (i. e. a 
decrease) in the ultrafiltration coefficient may account for this 
fall in FF too. Although dopamine is an endogenous catecholamine, 
it is not clear yet whether endogenous dopamine is of importance 
to renal physiology in man. Several investigators have found in 
animals indications for renal dopamine production (11-14), 
possibly by the proximal tubule (15). The results presented in 
this study show that in man the relative dopamine-induced changes 
in ERPF and GFR of both kidney donors and renal patients with an 
apparently normal baseline GFR are less when compared with 
control subjects. These observations do favour the assumption 
that endogenous dopamine may have a physiological role. A loss of 
glomeruli (or glomerular surface area) , thus, might cause a 
release of endogenous dopamine which results in an increase in 
ERPF (i. e. glomerular plasma flow) in order to maintain GFR. 
studies on the effects of low-dose dopamine on renal 
haemodynamics of kidney donors before and after kidney donation 
as well as studies on the effects of specific antagonists of 
renal dopamine receptors might further elucidate this supposition 
and are warranted, therefore. Regardless a physiological role for 
endogenous dopamine or not, exogenous dopamine can be used to 
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test the existence of a renal reserve filtration capacity. The 
increase in GFR appeared to be largest in healthy individuals and 
was absent in renal patients with a baseline GFR below 50 
ml/min/1.73 m2 • The latter may point to the existence of 
glomerular hyperfiltration in patients with a GFR less then 50 
ml/min/1.73 m2 [chapters 2, 3). 

Compared with dopamine, amino acids and protein have 
different effects on renal haemodynamics as is expressed by the 
changes in FF. After the infusion of low-dose dopamine FF falls, 
whereas FF does not change or rises after the administration of 
amino acids or protein. As can be calculated from the observation 
of Zatz et al. [16), the increase in GFR during high protein 
feeding in rats is also associated with a rise in FF. These 
findings are attributed to an increased net ultrafiltration 
pressure together with an increased glomerular plasma flow, both 
as a result of an afferent vasodilatation. In contrast to 
dopamine, much less is known about the way amino acids or protein 
cause changes in renal haemodynamics. It is very likely, however, 
that the rise in GFR observed after administration of amino acids 
or protein is hormonally mediated. Protein intake causes a 
postprandial rise in serum glucagon levels [17). Nevertheless, 
glucagon itself most likely is not responsible for the amino acid 
or protein-induced rise in GFR, since direct infusion of glucagon 
into the renal artery does not change GFR (and ERPF) [18, 19). 
However, when glucagon is infused into the portal vein, even in 
doses which result in portal vein concentrations of glucagon as 
can be found after a meat meal [19), a rise in GFR occurs. This 
observation points to the existence of a liver-derived substance 
("glomerulopressin") [18, 19). The presence of this substance was 
demonstrated by Uranga in the toad [20) and later on in other 
animals [18, 21). It exerts its effect on renal haemodynamics by 
the induction of afferent vasodilatation (22). Whether glomeru
lopressin also exists in man is not clear yet, although the 
observation of Hirschberg et al. (23) that in patients with 
severe liver disease a meat meal does not affect GFR, favours 
this possibility. More investigations are necessary in order to 
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clarify whether a protein/glucagon-mediated release of glomeru
lopressin indeed exists in man and whether it causes afferent 
vasodilatation by either a direct or an indirect effect since, 
for instance, it has been demonstrated that indomethacin blunts 
the effect of amino acids on GFR as well as the effect of 
glomerulopressin (24, 25). This indicates that renal prostaglan
dines may be involved to some extent. Furthermore, studies with 
specific antagonists (provided they can be found) that cause 
afferent vasoconstriction and thus reduce glomerular hydrostatic 
pressure, are warranted in order to investigate whether such 
antagonists can slow down or even prevent the deterioration of 
renal function in case of moderate to severe renal failure. 

Another explanation for the amino acid-induced rise in GFR 
was given by Woods et al. ( 26), who have demonstrated that amino 
acid infusion causes afferent vasodilatation based on an 
increased reabsorption of amino acids in the proximal tubule. The 
latter will be accompanied by an increased sodium reabsorption. 
This will result in a decrease in sodium delivery at the distal 
tubule. Therefore, the glomerular tubular feedback will cause 
afferent vasodilatation and a rise in GFR in order to increase 
distal sodium delivery. This mechanism may contribute to the 
amino acid-induced rise in GFR. However, it can not explain the 
observations of Uranga et al. (18) and Premen et al , (19), 

In this thesis we have found that the amino acid-induced rise 
in GFR was largest in healthy volunteers whereas amino acids did 
not cause significant changes in GFR of patients with moderate to 
severe renal insufficiency (chapter 3) , Again, this may point to 
the existence of glomerular hyperfiltration in these patients. 
Both Bosch et al. ( 27) and Rodriquez-Iturbe et al. (28) also 
noticed that the effect of a protein load was less in patients 
with renal disease when compared with healthy control subjects. 
We could not establish a significant difference in amino acid
induced percentage increase in GFR between healthy volunteers and 
healthy individuals after uninephrectomy. This may imply that 
mechanisms tested during the administration of amino acid or 
protein are not involved in the renal adaptation to glomerular 
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damage. However, our observation is in contrast with the findings 
of Rodriquez-Iturbe et al. (28] who found a significant 
difference between healthy individuals and uninephrectomized 
persons with respect to the protein-induced rise in GFR. Studies 
in kidney donors before and after kidney donation may provide 
further information on this subject and thus, may answer the 
question whether afferent vasodilatation is involved in the renal 
mechanisms which compensate for a loss of glomeruli (or 
glomerular surface area) . 

Apart from a rise in GFR, infusion of amino acids also 
results in an increased urinary sodium excretion (25, 29, chapter 
3]. Recently, it was demonstrated that high protein diets cause 
an impaired autoregulation of renal blood flow in 5/6-
nephrectomized rats [30] , Amino acids and protein may impair 
renal autoregulation by the induction of afferent vasodilatation 
which will interfere with the glomerulotubular feedback and 
result in an increased natriuresis. As the effects of protein and 
amino acids on GFR probably are mediated by a liver substance, 
this 11 glomerulopressin" then must have natriuretic qualities. 
Further investigations on this subject may elucidate this. 

In subtotally nephrectomized rats, high protein diets accele
rate the down hill course of renal function. As is mentioned 
before, high protein feeding increases net ultrafiltration 
pressure and glomerular plasma flow. However, in 5/6-nephrec
tomized rats low protein diets slow down the progression of renal 
failure, in association with a normalization of the net ultrafil
tration pressure. The glomerular plasma flow on the contrary, 
remains elevated as a result of a persistent decrease in the 
resistance of the efferent arterioles (31]. These observations 
indicate that especially an increased hydrostatic pressure in the 
glomerular capillaries is harmful to the glomeruli and has to be 
prevented. Two other observations favour the assumption that 
especially an elevated hydrostatic pressure is harmful to the 
glomerulus. Firstly, the fact that antihypertensive drugs (i.e. 
angiotensin-I converting enzyme inhibitors) which decrease the 
hydrostatic pressure in glomerular capillaries, are able to 
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prevent the development of renal failure in 5/6-nephrectomized 
rats , whereas drugs which do not affect the glomerular hydro
static pressure have no or less effect (32-34). Secondly , the 
observation of De Jong et al. (35) that in a patient with polycy
thaemia and secondary proteinuria an extremely high FF and a low 
ERPF were present. After phlebotomy , FF fell while ERPF (and GFR) 
increased and proteinuria disappeared , all probably because of a 
fall in the hydrostatic pressure in the glomerular capillaries. 
Recently , these observations of De Jong et al. were confirmed by 
Loute et al. (36). Thus , it seems that glomerular hypertension is 
the supportive factor in the progression of glomerular damage to 
end stage renal failure. Therefore , treatment strategies to 
prevent this glomerular hypertension have to be developed. 
Furthermore , these observations may lead to a subdivison of the 
so-called ''glomerular hyperfiltration" in glomerular hyperper
fusion and the probably more damaging glomerular hypertension. 

Table 1 
BL SP LP MM AA 

* * ** ** GFR mean 110 122 125 131 132 
SD 11 15 11 12 11 

* * ** ERPF mean 462 481 496 526 540 
SD 52 63 54 59 50 

* * FF mean . 24 . 25 . 25 . 25 . 25 
*p<0. 05; **p<0. 01 

The effects of 85 g soy protein (SP) , 85 g 
lactoglobulines (LP) , 95 g red beef protein 
(MM) and amino acids (AA , Vamin-18 , 2ml/min) 
on baseline (BL) GFR, ERPF and FF of 6 healthy 
volunteers. (Published with permission of the 
investigators , Bilo et al. (41)) . 

The results of several studies in animals and man have shown 
that dietary protein restriction is an effective treatment in 
slowing down the deterioration of renal function (37-39) and 
therefore , may be the initial step in the treatment of patients 
with renal insufficiency. Interestingly , vegetarians reveal a 
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remarkably low creatinine clearance [40). Several investigators 
have drawn attention to the fact that there appears to be a 
difference between the several sources of protein with respect to 
their effect on renal haemodynamics { Table 1) [41,42). Prelime
nary results of one of our present studies also indicate that 
non-red meat ("casilan'') protein does increase GFR less than red 
meat or an amino acids mixture do (median increase 4% versus 12%, 
respectively) . Other workers, however, did not find this diffe
rence [43,44). The possibilty of such a difference has to be 
investigated further since it may have consequences for the 
dietary treatment of patients with chronic renal insufficiency. 
such a difference might be due to a diversity of amino acid 
composition of these proteins or to a difference in enteral 
digestion and absorption. 

Another way to treat patients with moderate to severe renal 
failure in order to prevent the development of end-stage renal 
failure may be the use of ACE-inhibitors. It has been found that 
in (subtotally) nephrectomized rats these drugs are capable to 
slow down the deterioration of renal function possibly by 
inducing a fall in the glomerular hydrostatic pressure [32,33). 
studies in man on this subject are warranted. 

Micropuncture studies in rats have revealed that not only in 
animals with a substantially impaired renal function glomerular 
hyperfiltration can exist, but also in rats with insulin
dependent diabetes mellitus [16,45). The supernormal GFR in these 
animals is caused _ by a decrease in vascular resistance of the 
afferent arteriole and results in glomerular hypertension [16). 
In insulin-dependent diabetic patients a supernormal GFR can be 
found too, despite good metabolic control [46-48, chapter 6+7]. 
This elevated GFR is associated with an unaffected or slightly 
increased FF, Alvestrand and Bergstrom have postulated that this 
glomerular hyperfiltration in Type 1 diabetic patients also is 
caused by increased glomerulopressin levels resulting in glomeru
lar hypertension due to afferent vasodilatation [49). In the dog 
it has been demonstrated that pancreatectomy caused an increase 
in GFR which indeed was associated with a rise in glucuronide 
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levels in hepatic vein blood (glomerulopressin probably is a 

glucuronide [50 )) . Infusion of insulin in the portal vein 

normalized both the GFR and the glucuronide concentration in the 

hepatic vein [50 ). Infusion of insulin into the femoral vein, 

however, did not affect the supernormal GFR in these pancrecto

mized dogs. Therefore, del Castillo et al. [50 ) concluded that a 

lack of insulin reaching the liver was the cause of the elevated 

GFR in these animals. On the other hand it was found that 

glucagon is a potent agent to release glomerulopressin from the 
liver. Glucagon infusion causes a rise in GFR in healthy 

volunteers and serum levels of glucagon can be elevated in 
insulin-dependent diabetic subjects [51, 52). Thus, it is questio

nable whether a lack of insulin reaching the liver is the only 
cause of an increased glomerulopressin release (and GFR) in 

insulin-dependent diabetes. A disturbance in the hormonal balance 

(i.e. insulin versus glucagon/growth hormone/other agents) more 

likely might be responsible. Regardless the existence or absence 

of a glomerulopressin-induced supernormal GFR in insulin

dependent diabetics, the elevated FF in these patients points to 
the presence of glomerular hypertension. s ince the latter, in 

analogy to renal patients, most likely will be harmful its 

existence has to be excluded in order to try to prevent the 

development of diabetic nephropathy. 

Until now, in at least two studies it has been demonstrated 

that good metabolic control does not prevent the deterioration of 

renal function in existing diabetic nephropathy [53, 54). However, 

this does not imply that metabolic control would be unimportant 

since, for instance, especially during poor metabolic control 
glomerular filtration is increased which may accelerate the 
deterioration of renal function. Optimal glycaemic control 

itself, however, seems not to be a sufficient measure to stop the 
downhill course of renal function in manifest diabetic 

nephropathy. 

I n  diabetic rats protein restriction increases the resistance 

of the afferent arteriole and thus lowers the glomerular hyper
tension [16). The institution of protein-restricted diets, 
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therefore, may have a beneficial effect in hyperfiltering 
diabetic patients too. The latter seems to be in accord with our 
observation that infusion of amino acids doesnot affect GFR of 
hyperfiltering insulin-dependent diabetic patients [chapter 7 ] .  A 
similar observation is the fact that amino acid infusion doesnot 
have an effect on GFR of patients with moderate to severe renal 
insufficiency [chapter 4] , whereas protein restriction does cause 
a fall in GFR in these patients [p 5] and has a benefical effect 
in case of renal failure with respect to the development of end
stage renal disease. Thus, studies on the effect of protein 
restriction on 
tering Type 1 
whether such 
nephropathy. 

renal haemodynamics of well-controlled hyperfil
diabetic patients are of interest to investigate 

diets may prevent the development of diabetic 

A second possibility to prevent the development of diabetic 
nephropathy in well-regulated insulin-dependent diabetic patients 
with a supernormal GFR may be the use of ACE-inhibitors since 
these agents cause a decrease in vascular resistance of the 
efferent arteriole thus reducing the glomerular hydrostatic 
pressure. It has already been demonstrated in diabetic patients 
with heavy proteinuria that captopril reduces existing proteinu
ria. The observation was explained by a captopril-induced 
reduction in glomerular hypertension [55] . 

Thirdly, the use of drugs which cause specifically afferent 
vasoconstriction may be useful to reduce glomerular hyperfiltra
tion in diabetic patients. Indomethacin may be one of these 
drugs. It normalizes- both the hydrostatic pressure and the net 
ultrafiltration pressure in diabetic rats by inducing afferent 
vasoconstriction [ 5 6 ] . In hyperfiltering diabetic patients 
studies on the effects of indomethacin on renal haemodynamics are 
contradictory [57, 58] and, therefore, requires further investiga
tion, taking into account that long-term treatment with this 
agent may herald certain risks. 

Fourthly, studies are necessary to investigate whether low
dose dopamine decreases the hydrostatic pressure in the glomeru
lar capillaries as oral dopamine agonists (e. g. Ibopamine and 
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Fenoldopam [59 1 60]) then may be used to decrease glomerular 
hypertension in diabetic patients with a supernormal GFR. 

In this thesis we have shown that both intravenous adminis
tration of low-dose dopamine and amino acids increase GFR to the 
same extent but that the combined infusion of these agents 
results in even higher values for GFR. Recently, our observations 
have been confirmed by Allison et al [60]. It might be, however, 
that administration of amino acids in higher amounts than we used 
causes even larger increases in GFR. Since several drugs (e.g. 
ACE-inhibitors/angiotensin-II antagonists and Ca++_antagonists 
[61-63]) are capable to increase renal blood flow and GFR, it may 
be that the combination of amino acids, low-dose dopamine and 
those agents have an additional effect in elevating GFR. Thus, it 
is not possible yet to answer the question posed in this thesis 
whether the maximal GFR can be measured, Further studies may 
provide an answer to this question, although we have to wonder at 
the same moment whether such manipulations with renal haemodyna
mics are of physiological importance indeed. 
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S UMMARY 

In man the glomerular filtrati on rate (GFR) ri ses during 
pregnancy. An i ncreased GFR also can be found during the use of a 
high protei n diet compared with a low protei n diet. Both 

observations i ndicate that i n  man a reserve fi ltrati on capacity 

i s  avai lable. 

suppositi on i s  

An 

the 
even more convi nci ng evidence for thi s 
fact that after ki dney donation GFR roughly 

amounts to 70 per cent of the pre- donati on GFR. The latter also 

i ndi cates that a loss of glomeruli can be compensated for by 

hyperfiltrati on of the remnant glomeruli. However, in rats it  has 
been found that compensatory hyperfi ltrati on, for i nstance 

i nduced by subtotal nephrectomy, leads to a progressi vely 

downhi ll course of the renal functi on and the development of 

proteinuria, both of whi ch can be ameli orated by a protei n

restri cted diet. Recently, we have demonstrated that protei n 

restricti on also slows down the progressi on towards end-stage 
renal fai lure  in patients with moderate to severe renal 
i nsuffi ciency . Thi s may indi cate that " harmful glomerular 
hyperfiltration" can exist i n  man too. Therefore, we have 

i nvestigated whether reserve fi ltrati on capaci ty (i.e. the 

absence of glomerular hyperfi ltrati on) can be measured in 

patients with renal disease by mani pulation of the GFR. For the 

latter purpose we have used the i nfusi on of low-dose dopami ne and 
the infusi on of amipp acids, separately or si multaneously 

admini stered. 

S ubpharmacologi cal doses of dopamine (1-2 µg/kg/mi n) , an 

endogenous catecholami ne, cause renal vasodi latati on medi ated by 

speci fic dopaminergi c receptors. Thi s results in an i ncreased 

renal blood flow and GFR. Thus, we have used the infusion of 
dopami ne at a rate of 1.5-2.0 µg/kg/min in order to i ncrease GFR. 

Firstly, this has been done i n  32 patients with IgA glomerulo

pathy (chapter 2) . In these patients the i nfusi on of low-dose 

dopamine does not affect effecti ve renal plasma flow (ERPF) and 
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GFR if baseline GFR amounts to 73 ml/min/1. 73 m2 or less. Above 
this level the dopamine-induced increase in GFR is closely 
related to the baseline 
with increasing baseline 
rise in effective renal 

GFR, i. e. a larger rise in GFR occurs 
GFR. Because of a substantial larger 
plasma flow (ERPF) than in GFR, the 

filtration fraction (FF=GFR: ERPF) falls. This can be explained by 
a predominant dopamine-induced dilatation of the efferent 
arteriole. However, a dopamine-induced shift in renal blood flow 
to nephrons of the inner cortex with a low FF may attribute to 
this fall in FF also. It is concluded that in IgA glomerulopathy 
nephron loss is compensated for by a progressive utilization of 
reserve filtration capacity which seems to be exhausted when 
compensated GFR falls below 73 ml/min/1. 73 m2 • 

In chapter 3 those observations are extended to patients with 
other renal diseases, healthy individuals after uninephrectomy 
and healthy control subjects. Once again it is demonstrated that 
the dopamine-induced rise in GFR increases with increasing 
baseline GFR and that GFR cannot be increased if baseline GFR 
falls below 50 ml/min/1. 73 m2 • The dopamine-induced changes in 
ERPF and GFR of healthy volunteers are significantly higher than 
dopamine-induced changes in ERPF and GFR of healthy individuals 
after uninephrectomy as well as of renal patients with a normal 
baseline GFR. Therefore, it is concluded that already early in 
renal disease there exists a diminished reserve filtration 
capacity. During the infusion of low-dose dopamine heart rate is 
unaffected whereas mean arterial pressure decreases slightly. 
Urine volume and natriuresis increase. 

Both infusion of amino acids and a meal of meat are well
known to increase GFR. Therefore, we also have used the infusion 
of an amino acid solution (Vamin¾) in order to affect GFR 
(chapter 4) . In healthy volunteers an increase in GFR is found. 
However, patients with moderate to severe renal insufficiency do 
not respond to the infusion of amino acids. Unlike during 
dopamine infusion, the FF tends to increase during amino acid 
infusion. This is in accord with the hypothesis of Alvestrand and 
Bergstrom that amino acids affect GFR by the induction of 
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afferent vasodilatation thus increasing net ultrafiltration 
pressure. 

Since dopamine infusion and amino acid infusion appear to 
affect GFR in different ways, we also have investigated the 
effect of the combined infusion of these agents on the GFR 
(chapter 5) . Indeed we have been able to demonstrate that 
dopamine 
effect 
combined 

and amino acids were additive with respect to their 
on GFR. The highest values for GFR are found during the 

infusion in healthy volunteers. In patients with 
moderate to severe renal impairment no significant changes in GFR 
could be found which may point to the existence of glomerular 
hyperfiltration in these patients. 

In patients with Type 1 (= insulin-dependent) diabetes 
mellitus a supernormal GFR can be found. This usually is 
attributed to an enlarged kidney size with increased glomerular 
surface area and/or a decreased renal vascular resistance. To 
investigate whether the supernormal GFR in Type 1 diabetic 
patients is based on a predominant dilatation of the efferent 
arteriole, we have investigated the effect of low-dose dopamine 
on renal haemodynamics of 12 well-regulated patients with this 
disease (chapter 6) . The dopamine-induced changes in renal 
haemodynamics did not differ between these patients and healthy 
volunteers. Therefore, we have concluded that the supernormal GFR 
in Type 1 diabetic patients is not caused by a predominant 
efferent vasodilatation .  This is in accord with a recent 
hypothesis which assumes that the increased GFR after protein 
ingestion as well as the supernormal GFR in Type 1 diabetic 
patients are based on afferent vasodilatation which is induced by 
a liver-derived substance. Thus, we also have investigated the 
effect of the administration of amino acids on GFR of satisfac
tory controlled Type 1 diabetic patients (chapter 7) . It is 
concluded that diabetic patients may be subdivided in two groups. 
Firstly, a group of patients with a normal GFR who possess a 
normal renal reserve filtration capacity, i.e. an amino acid- and 
dopamine-induced increase in GFR not different from healthy 
volunteers. Secondly, a group of patients with a supernormal GFR 
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which is caused by dilatation of the afferent arteriole since 
amino acid infusion does not affect GFR in these patients 
wherease dopamine infusion increases GFR to the same extent as 
healthy subjects. 

In the general discussion it is suggested that it makes more 
sense to subdivide the so-called "glomerular hyperfiltration" in 
glomerular hyperperfusion and in glomerular hypertension, 
especially so, as the latter seems to be the harmful factor. 
Furthermore, studies warranted and possible treatment strategies 
are provided for both patients with renal disease and patients 
with Type 1 diabets mellitus with or without nephropahty. 
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SAMENVATTING 

De nier bestaat uit een groot aantal functionele eenheden, 
nefronen genaamd. Een nefron bestaat uit twee delen, het kaps el 

van Bowman met de glomerulus en de tubulus . In de ruimte van 

Bowman onstaat de " voorurine" door filtratie door de glomerulaire 
basale membraan van water, zout en stofwiss elings producten vanuit 

de bloedbaan (de glomerulaire filtratie s nelheid, afgekort GFR) . 

Vanuit 
nuttige 

in de 

de tubulus wordt het grootste deel van het water, zout en 

stofwisselings produkten teruggeres orbeerd. Tevens worden 

tubulus andere stofwiss elings produkten aktief uitge-

scheiden. 
Het is gebleken dat tijdens de zwangers chap de GFR stijgt. 

Eveneens kan een hogere GFR worden gevonden bij gebruik van een 

eiwitrijk dieet. Beide obs ervaties geven aan dat er bij de mens 

een res erve in de filtratiecapaciteit aanwezig is . Het meest 

overtuigende bewijs voor deze veronderstelling is dat na verwij
deren van een nier de GFR ongeveer 70 procent van de waarde van 

voor de nierdonatie bedraagt. Dit geeft tevens aan dat een 
verlies van glomeruli deels kan worden gecompens eerd door " hyper

filtratie" van de resterende glomeruli. I n  rattenstudies is 
echter aangetoond dat een dergelijke compens atoire hyperfiltra

tie, bijvoorbeeld ge1 nduceerd door subtotale nefrectomie, leidt 

tot een progressieve vers lechtering van de nierfunktie en tot het 

onts taan van eiwitverlies via de urine (= protel nurie) en op 

zichzelf dus s chadelijk kan zijn. De beide vers chijns elen konden 

gunstig worden belnvloed door het geven van een eiwitbeperkt 
dieet. I n  een recente s tudie hebben we aan kunnen tonen dat 

eiwitbeperking bij mens en met een matige tot erns tige nierinsuf

ficientie eveneens een minder s nelle vers lechtering van de 
nierfunktie geeft. Dit kan erop wijzen dat mogelijk ook bij de 

mens 11 s chadelijke glomerulaire hyperfiltratie" kan voorkomen. 
Derhalve hebben we onderzocht of de res erve filtratiecapaciteit 

(d.w.z. een afwezigheid van glomerulaire hyperfiltratie) kan 

worden gemeten bij patienten met een nierziekte. Hiertoe hebben 
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we geprobeerd de GFR te be1nvloeden d. m. v. een infusie van een 
lage dosering dopamine en d. m. v. een infusie van aminozuren, 
welke we afzonderlijk en gecombineerd hebben toegediend. 

Dopamine is een endogeen catecholamine. Het werkt op speci
fieke dopaminerge receptoren en het veroorzaakt in subfarma
cologische doseringen (1. 5-2. 0 µg/kg/min) renale vasodilatatie. 
Daardoor stijgen de renale bloeddoorstroming en de GFR. Derhalve 
hebben we gebruik gemaakt van de infusie van dopamine in boven
genoemde dosering om te zien of de GFR hiermee "verbeterd" kan 
worden. In eerste instantie is dit gedaan bij 32 patienten met 
IgA-glomerulopathie. Het bleek dat het niet mogelijk was om bij 
deze patienten een stijging van de GFR te bewerkstelligen als de 
GFR lager was dan 73 ml/min/1. 73 m2 • Boven dit punt bleek een 
nauwe relatie te bestaan tussen de uitgangs-GFR en de door 
dopamine veroorzaakte stijging van de GFR, d. w. z. naarmate de 
uitgangs-GFR hoger was, was er een grotere stijging tijdens 
dopamine infusie. Ten gevolge van een relatief grotere toename 
van de effectieve renale plasma doorstroming (ERPF) dan van de 
GFR daalde de filtratiefractie (FF = GFR: ERPF) . Dit kan worden 
verklaard door een op de voorgrond staande door dopamine 
geinduceerde dilatatie van de efferente arteriole. Echter een 
door dopamine veroorzaakte verschuiving van de renale bloeddoor
stroming naar nefronen van de binnenste cortex, welke een lagere 
FF hebben, kan eveneens een bijdrage leveren aan de daling van de 
FF tijdens dopamine-infusie. We hebben geconcludeerd, dat bij 
patienten met IgA-glomerulopathie een verlies aan nefronen 
gecompenseerd wordt door in gebruikname van reserve filtratie
capaciteit. Wanneer de GFR onder 73 ml/min/ 1. 73 m2 daalt, is de 
reserve filtratiecapaciteit verbruikt. 

In hoofdstuk 3 zijn de resultaten beschreven van de effecten 
van dopamine-infusie bij patienten met andere nierziekten, 
personen met een nier en gezonde vrijwilligers. Opnieuw kon 
worden aangetoond dat de door dopamine geinduceerde stijging van 
de GFR toeneemt bij een stijgende uitgangs-GFR. Voorts werd 
gevonden dat de GFR niet meer verbeterd kan worden met dopamine 
als de uitgangs-GFR lager is dan 50 ml/min/1. 73 m2 • De door 
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dopamine bewerkstelligde stijging van de GFR was het grootst bij 
gezonde vrijwilligers en was significant grater dan de stijging 
bij zowel de gezonde personen met een nier als bij de patienten 
met een nierziekte en een ogenschijnlijk ongestoorde nierfunktie. 
Derhalve wordt geconcludeerd dat in geval van een nierziekte al 
in het begin een verminderde reserve filtratiecapaciteit aanwezig 
is. Tijdens dopamine-infusie veranderde de hartslag niet terwijl 
de gemiddelde arteriele bloeddruk licht daalde. Het urinevolume 
en de zoutexcretie namen toe. 

Het is al lang bekend dat zowel aminozuren als een vlees
rijke maaltijd een stijging van de GFR kunnen veroorzaken. Daarom 
hebben we oak gebruik gemaakt van de infusie van een aminozuren
oplossing (VaminRN) , teneinde de GFR te beinvloeden (hoofdstuk 
4) . Bij gezonde proefpersonen werd een stijging waargenomen. Bij 
patienten met een matig tot ernstig gestoorde nierfunktie werd 
geen effect op de GFR gevonden. In tegenstelling tot dopamine 
infusie, vertoonde de FF een tendens tot stijgen. Dit is in 
overeenstemming met de hypothese van Alvestrand en Bergstrom dat 
aminozuren een dilatatie van de afferente arteriole veroorzaken 
waardoor de effectieve filtratiedruk toeneemt. Daar dopamine en 
aminozuren derhalve de GFR op verschillende manieren lijken te 
be1nvloeden, werd tevens het effect van gecombineerde infusie van 
deze stoffen bestudeerd (hoofdstuk 5) . Inderdaad kon warden 
aangetoond dat dopamine en aminozuren een additief effect op de 
GFR hebben, De grootste stijging werd gevonden bij gezonde 
vrijwilligers, Wederom bleek dat bij patienten met een matig tot 
ernstig gestoorde nierfunktie 
warden bewerkstelligd hetgeen 

geen verandering van de GFR kon 
er op kan wijzen dat bij deze 

patienten glomerulaire hyperfiltratie aanwezig is. 
Oak bij patienten met Type 1 (=  insuline afhankelijke) 

diabetes mellitus kan een supernormale GFR warden gevonden. Er 
wordt verondersteld dat dit berust op een toegenomen niergrootte 
met een toegenomen glomerulair filtratie-oppervlakte en/of een 
verlaagde renale vaatweerstand. Om te onderzoeken of de 
supernormale GFR bij Type 1 diabetici berust op een voornamelijk 
efferente vasodilatatie, werd het effect van een lage dosering 

114 



dopamine op de renale hemodynamiek van 12 goed geregelde 

diabetici onderzocht (hoofdstuk 6). De door dopamine veroorzaakte 

veranderingen in de renale hemodynamiek vers childen niet tussen 

de diabetici en gezonde proefpers onen. Derhalve wordt geconclu

deerd dat de s upernormale GFR bij patienten met een Type 1 

diabetes mellitus niet berus t op een op de voorgrond staande 

dilatatie van de efferente arteriole. Dit is in overeens temming 

met een recente hypothese welke er van uit gaat dat zowel de 

s tijging v an de GFR na een vleesrijke maaltijd als de s uper
normale GFR van Type 1 diabetici berust op afferente v as odila

tatie hetgeen veroorzaakt zou warden door een uit de lever 

afkomstige faktor. Vervolgens werd dan oak het effect van 
aminozuren op de GFR van redelijk goed geregelde Type 1 diabetici 

onderzocht (hoofds tuk 7). Er wordt geconcludeerd dat patienten 

met Type 1 diabetes mellitus kunnen warden onderverdeeld in twee 
groepen. 
waarbij 

gevonden, 

s tijging 

Ten eers te 

een normale 

d.w.z. een 

v an de GFR 

een patientengroep met een normale GFR 
reserve filtratiecapaciteit kan wa rden 

door aminozuren en dopamine gelnduceerde 

vergelijkbaar met die van gezonde proef-

pers onen. Ten tweede een patientengroep met een s upernormale GFR 

welke berust op afferente vas odilatatie, dit gezien het feit dat 
infusie v an aminozuren geen invloed heeft op de GFR terwijl 

dopamine infusie leidt tot een stijging van de GFR vergelijkbaar 
met die v an controlepers onen. 

I n  de 11 general discuss ion" wordt erop gewezen dat het 

waarschijnlijk beter is het begrip 11 glomerulaire hyperfiltratie11 

nader te definieren door bijvoorbeeld onderscheid te maken in 

glomerulaire hyperperfus ie en glomerulaire hypertensie, vooral 

omdat de laatstgenoemde waars chijnlijk de bes chadigende factor 

is. Tevens warden nadere onderzoeken als mede eventuele behande

lings mogelijkheden voor zowel patienten met nierziekten als 
diabetici met en zonder diabetis che nefropathie bes proken. 
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