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'Ihe improved life-expectancy of cancer patient has brought to light 

late sequelae of oncology therapy. '!his is especially true for pediatric 

patients. Renal damage is one of the adverse side-effects of anti -b.nnor 

therapy that may occur. studies conceming damaging effects of radiotherapy 

or chemotherapy on the kidney have generally been perfo:rmed in adults. '!here 

is scant exper.iinental or clinical info:nna.tion on renal function after 

anti -b.nnor therapy in the young. Rapid growth occurring in the developing 

kidney and age-dependent differences in phannacokinetics may influence. the 

extent of renal damage due to oncology therapy and may induce divergent 

effects in yamg or adult individuals. 

'!his thesis deals with experimental. results from studies in rats. A 

comparison was made between the effects of irradiation, chemotherapy, 

antibiotics, or a combination of these treatment modalities on the kidneys 

of either yamg and adult rats. 
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1.1 <XMPARISCN OF lDWl AND RAT KII.NEYS 

As this thesis is based on studies of renal function damage occurring 

in young and adult rats, the experimental results may not hold true for the 

human situation. To gain m::>re insight in the differences and similarities 

between human and rat kidneys, a short review will be given of renal 

development, stnlcture and function. 

1.1.1 RENAL DEVEIDIMENI' 

'!he rat is born after 3 weeks of gestation and renal differentiation 

continues postnatally until the age of approx:llnately 3 weeks. In contrast, 

in humans nephrogenesis is nonna.lly completed at the gestational age of 36 

weeks (Kleinman, 1982), aJ.l'DUilting to approximately 90% of nonna.l duration of 

gestation. 'Ihus, the state of nephrogenesis in newborn babies and weanling 

rats is comparable. When renal differentiation is completed, all nephrons 

have been fanned and renal grcMth results from cell proliferation and cell 

growth, with an unchanged nephron mnnber (Iarsson, 1975; Solomon, 1977). 

In the rat, total kidney weight increases from about 0. 6 g in the 

weanling rat to about 2. 5 g in the adult rat (weight gain of 30%) (Provoost 

et al., 1983). Human kidney weight increases from 13-14 g at birth to 150 g 

at maturity (weight gain of 100%) (Rubin et al., 1949). '!he kidney weight (g) 

per 100 g body weight in rats decreases from 1.15 at weanling age to 

0.8-0.6 g/100 g EM in adult rats (Provoost et al., 1983). In humans, renal 

weight ( g/100 g EM) decreases from 0. 77 at birth to 0. 4 7 in adults 

(Chantler, 1979). r:uring renal grc:Mth, cell proliferation is m::>st pronounced 
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in the renal cortex. When cell proliferation is stimulated by renal injw:y, 

such as nephrectomy, cell proliferation increases fivefold in the renal 

cortex of young as well as adult rats, whereas in the renal medulla cell 

proliferation increases eightfold in 3 weeks' old rats and twelvefold in 

adult rats. 'lhis increase in proliferation may be considered as an indicator 

for a good regenerative capacity of both young and adult rat kidneys (Reiter 

et al., 1964). Cell proliferation mainly occurs during the first 48 hours 

after nephrectomy. After that tilne hypertrophy occurs. '!his also holds true 

for the human situation as indicated by the increase in kidney function and 

size after unilateral nephrectomy and the potential to recover from acute 

renal failure or acute tubular necrosis. 

The mnnber of glomeruli differ between rats and humans. One rat kidney 

contains about 30-34,000 glomeruli (Vimtrup, 1928; Azar et al., 1979; De 

Keijzer et al., 1984; Provoost et al., 1984; Provoost and Van Aken, 1985). 

In the adult rat, this is about 30,000 glomeruli per gram kidney. The human 

kidney contains about 800,000-1,000,000 glomeruli. In adults this is about 

6, 000-7, 000 glomeruli per gram kidney (Vimtrup, 1928) . Thus except for the 

size difference and papillacy structure of the human and the rat kidney, the 

state of nephrogenesis, anatoir¥, renal function and growth rate are 

CClllpll"able in weanling rats and newborn babies. 

1.1. 2 RENAL FUNCI'ION 

1.1. 2 .1 GI.C!1ERIJIAR FUNCI'ION 

In rats, the glomerular filtration rate (GFR) and effective renal 

plasma flow (ERPF), both expressed in rnl/min, increase with age. In adult 

rats the GFR is about 5 tilnes higher than in weanling rats (2 vs 0.4 
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roljmin). Up till the age of 6-7 weeks, the rise in GFR sur:passes the 

increase in :m. SUbsequently, there is a gradual decline in GFR relative to 

:m. Although bcx1y grcM:h continues in the adult rat, the GFR (rol/min) does 

not increase any further after BV has reached about 300 g (Provoost et al. , 

1983). 

In IOail, the GFR gradually increases from 2.5 roljmin at birth to 120-

130 rol/min in adults (Chantler, 1979). Related to :m, the GFR in roan 

increases from 0. 71 rol/min per kg at birth to a maximum of about 3.1 roljmin 

per kg at the age of 2-4 years. From then on it declines gradually to about 

1.8-2.0 rol/min per kg in adults. 'lhe changes in renal plasma flow during 

development are, in general, sllnilar to the changes in the GFR. 

Serum urea arrl creatinine concentrations are easy to measure, but 

unreliable as sensitive renal function parameters. Serum creatinine 

concentration depends on bcx1y mass, metabolic state, type arrl amount of 

food consumed arrl the time of measurenv:mt. '!he serum urea concentration 

highly deperrls on protein intake. 'lhe detennination of the GFR by 

creatinine clearance is questionable. Difficulties in obtaining accurately 

timed urine collections, especially in small children, contributes to the 

unreliability of creatinine clearance as a renal function parameter in 

children (Womer et al. , 1985) • Both GFR arrl ERPF, as measured with 

radio-isotopes, are sensitive parameters to trace renal damage induced by 

either irradiation (Moss et al., 1979) or drugs (Stark arrl Howell, 1978). 

Isotope teclmiques are more sensitive in detecting changes in renal function 

than serum creatinine concentration arrl creatinine clearance teclmiques 

(Hall et al., 1986) . 
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1.1. 2. 2 'lUBOIAR FUNCITON 

TUbular secretion and reabso:tption of solutes is little lower in yonng 

rats than in adult rats (Rubin et al., 1949). For drugs and most other 

solutes, the major site of transport is the proximal tubulus. It has been 

suggested that these transport mechanisms are less efficient in the young 

kidney, causing differences in renal drug accumulation and excretion in 

yonng and adult individuals (Aladjem et al., 1984). 

In contrast to the multipapilla:ry human kidney, the rat kidney has only 

one elongated papilla. '!he concentrating potency of the kidney is positively 

correlated to the width of the renal medulla. rue to the length of the rat 

renal papilla, the maximal urine osmolality amounts to over 3, ooo I!Osr!Vkg 

H20, compared to about 1,500 nOsnVkg H20 in hmnans (Stephenson, 1983; 

Rahill, 1975) • As urine osmolality of the healthy rat is quite constant due 

to stable drinking habits of these animals, urine osmolality may be used as 

a reliable parameter for the detection of tubular damage in the rat. As 

fluid intake in hmnans ten::ls to be subject to more variation, this parameter 

is less useful in hmnans. Maximal urine osmolality in neonates is less than 

in adults, which is predominantly due to a lower urea excretion rate by the 

neonate (Rahill et al., 1975). 

1.1. 3 RENIN PROIXJCITON BY '!HE KII:NEY 

Renin is one of the honnones prcxiuced by the juxta-glomerular apparatus 

of the kidney. Renin converts angiotensinogen to angiotensin I, which is 

rapidly converted to angiotensin II by converting enzyme. Apart from being a 

potent vasoconstrictor, angiotensin II and also st:i.nnllates aldosterone 

release by the adrenals. '!he renin-angiotensin-aldosteron system plays an 
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important role in the detennination of vascular tone, blocxi pressure and 

maintenance of sodium homeostasis. Plasma renin concentration (PRC) depends 

on many factors such as age (Fiselier et al., 1983) , sodium intake (Miksche 

et al., 1970), and kidney perfusion (SolO!'OC>n et al., 1976). In humans, renin 

is mainly present in plasma in an inactive fonn, knc:Mn as p:rorenin (Derkx, 

1987) • '!his prorenin can be activated at lc:M pH, lc:M temperatures and by 

proteolytic enzynes. In rats such an inactive fonn could not be detected at 

our laboratory (De Keijzer et al., 1982). However, the presence of inactive 

renin in rats has been reported by others (Mizuno et al., 1986) • 

1.2 RENAL SIIE EE:t:a:IS OF AN1'I -'nMJR 1HERAP'L 

In the last decades, therapeutic nodalities in oncology have developed 

rapidly and they keep changin:J. '!he three main stays of oncology therapy are 

cheJrotherapy, radiotherapy and sw:gery. Detailed infonna.tion on these 

specific therapeutic nodalities can be fourrl in various reviews (Daly and De 

cosse, 1985; Olive and Peeters, 1981; Plaschkes, 1981; Richter et al., 1985; 

Sandland and Barre, 1981; Wieman and Calabresi, 1985). Treabnent schedules 

were developed empirically and intensified to achieve better local and 

systemic tumor control. '!he therapeutic ratio, defined as the ratio between 

therapeutic effects and side effects, is used as an indicator of treabnent 

success. 'Iherapeutic gain is achieved by :iltproving therapeutic results, 

while side effects are kept constant or reduced. Although side effects of 

anti-cancer therapy are manifold, only a brief review on the renal 

side-effects is given here. For nnre detailed infonna.tion, the reader is 

referred to extensive reviews on renal damage due to radiation (Greenberger 

et al., 1982; Moss et al., 1979) or chemotherapy (Ganrl.ck et al., 1983). 
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1.2.1 RADIATION NEFHROIDXICITY 

Kidney irradiation may occur during radiotherapy for adenocarcinoma of 

the kidney, Wiln1 s tunor, Hodgkin· s disease with abdominal :involvement, and 

para-aortic lymphnode metastases of gonadal tunors. NE!W' radiation 

teclmiques, well-defined treatment fields and fractionation of the dose, 

enabled lowering the injw:y of healthy tissue. Extensive experimental work 

has recently been performed in adult animals, :investigating healthy tissue 

reactions to irradiation (Dewit, 1986; Robbins et al., 1985; stewart et al., 

1984; Van Der Kogel, 1979; Van Rongen et al, 1987) . 

Immediately after irradiation subclinical cell damage occurs, which is 

partially repaired. '!he parenchymal cells are damaged and in the micro­

vasculature there is cell swelling and vacuolation of endothelial cells and 

to a lesser extent b.mica media cells. Vascular penneability increases. 

Nephron atrophy reduces total kidney mass. '!he kidney surface becomes 

irregular; the capsule thickens. '!he meditnn arteries show prominent albeit 

variable sclerosis. Afferent arterioli are hyalinized and there is 

progressive occlusion of the glomerular capillary loops. Mesangial cells 

proliferate and the glomeruli are eventually hyalinized. '!here is tubular 

atrophy and interstitial fibrosis (Moss et al., 1979). The number of 

nephrons that continue to function determine the final outcome of the radio­

nephropathy (White, 1976) . 

Functionally, renal radiation damage is reflected in a decline in GFR, 

renal blood flow (Robbins et al., 1985; stewart et al., 1987; Chauser et 

al., 1976), urinary concentrating ability (Buerkert et al., 1976; Coburn et 

al., 1966) and progressive proteinuria (Moss et al., 1979). Both the 

severity of functional renal damage and the duration before its 

manifestation have been shown to be dose-dependent (Robbins and Hopewell, 
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1987; stewart et al.' 1987) • 

We compared :flmctional renal damage in yourg am adult rats after a 

single radiation dose to both kidneys. '!he results of these experiments 

will be presented in CHAPl'ERS 2 am 3. 

'!he course of renal :flmction deterioration may be complicated by 

hypertension. Iqpertension ocx::urrin;J after renal ·irradiation is a serious 

condition iirli.cating severe vascular damage. Although recovery of the kidney 

am disappearance of hypertension has been reported, this does not commonly 

occur (Illxton, 1962) • If it does, hypertension may excacerbate renal injury 

by damaging renal vessels. 

'!he course of systolic blood pressure (SBP) am PRC in Youn:J and adult 

rats is described in CliAPI'ER 3. '!he role of soditnn and fluid retention in 

the development am maintenance of an elevated SBP after irradiation was 

studied using a sodium restricted diet. 'lhe activity of the 

renin-angiotensin system was studied by repeated PRC measurements. 

1. 2. 2 NEFHROIDXICITY OF CliEMJIHERAF.l 

Chellotherapy may cause ~city. 'lhe drugs that have reportedly 

caused renal damage are cDDP, SOire of the nitrosureas (streptozotocin and 

methyl-<XNU), Methrotrexate, am occasionally, Mitomycin c, Mithramycin and 

5-Azacytidine (Garnick et al., 1983). '!he nephrotoxicity of cOOP seems to be 

the most pronounced am most dose-limiting clinically. Although the use of 

hydration programs am diuretics have lessened the incidence of renal 

inpainnent, renal toxicity of cDDP remains a serious clinical problem. 

In pediatric oncology, cDDP is used for the treatlnent of neuroblastomas, 

malignant germ cell tlllrors, brain tUirors, retinoblastomas, sarcomas, 

malignant liver tlllrors am nasopllaryn;Jeal carcinomas (Olive et al., 1985; 
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Voute et al. , 1981) • 

'!he availability of data conceming renal dama.ge caused by cOOP in 

adult rats, coupled with the fact that this damage was clearly shown to be 

~, rerrl.ered this drug eminently suitable for a camparitive 

investigation of funtional renal toxicity patterns in young an:i adult rats. 

1.2.2.1 cDDP NEJ=HroroXICI'IY 

In 1965, Rosenberg et a1. discx:Nered the anti-tUioor activity of cOOP, 

which was previously known as Peyrone's chloride. Since the discovery of its 

anti-tUioor properties, cOOP has succesfully been applied for ovarian an:i 

testicular cancer, head an:i neck cancer, neuroblastomas, sarcomas an:i 

malignant genn cell tllloor (Prestayko et al. , 1979; Warner et a1. , 1985) • 

'!he nepl:Jl:otoxicity of cDDP is its major an:i dose-limitin;J side effect. 

Four to five days after a single dose of cDDP, dose-depen::lent renal damage 

reaches its maximum. Acute tubular necrosis is a prominent feature of cOOP 

nepl:Jl:otoxicity in rats (Dobyan et a1., 1980; Goldstein an:i Mayor, 1983). In 

humans, likewise focal tubular necrosis was fourxi in the distal tubules an:i 

collecting tubules (Gonza1es-Vita1e et a1., 1977). In the acute phase of 

cDDP nephrotoxicity the proximal tubular cells swell, loose their 

brush-border an:i became necrotic. Both glOl'lYai:'Ular perfusion an:i filtration 

decline. serum urea an:i creatinine concentration rises. Proteinuria an:i 

enzymurea occurs. Electrolyte distw:bances may also occur (Goldstein an:i 

Mayor, 1983). 

In the chronic stage, tubules became cystic dilated with hype:t:plasia 

an:i flattening of tubular epithelium, atrophy of cortical tubules, 

interstitial fibrosis an:i thickening of tubular basSment membranes (Choie 

et al., 1980; Dobyan et al., 1981). 'lhese mo:tphological changes are 
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acx::ompanied by a renal function declil1e. The creatinine clearance is 

reduced (Jones et al., 1985). There is a fall in GFR (Chopra et al., 1982; 

Womer et al., 1985) ani ERPF (Chopra et al., 1982: Meyer, 1982) 

Renal injury patterns for children ani adults are quite similar (Vietti 

et al., 1979) but it seems that children tolerate higher doses (ngjkg EM) of 

c-DDP before toxicity occurs than adults (Kamalakar et al., 1977). The 

scarcity of infonnation on drug-in:iuced damage to developing kidneys, 

stimulated the present investigation of the nephrotoxicity of cDDP comparing 

young ani adult rats. The results of these experiments will be presented in 

CHAPl'ER 4. 

1.2.3 IRRADIATION cx:MBINED wrm cDDP 

In modern oncology, radiotherapy rarely am:Jlll1ts to the sole treatment of 

a tum:>r. Recent advances in radiotherapy involve cambinations with new drugs 

ani chan:Jes in fractionation patterns of the administered radiation dose. 

Chemotherapy ani radiotherapy are cambined to inprove the therapeutic 

effectiveness, but in practice this often leads to enhanced side effects. 

'lheoretically, the inproved therapeutic ratio can be explained by spatial 

cooperation, enhancement of tum:>r response without much enhancement of 

nonnal tissue injury or by d:iini.nution of nonnal tissue injury without 

diminution of tum:>r response. The therapeutic effects of the cambined 

treatment of cDDP ani irradiation exceeds expectations based on the 

anti-tum:>r effect of either treatment :modality when given on its own, as 

shown by in vivo (Kyriasis et al., 1983) ani in vitro studies (Begg et al., 

1986) • Pilot studies have reported acceptable toxicity of cambined 

irradiation ani cDDP administration (Pinedo et al. , 1983: Reimer et al. , 

1981: Shipley et al., 1984). ongoing phase III trials will provide further 



19 

information (EDRI.'C studies 08844, 22843. RroG study 85-02). 

As both irradiation and cDDP cldminisration may cause INA damage, 

combined renal irradiation and cDDP administration caries the risk of 

potentiation of serious renal side-effects, particularly in the developing 

kidney. rnAPI'ER 5 presents the camparitive effects on renal ftmction of a 

single radiation dose to both kidneys followed by a single cDDP injection in 

young and adult rats. 

Clinically, the leucopenia induced by chemotherapeutic drugs such as 

cDDP, may cause opportunistic infections. '!he causative microorganisms of 

these infections may require the use of aminoglycoside antibiotics. 

Consequently, the use of amincqlycosides in patients whose kidneys have 

been damaged by chemotherapy, can not always be avoided (Haas et al. , 1983) . 

Aminoglycosides are nephrotoxic and cause renal damage, which develops in a 

characteristic pattern. 

OJring an aminoglycoside course renal changes develop gradually, 

reaching a maximum after approx.llnately 10 days of amincqlycoside 

administration. At that stage, the proxllnal tubular epithelitnn shows 

vacuolation and sometimes necrosis and desquamation, predominantly in the 

outer cortex. With low doses of amincqlycosides cell regeneration occurs 

('1\llkens, 1986). Regeneration may also take place during continuous drug 

administration, resulting in, at least partial normalization of renal 

ftmction (Gilbert et al., 1979). A low grade tubular dysftmction may persist 

(Elliott et al., 1982). 
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1.3.1 cDDP AND .AMI~<X>SIDES 

Anri.noglycoside toxicity mechanisms in the kidney, which were ITK>Stly 

investigated us.in;J gentamicin, are very likely to be the same for all 

aminoglycosides (Whelton arrl Neu., 1982: De Brae et al., 1986). Am:ikacin is 

one of the newer aminoglycosid.es, clinically especially useful for the 

treatment of gentamicin resistant pathogens (Siegenthaler et al., 1986) • At 

therapeutically active dose levels amikacin seems to be less nephrotoxic 

than gentamicin (Siegenthaler et al., 1986; Provoost et al., 1985: Rajchgot 

et al., 1984: TUlkens, 1986). Its antibiotic spectrum arrl relatively low 

nephrotoxicity have both contributed to the wide clinical application of 

Am:ikacin. 

A few experimental studies on the nephrotoxic effects of a combination 

of cOOP arrl aminoglycosid.es have been reported. nvo studies reported on 

severe renal dalrage after the combined administration of cOOP with an amino­

glycoside (trobramycin) to rats (Kawanrura et al., 1981; Bregman and 

Williams, 1986). other nephrotoxins, however, such as mercuric chloride 

(Illft et al., 1977) or potassium-dichromate (Elliott et al., 1982) were 

reported to alleviate aminoglycoside-irduced. renal dalrage. 

We investigated renal function after a s.in;Jle dose of cOOP and a course 

of Am:ikacin, last.in;J 14 days, in young arrl adult rats. 'Ihe results of this 

investigation are presented in CBAPl'ER 6. 
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1.4 SPEX!LFIC AIMS OF 'DIE S'.IUDl( 

In SUIIIll1al:Y, the specific aims of the present investigations are: 

1. '!he description of acute arxi chronic changes :in renal function arxi 

blood-pressure after several single radiation· doses to both kidneys 

comparing young ani adult rats (OWT.ER 2) • 

2. '!he evaluation of the systolic blood pressure after a single radiation 

dose to both kidneys in young ani adult rats (OWT.ER 2 ani 3). 

3. '!he investigation of pathogenetic factors involved :in the hypertension 

occurring after bilateral kidney irradiation :in the rat (OWT.ER 3). 

4. '!he comparison of functional renal damage after several doses of cOOP 

:in young ani adult rats (OWT.ER 4) • 

5. '!he comparison of renal function damage :in case of COOP administration 

immediately after bilateral kidney irradiation :in young ani adult rats 

( rnAPI'ER 5) • 

6. '!he comparison of possible :p::>tentiation of renal function damage, in 

case of amikac:in administration immediately following a single cOOP 

dose ( CHAPl'ER 6) • 
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'Ihe effects of bilateral kidney irradiation were ~ in young and adult 

rats. D.lring a 1 year period after a single dose of 0, 7. 5, 10, 12.5, or 15 

Gy on both kidneys, renal function (glomerular filtration rate and effective 

renal plasma flCM) , urine composition, and systolic blood pressure were 

measured periodically. 'Ihe first changes after irradiation were obseJ::ved in 

the glomerular filtration rate and urine osmolality. one month after 10, 

12.5, and 15 Gy, glomerular filtration rate (GFR) and urine osmolality had 

declined belCM control values in the young rats. After this initial decline, 

renal function increased at control rate or even more during the third and 

fourth month after irradiation but decreased progressively thereafter. In 

the adult rats, GFR and urine osmolality started to decrease 3 months after 

10, 12.5, and 15 Gy. A rise in systolic blood pressure and proteinuria 

started 2-3 months after 12.5 and 15 Gy in both age groups. Early changes in 

the glomerular filtration rate with a drop in urine osmolality in young 

rats, cx:curring during a period of rapid renal development indicated an 

irradiation-induced inhibition of glomerular and tubular development. 

Although renal function deteriorated at a later time in adult rats, 

dose-response relationships obtained in young and adult rats did not show 

significant differences. 

Key words: Kidney-irradiation, Renal function, Blood pressure, Young and 

adult rat. 
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'!he high radiosensitivity of the kidney has lon;J been recognized (13) and 

has been the subject of many clinical and experimental studies. Radiation 

nephropathy manifests itself nonths to years after irradiation. Clinically, 

radiation ~thy is characterized by proteinuria, oliguria, azotemia, 

hypertension and anemia. '!he urine sha.1s aThumin and cellular and hyaline 

casts (12, 21) • Differences in latency tioo and severity of the symptoms 

have led clinicians to ciistin:]uish diverse clinical pictures (3, 12, 13). 

However, there seem to be no funiamental differences between the types of 

radiation neybropa.thy. Animal studies have shown that radiation nephropathy 

is IOOre severe and occurs earlier with increasi.nq dosage (23). COnsequently 

the different types of radiation ~thy might well be caused by 

different radiation doses to the kidney. IInproved life expectancy of 

irradiated cancer patients has stressed the importance of this typically 

late occurri.nq radiation nephropathy. '!his is especially true for young 

irrlividuals. 

As the radiosensitivity of a tissue or o:rgan is usually highest duri.nq 

periods of proliferative activity, the grcMirq kidney of a young irrlividual 

seems to be at increased risk. However, the doses recanunerrled for several 

o:rgans, incll.ldin;J the kidney, are in the same ranJe for children and adults 

(16). As the infonnation about the effects of radiation on developi.nq 

kidneys is very limited, we compared the effects of si.nqle dose bilateral 

kidney irradiation in young and adult rats. D.lring 1 year follow-up the 

glomerular filtration rate (GFR), effective renal plasma flow (ERPF), urine 

composition, systolic blood pressure (SBP), and hemoglobin (Hb) 

concentration were measured at regular tioo intervals in the same rats. 
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M&hods and Materials 

Male rats of an inbred Wistar strain (WAGjRij) were used for this study. 

Young rats were just weaned, 3-4 weeks old with a body weight (:EM) of 45-75 

g, and adult rats were at least 12 weeks old with a EM of 180-260 g. Food 

and water were available ad libitum. 

For the irradiation, an X ray generator (Ihilips-Muller, Ihilips, 

Eindhoven, the Netherlands) was used at 300 kV and 10 Il1A with a 1 Imn CU 

filter. The dose rate was 3 Gyjmin. The focus-skin distance was 182 m. The 

radiation dose was calculated from the midplane of the kidney. While the rat 

was under ethrane anesthesia, the kidney was palpated and localized on the 

edge of a circular (iF= 3cm) radiation field. Both kidneys were irradiated 

sequentially, while the rat was in a supine position. The gut was kept 

outside the radiation field. Control anllnals were treated likewise, but not 

irradiated. 

Renal function was determined by a radio-isotope clearance teclmique that 

pennitted repeated measurements in the same anllna1 (15) • After anesthetizing 

the rats with pentobart>ital {6 ng/100g), they were injected i.v. (vena 

sublingualis in young rats, dorsal vein of the penis in the adults) with 

125-I-hippura:n and 51-cr-EIJI'A (Amersham International, Amersham, England). 

After 1 hour a blood sample was taken from the o:rbita. The GFR and the ERPF 

were calculated from the activity of respectively 51-cr-EIJI'A and 

125-I -hippuran left in the plasma. The fonnula used for these calculations 

was: 

C= Vdjt.lnPO/Ft 

where C is the clearance of 51-cr-EIJI'A or 125-I-IOH, Vd is the distribution 
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volume of each substance (ml/min) , Ft is the annmt of radioactvity ( cpm/rnl) 

in the plasma sample taken at t=60 min arrl PO=IjVd in which I is the amount 

of injected radioactivity (cpm). '!be relationship between Vd arrl EM for rats 

of this strain was detennined in a previous study (15) : 

for cr-51-EDm.: 

VdF0.264BW-1.92xl0"4BW~1.03 

for I-125-IOH: 

To eliminate differences in BW oc:curr:in:] after irradiation arrl to facilitate 

the comparison between YOliDJ arrl adult rats, GER was nonnalized for BW. In 

the follCJiolin;J text GER is expressed in ml/min/100g unless otheJ:wise 

specified. 

Drr:in:] the renal function assay, bloc:xi was collected for hemoglobin (Hb) 

determination. Hb was measured as a c:yanc:mathemoglobin-complex ('lOA 

microcellcounter, Kyoto, Japan). 

To collect 24-hour-urine the rats were placed in metabolic cages 

(Techniplast metabolic cages, &lguggiate (VA), Italy). After an 

acclimatization period of 2 days, 24 hour-urine was collected durin:] 3 days, 

arrl the urine measurements over these 3 days were averaged. Apart from urine 

volume, urine osmolality arrl the concentrations of creatinine, urea, sodium, 

potassium, arrl protein were detennined. Urine osmolality was detennined by 

freez:in:J point depression (Vogel Micro OSlrometer, Roebl:in:J, Giessen, FDR), 

the protein concentration was measured spectrophotometrically (Bio Rad 

Chemical Division, Richmorrl, CA). Concentrations of creatinine, urea, 

sodium, arrl potassium were detennined us:in:J stan:1aJ::d assay teclmiques. 
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'!he SBP was measured plethysmographically in the unanesthetized rat, 

using the tail cuff method (Narco Bio Systems, Houston, Texas) (6). Rats 

were prewanned at an environmental terrperature of 32 Qc during half an hour. 

'!hey were placed in restraining cages during the blood pressure 

measurements. To familiarize to this procedure the rats were trained during 

2-3 weeks. After raising the tail cuff pressure above the systolic blood 

pressure the pulsations disappeared. Reappearance of arterial pulsations in 

the tail were 110nitored. plethysmographically an:1 recorded. '!he cuff pressure 

at which the first arterial pulse emerged was taken as the SBP. To obtain a 

reliable blood pressure value from each rat, the mean of 3 consecutive 

readings, taken 3-4 tines in one week, was calculated. 

Experimental protocol 

At the start of the exper:ilnent each dose group contained 10 young and 10 

adult rats. All rats were subjected to measurements of renal function and 

SBP. Urine collection was perfonned in subgroups of 7 out of 10 rats of each 

dose group. 

Renal function was measured 0 • 5 I 11 21 3 I 4 I 5 I 6 I 8 t and 12 110nths after 

irradiation. Simultaneously, 24-hour-urine specimens were collected, 

starting 1 110nth after irradiation. '!he SBP measurements were started after 

a training period, 8 weeks after irradiation, and were continued weekly for 

a period of half a year and Ironthly thereafter. 

statistics 

Within each age group, dose groups were compared by one way analysis of 

variance. When the F-value indicated a significant difference (p<0.05) the 

Newman-Keuls test was applied to reveal which groups differed. Correlation 

between two parameters at one t:ime point was calculated by linear regression 

analysis. D::>se-effect curves were constructed by Probit-analysis. 
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Results 

Renal function measurements 

Ymmg rats 

Young rat 
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GER (mljmin) durl.n;r 1 year after bilateral kidney irradiation in the young 
rat. * Significantly different from control value, p<O.OS. At the start of 
the experiment each group contained 10 rats. A change in the number of 
sw:viving rats is in::licated by the figures along the lines. 

In young rats the GER (ml/min) nonnally increases rapidly until the age 

of 12 weeks, whereupon there is a slow further increase {15). This rapid 

renal function development is shown in the sham irradiated rats during the 

first 2 IOC>nths after irradiation (Fig. 1). As early as 1 IOC>nth after 

irradiation the GER (rnl/min) was significantly below control values, after 

doses of 10 Gy arrl higher. In the 15 Gy group GER (rnl/min) even declined 
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from 1 month after irradiation. All these rats had died by 8 months after 

irradiation. After the secord month, renal function in the 10 and 12.5 Gy 

groups increased at the sane rate or even faster than control values. 

However, 6 months after irradiation the GFR in these young rats showed a 

further decrease. A dose of 7. 5 Gy had no effect on renal function (GFR in 

ml/min/100g) until at least 1 year after irradiation, when the rats were 

killed. After no:nnalization for B'l, the GFR in controls increased slightly 

during the first 2 months after irradiation, but declined slowly thereafter. 

After 10 Gy or more, the GFR was significantly below control values starting 

1 month after irradiation (Fig. 2a) . 

Adult rats 

In adult rats the GFR did not change significantly until 3 months after 

irradiation. After 3 months there is a gradual, slowly progressive decline 

in GFR in the 12.5 and 15 Gy group. In the 10 Gy group this decline started 

half a year after irradiation. As in young rats, the 7.5 Gy dose did not 

affect the GFR within 1 year after irradiation (Fig. 2b) • 

In both young and adult rats, changes in ERPF paralelled changes in GFR, 

but were less marked. 

'lhus, after irradiation, a decline of renal function started earlier in 

young rats compared to adult rats. However, in both age groups the decline 

was progressive, and after 5 months had reached a severe, but not fatal, 

level of renal function in young and adult rats. At this tilne point, 

dose-effect cw:ves were constnlcted. For each dose group, the percentage of 

rats with a GFR of 75% or less of the control value, was calculated. '!he 

dose-effect cw:ves thus constnlcted 5 monthS after iradiation were not 

significantly different for young and adult rats. Probit analysis of these 

curves yielded an ED50 (dose which causes the defined effect in 50% of the 

rats) of 11.4 Gy in young rats and of 12.2 Gy in adult rats, which was not 
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significantly different. 

Fig 2 
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GFR (ml/min/100g) during 1 year after bilateral irradiation in young rats 
(a) and in adult rats (b) • * Significantly different from control value, 
p<O. 05. At the start of the experiment each group contained 10 rats. A 
change in the number of survivin;J rats is iroicated by the figures along the 
lineS. 
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Urine measurements 

Of all urine para1mters measured, the OSIIDlality shov.red the first clear 

chang'es in both age groups. Figure 3a and b show the mean values of urine 
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Urine OSIIDlality (nOsmoljkg) during 1 year after bilateral kidney 
irradiation in young rats (a) and in adult rats (b). *Significantly 
different from control value, p<0.05. At the start of the ~iment each 
group contained 7 rats. A change in the number of surviving rats is 
indicated by the figures along the lines. 
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different from control value, p<0.05. At the start of the experiment each 
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osmolality. In young rats the first urine measurements, at 1 month after 

irradiation, showed a significantly (p<0.05) lower urine osmolality in the 

three highest dose groups {10, 12.5 and 15 Gy) (Fig. 3a). In adult rats 

(Fig. 3b) a significant reduction in urine osmolality started to occur 3 

months after irradiation. In both age groups the reduction in urine 

osmolality was progressive. There was a strong correlation between the level 

of GFR and urine osmolality. The correlation coefficient ranged from o. 72 to 

0.93 at different time points. As the urine osmolality decreased, the 
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concentrations of scxlium, potassium, urea, and creatinine declined 

simultaneously, whereas urine production and water intake increased. The 

osmolar clearance (=plasma volume cleared from particles per 24 hours) did 

not show consistent changes in either age group after irradiation. The 

urinacy protein excretion (ngj100g/24 hr) significantly increased in the 

12.5 and 15 Gy group in young and adult rats (Fig. 4a and b), 2 to 3 months 

after irradiation. 

Systolic blood pressure measurements 

The first SSP-measurements were obtained 2 m:mths after irradiation. In 

the control anllna.ls, the nean value of the SBP varied from 115-135 l!llliHg. In 

both age groups the SBP rose above 150 mmHg 3 months after irradiation in 

the highest dose groups (Fig. 5) • '!he latency time for the rise in SBP 

varied considerably between rats in each dose group. At higer doses, the SBP 

rose earlier and reached a higher level. 

The Hb-measurements in adult and young rats showed a decline of 5~14% of 

control values in the two highest dose groups at 8 months after irradiation, 

when renal function had declined to 28-64% of control value. Farly changes 

were not observed for this parameter. 

To detennine which of the parameters changed simultaneously, correlation 

coefficients were calculated between GFR, SBP, urine osmolality, and urinal:y 

protein excretion. As would be expected a good correlation (r=O. 78) was 

found between GFR and urine osmolality, 1 month after irradiation in young 

rats. In adult rats a good correlation between these 2 parameters was 

reached after 3 months. Five months after irradiation, correlation 

coefficients between all parameters were more than • 85 in both age groups, 

indicating consistent changes of these parameters in the individual rat 

after irradiation. 
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Discussicm 

To compare the radiation nephropathy which develops after bilateral 

kidney irradiation in young ani adult rats, renal function, urine 

camposition, ani SBP were measured during 1 year after irradiation. With the 

described technique of localized kidney irradiation, the small intestine and 

other abdominal organs were not included in the radiation field. We did not 

observe any gastro-intestinal problems, nor adhesion fonnation in our rats. 

From the parameters measured, the GFR ani urine osmolality showed the 

earliest changes in both age groups after irradiation, indicating a 

glomerular as well as a tubular camponent of damage. '!he urine osmolality 

decreased whereas the osmolality clearance remained relatively constant, 

indicating that the free water reabso:rption was depressed. '!his early 

decline in free water reabso:rption has also been reported to occur within 1 

month after unilateral kidney irradiation in the dog, whereas the GFR was 

still nonnal (5, 7). 'Ihese authors concluded that the tubule was the prilllaJ:y 

site of radiation damage. our results sh~ a corrprrable and simultaneous 

decline in GFR ani urine osmolality ani hence do not pennit conclusions 

about differences in radiation sensitivity between tubules and glomeruli. 

Using other parameters, radiation doses and schemes or animal models, other 

investigators suggested the glomeruli (11) or the microvasculature (19) as 

the site of initial pathologic changes. '!he mild changes in ERPF we observed 

do not indicate the presence of early gross abnonnalities in renal 

perfusion, but tell us nothing about the microvasculature perfusion. 

Consequently, the pathogenesis of the 

controversial. '!he direct functional 

radiation nephropathy 

relationships between 

remains 

tubuli, 

glomeruli, and blood vessels will not enable conclusions on damage 

developing in separate compartments. 
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For the calculation of GFR an::i ERPF from radio-activity left in the 

plasma sample, the distribution volune (Vd) was deteJ:mined using formulas 

derived from previous studies in healthy rats (15). Although Vd could be 

influenced by irradiation, differences in the actual Vd from that used in 

the formulas will have relatively small effect on the calculated GFR (14). 

The systemic parameters, the SBP as well as Hb-concentration, only showed 

relatively late changes occurring well after the development of functional 

kidney damage. 'Ihus, these parameters do not seem to be indicative of early 

changes, an::i appear to be secondary to other functional i.mpainnents. 'Ihe SBP 

rose after the GFR had declined to 50-60% of control values. 'Ihis occurred 

between the third an::i fourth mmth in the highest dose-groups in young as 

well as in adult rats. With increasing dosage, higher SBP values were 

reached at shorter time intervals after irradiation. In the literature, 

c:onprrable latency tillles an::i SBP-levels at similar dose levels were found 

(10, 24). The relationship between hypertension, the development of renal 

damage, an::i functional or mo:rphologic renal vascular alterations is complex. 

Wachholz an::i Casarett (19) showed that whole body irradiation with shielded 

kidneys caused a similar degree of hypertension as bilateral kidney 

irradiation with twice the dose. 'Ihe vascular an::i parenchymal damage was 

more pronounced in the irradiated kidneys than in the shielded ones. 'Ihese 

authors sunnised that irradiation causes vascular an::i renal parenchymal 

damage. In the kidney, these two types of radiation injury may potentiate 

each other when irradiation sensitizes the vessels to hypertensive injury, 

as was found by Asscher et. al. (2) • Hypertension occurring after 

predominant unilateral renal irradiation has been alleviated by nephrectomy 

of the diseased kidney, both clinicaly (4, 8) an::i experimentally (10, 24). 

'Ihe resemblance to the Goldblatt hypertension, induced by renal artery 

constriction, has focused the attention on the causative role of the 
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renin-angiotensin system in the develq;xnent of hypertension and renal damage 

after irradiation. In the clinical reports mentioned above ( 4, 8) the renal 

artel:y of the diseased kidney did not function. '!he renal artel:y obstruction 

may be due to extensive vascular damage caused by the high radiation dose 

(Crummy:40Gy; Bloomfield:55Gy). '!he high renin concentrations in plasma and 

kidney fotmd by Bloomfield et. al. (4) thus CXlUl.d be explained by the 

Goldblatt mechanism and are not specific for radiation nephropathy. 

Experimentally, Wilke et. al. (22) fotmd no rise in plasma renin activity 

after low dose whole body irradiation of the newbon1 dog. However, these 

dogs only showed a transient rise in SBP. Hypergranulation of the 

juxta-glOlllel:Ular apparatus of the irradiated kidney in hypertensive rats was 

only present after unilateral kidney irradiation, not after bilateral kidney 

irradiation (10) • In this experiment the renin concentrations were not 

:measured. our own prel:inrinary data after bilateral kidney irradiation do not 

show .llnpressive changes in plasma renin activity, when SBP rises, nor was 

there an early decline in ERPF. '!he earliest decrement in ERPF occurred 1 

and 4 months after a dose of 15 Gy in young and adult rats, respectively. 

Likewise, Zaruba (25) did not find any consistant changes. in BP, GFR, or 

ERPF until 6 weeks after bilateral kidney irradiation in the dog. However, 

after unilateral irradiation of the rabbit kidney, microangiographic studies 

showed a shunting of blood from outer cortical glOlllel:Uli to juxta-medullary 

glOlllel:Uli, as early as 2 weeks after 10 Gy. No hypertension occurred in 

these rabbits (17) • COnsequently, despite clinical and experimental 

indications, it bas not been proved unequivocally that the renin-angiotensin 

system is involved in the development of radiation induced hypertension. 

Perllaps the renin-angiotensin system on1 y plays a role in hypertension 

occurring in serious, fully developed unilateral radionephropathy. 

In contrast to our observation in the rat, early and dose dependent 
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c:llan;es in Hb-concentration were reported after kidney irradiation in the 

mouse (1) . '!he irradiation IOOdel. used by these authors included a part of 

the small intestine in the radiation field. Gastro-intestinal damage and 

resulting malabsorption might have contributed to the anemia. Hematologic 

characterization of this anemia should make clear whether it is comparable 

with the nonnochrami.c, nonrocytic anemia, typically occurrinJ in renal 

insufficiency (12). '!he difference in species may also be responsible for 

the divergence in hematologic response to renal irradiation between mice and 

rats. 

'!he c:llan;es in GFR and urine osmolality occurred earlier when the rats 

were irradiated at weanling age than when this was done at an adult age. 

Particularly during the first 2 months after irradiation of the young rats, 

the GFR did not increase as rapidly as in control rats. '!his may represent 

an inhibition of renal growth, coinciding with the rapid renal development 

in the young rat. At the time of the irradiation, the kidneys were already 

completely differentiated, all nephrons having been fo:tm=d. '!he proximal 

tubular length, single nephron GFR (18), and total GFR (15) increase rapidly 

during this period. '!his growth render both glomeruli and tubuli sensitive 

to irradiation. 

In earlier studies of the radiation effect on weanling kidneys no direct 

comparison with adult animals was made, and no functional data were 

obtained. Wachtel et. al. (20) fOUI'rl the mitotic activity of the weanling 

mouse kidney to be reduced dose depeniently 2 days after whole body 

irradiation (0.5-40 Gy) and contralateral :nephrect:.clnw. Of the remaining 

kidney, weight and mA content were reduced 3 weeks after 20 Gy. Doses of 5 

and 10 Gy only tenporarily depressed kidney weight in unilateral 

nephrectomized weanling rats (9). Higher doses caused a pennanent renal 

weight depresssion, starting 3 weeks after irradiation. OUr data on renal 
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function measurerrents after 10 Gy to the weanling kidney also show a slight 

increase 3 to 4 months after irradiation. 'Ihus, it appears that after low 

doses of irradiation the weanling kidney may keep same capacity for 

regeneration. Interestingly, :in the chronic }:ilase there was only a slight 

difference between the dose-response curves for a 25% or 100re reduction :in 

GFR for young and adult rats. '!he weanling kidney manifested damage faster 

than the adult kidney but eventually there was only little difference :in 

renal damage between young and adult kidneys. '!he early radiation 

nephropathy we observed :in young rats differed from the early phase of the 

radiation nephropathy described clinically :in adults. Early cl:inical 

radiation nephropathy is characterized by malignant hypertension and a rapid 

decline :in renal function with poor prognosis {13). In the young rats renal 

ftmction was less than 50% lower than that of controls :in the highest dose 

group. '!he decline :in GFR was progressive :in the 15 Gy group, but :in the 10 

and 12.5 Gy group renal function remained stable during several 100nths, 

after which the GFR decreased further. 

In conclusion, the GFR and urine osroolality are sensitive markers of 

radiation ·nephropathy :in the rat. After bilateral kidney irradiation, an 

early i.nh:ibition of GFR development and urine osmolality depression occurred 

:in the young rats but not :in the adults ones. '!his early deterioration of 

renal function :in young rats might be caused by an i.nh:ibition of renal 

growth or development. In both age groups, the decline :in renal ftmction was 

progressive and dose-dependent. No marked differences emerged between the 

radiosensitivity of young and adult rat kidneys from the dose-response 

curves. 
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'!he m:!Cbani.sm of a rise in blood pressure after kidney irradiation is 

unclear but l1DSt likely of renal origin. We have investigated the role of 

the renin-an;Jiotensin system aiXi dietary salt restriction on the development 

of systolic hypertension after bilateral kidney irradiation in young and 

adult rats. 'lhree to 12 IOC>Ilths after a sin3"le X-ray dose of 7 .5, or 12.5 Gy 

to both kidneys of young ani adult rats, the systolic blood pressure (SBP) 

and plasma renin concentration (:ERe) were measured regularly. A sin3"le X-ray 

dose of 12.5 Gy caused a m::lderate rise in SBP ani a slight reduction in PRC 

in both young ani adult rats. A dose of 7.5 Gy did not significantly alter 

the SBP or me durin3" the follow-up period of one year. In a second 

experinent the kidneys of young rats received an x-ray dose of 20 Gy. 

SUbsequently, rats were kept on a standard diet (llO IIIIIDl soditmVkg) or a 

sodium-poor diet (10 IIIIIDl soditmVkg). On both diets, SBP started to rise 

rapidly three IOC>Ilths after kidney irradiation. Sodium balance studies 

carried out at that time revealed an increased sodium. retention in the 

irradiated rats c::c:atpll'ed to controls on the sam; diet. In rats on a low 

sodium intake there was neither a delay nor an alleviation in the 

development of hypertension. Cc:mpu'ed to controls, the PRC tended to be 

lower in irradiated rats up to four IOC>Ilths after irradiation. SUbsequently, 

malignant hypertension developed in all 20 Gy rats, resultin3" in pressure 

natriuresis, stimulatin3" the renin-an;Jiotensin system. OUr findinls 

indicated that hypertension after bilateral kidney irradiation was not 

primarily the result of an activation of the renin-an;Jiotensin system. 

Although there were some indications that sodium retention played a role, 

dietary sodium restriction did not influence the development of 

hypertension. 
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Hypertension as a cco.nplication of renal radiation therapy is a serious 

clinical problem (1, 2, 3). '!he latency period after "Which hypertension 

occurs ard the severity of the hypertension vary with radiation dosage and 

the aiOOUnt of renal tissue irradiated. Subsequently, renal radiation damage 

ard hypertension may lead to a vicious circle, in which the hypertension 

accelerates the developnent of renal damage. 

In previous exper:llrents we studied the effect on renal function and 

systolic blood pressure (SBP) of a sin;J1e X-ray dose to both kidneys in 

young and adult rats (4). In both age groups the SBP started to rise when 

renal function, as indicated by the glamerular filtration rate (GFR), was 

already severely :i.npaired. '!he latency period after which the rise in SBP 

occurred was inversely related to the dose. 

'!he pathogenesis of radiation hypertension is unclear. However, after 

irradiation of the kidneys it ~is 100St likely that the mechanisms underlying 

the rise in SBP are of renal origin. '!he kidney plays an ln1portant role in 

blood pressure regulation in at least three different ways. First, the 

kidney is crucial for :maintainin;J fluid and electrolyte homeostasis (5). 

Second, rerun, "Which is produced and released by the kidney, is an important 

conp:ment of the vasoconstrictin;J renin-angiotensin system (6). Finally, the 

kidney produces substances that have a blood pressure-lowering effect (7). 

In the current view on the pathophysiology of hypertension, blood pressure 

:may be elevated by volume retention arDjor vasoconstriction (8, 9, 10 ) . '!he 

relative contribution of each factor to the hypertension :may vary with time 

and underlyin;J pathology. Vascular lesions, resultin:J from hypertension, 

cause ischemia and :may potentiate the hypertension. 
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We felt the need for nore insight into the renal contribution to the 

developnent of hypertension after bila1::eral. kidney irradiation. The activity 

of the renin-aiXJiotensin system as well as the influence of sodium balance 

were investigated in two experiments. In the first experiment, the plasma 

renin concentration (PRC) , the SBP ani sodium balance were detennined 

regularly in young ani adult rats duri.nJ a 1-year follow-up pericxi post 

irradiation. In the secorrl experiment the effect of a dietary sodium 

restriction on these parameters as well as on renal function was studied in 

young rats only, during half a year post irradiation. 

MATERIAlS AND ME1B)[5 

Arrilnals 

Male rats of an inbred Wistar strain (WagjRij, '!NO, Rijswijk, The 

Netherlands) were used for this study. The young rats were just weaned and 3 

weeks old (with. body weight (:m) of 45-65g) ; the adult rats were over 12 

weeks old (with :m of 180-250g) • 

The anllnals were fed with. stan::lard rat c::how' (AMII, Hope Farms, 

Linschoten, The Netherlands) containing 110 nunol sodinnVkg and 190 mmol 

potassinnVkg. In the second experiment half of the anllnals were fed with a 

sodium-poor rat chow (Hope fanns, Linschoten, The Netherlands) containing 10 

nunol sodinnVkg ani 100 nunol potassinnVkg. There was also a small difference 

in protein content between the diets (18% in sodium restricted diet, 24% in 

standard diet). Tap water contained 2.2 nunol soditmVL and 0.1 mmol 

potassitmVL. 

Irradiation 

For irradiation of the kidney, a Ihilips-Muller X-ray generator with a 1 

mm Cl filter was used, at 300 kV ani 10 rnA (3 Gyjmin) • The focus-skin 

distance was 182 mm. The radiation dose was calculated from the midplane of 
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the kidney. '!he kidneys were irradiated sequentially. '!he kidney was 

palpated, noved laterally arxi fixed in a circular radiation field by placing 

a cylinder-like mall aver the kidney. At the kidney hilus a semi -circled 

excision pennitted the passage of vasculature arxi ureter. '!he position of 

the kidneys in the radiation field was checked radiographically several 

times. ruring irradiation the rat was un:ler ethrane anesthesia. No small 

intestine or other organs were in the radiation field ( 4) . Controls 

un:iel:went a similar, sham· procedure excluding irradiation. 

Systolic blood pressure 

'!he SBP was measured plethysrographically using the tail-cuff method in 

the 1.ll1a!lesthetized rat ( Electro Sphygrro Manometer PE 300, Narco Bio 

Systems, Houston, Texas). Rats were prewanned at an environmental 

temperature of 32*C for 30 min. Olring the blood pressure measurement the 

rat was placed in a restraining cage. '!he tail cuff was inflated until the 

pressure exceeded the SBP. Olring gradual deflation of the cuff, the 

pressure at which the first arterial pulsation occurred was taken as the 

SBP. '!he rats were trained for 2-3 weeks to familiarize them with this 

procedure. To obtain a reliable blood pressure value from each rat, the mean 

was calculated of three consecutive readings, taken three to four times in 

one week. 

Plasma renin concentration 

For the PRC measurement, a venous blood sample was collected by or.bital 

puncture in ice-cold EI1I'A syringes, shortly after inducing anesthesia with 

pentobar.bital (6 rrg/lOOg BW}. Care was taken to excite the animals as little 

as possible. After centrifugation, plasma was stored at -20*C. To detennine 

the PRC a radioinununoassay nodified for the use of rat plasma was 

applied{ll}. '!his method detennines the production of angiotensin I (ng 

AI/mljhr) after three hours incubation of the plasma sample at pH=6.5 
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(phOS];ilate buffer) in the presence of an excess of rat angiotensinogen. 

Metabolic studies 

'!he sodium balance was detennined from rats placed in matabolic cages 

{UNO mice cages for young rats; Techniplast rat cages for adult rats). After 

two days of acclimatization, daily intake of tap water ani fcxrl were 

measured ani urine was collected for two days. At the start of each 

collecting pericxi, cages were cleaned with demineralized water. Urine 

OSIIX>lality was detennined by freezing point depression (Vogel Micro 

Osmometer, Roebling, Giessen, FRG.). Urinary sodium ani potassium 

concentration was measured by flame !hotanet:r:y (Kl.ina flame, Beckman 

Instruments Inc, Fullerton, CA) using lithium as an internal standard. '!he 

protein concentration in the urine was measured spectrcrhotc:Jmatrically (Bio­

Rad Chemical Division, Richmond, CA) '!he daily sodium intake was calculated 

from the ingested ail¥JI.lilt of fcxrl ani drinking water. Sodium excretion was 

calculated from urinary sodium. Nonurinary sodium loss, e.g. in the feces, 

was considered to be a constant fraction (12) ani not taken into account. 

Renal function 

Renal function was measured using a radioisotope technique_ (13). '!he 

activity left in the plasma 1 hour after a single i.v. injection of 

Cr-51-EDIT!. ani I -125-Icxiohippurate (Amersham International, Arnersham, 

Englani) was used to calculate the GFR ani effective renal plasma flow 

{ERPF), respectively •. 

Experimental protocol 

First experllnent 

For 1 year after bilateral kidney irradiation of young ani adult rats 

with a single x-ray dose of 7.5 or 12.5 Gy, the SBP, sodium balance, ani PRC 

were studied at regular tilre intervals in the same rats. '!he same 

measurements were performed in control subjects, which were not irradiated. 
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At the start of the experimant, each group oonsisted of 10 rats. Urine was 

collected on 2 consecutive days at 1, 2, 3, 4, 5, 6, 8 ard 12 months after 

irradiation. startin;J 3 months after irradiation, the SBP ard PRC were 

determined at the same time points. 

secom. experiment 

Metabolic studies were perfonned for 24 weeks after a 20 Gy x-ray dose to 

both kidneys of young rats kept on a no:rmal ard a scxlium-poor diet. The SBP 

ard PRC were detenn:ined repeatedly in the same rats. '!here were 10 rats in 

each group at the start of the experi.mant. urine was collected 2, 4, s, 12, 

16 ard 24 weeks after irradiation. At the same t:ine PRC was detennined. SBP 

:ueasurement was initiated after 5 weeks. EM was detenn:ined regularly during 

the follc:M-up period. Renal function was measured 8 ard 24 weeks after 

irradiation. 

statistical Analysis 

In the first experi.mant one way analysis of variance was perfonned within 

each age group to see which groups differed. When a difference was indicated 

(p<0.05) the Newman-Keuls test was used to indicate mri.ch groups differed. 

In the secon::i experimant student's t-test was applied to compare irradiated 

rats ard controls on the same diet. A statistically significant difference 

was indicated by p<0.05. '!he PRC ard SBP were correlated by linear 

regression analysis. '!he statistical analyses were perfonned usin;J 

SPSSjPC-software. 

RFSOill'S 

First experiment 

Except for a transient elevation at 4 months after irradiation in adult 

rats, a 7.5 Gy X-ray dose to both kidneys of young or adult rats did not 

significantly raise SBP. In both young ard adult rats the mean SBP in the 
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Fig 1 
Iongiturunal ~ in PRC (rg Aijml.jhr) (ug;>er panel) an:i SBP (nun Hg) 
(lower panel) during one year in controls (e) or after a single X-ray dose 
of 7.5 (A) or 12.5 (•) Gy to both kidneys of adult rats. Data represent 
means an:i SEM. Figures indicate the number of rats in each group. 
* P<0.05 vs controls. 

12.5 Gy group was higher than control values, 3 nonths after irradiation an:i 

gradually increased thereafter (Fig 1 an:i 2) . 'lhe mean PRCs in these groups 

were lower than control values. 'lhe mean PRCs in the 7. 5 Gy groups were in 

the same rarge as control values ( Figs 1 an:i 2). '!here was a slight but 
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Fig 2 
I.on;Jiturunal chan;Jes in PRC (ng Aijmljhr) (u,wer panel) ani SBP (rom Hg) 
(lower panel) during one year in c:ont:J:ols (e) or after a single x-ray dose 
of 7.5 <•> or 12.5 (•) Gy to both kidneys of young rats. Data represent 
m;ans ani SEM. Figures in:li.cate the mnnber of rats in each group. 
*P<0.05 vs c:ont:J:ols. 

significant negative correlation between SBP ani PRC (r=0.28, n=l13, p<0.05 

in young rats; r=0.32, n=91, p<0.05 in adult rats). 

From the monthly metabolic studies, the sodium balance ani 

sodiUI!Vpotassium excretion ratio were calculated. 'Ihese calculations 
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revealed neither a sodium retention nor a chanJe in sodilllo/potassium 

excretion ratio, coincidirq with chan;Jes in the SBP or PRC in irradiated 

rats. 

Fig 3 
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longitudinal charges in B-1 dur.irg 24 weeks in controls ( •, o) or after a 
s.irgle x-ray dose of 20 Gy ( •,c) to both kidneys in young rats, on a 
stamani diet (solid lines) or a sodium restricted diet (dashed lines). At 
the start of the experinent nean B-1 in the groups varied fran 49 to 52g. 
rata represent means am SEM. Fach grrup initially consisted of 10 rats. 
Figures irrli.cate charges in grrup size due to death. 
* P<O. 05 vs controls. 
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Qlanges in PRC am SBP were similar in t:ilte ani magnitude in young and 

adult rats. 

Secorxi experiment 

After a s:i.n;Jle X-ray dose of 20 Gy to both kidneys of young rats, the 

influence of a dietal:y sodium restriction on SBP, PRC, sodium balance, BW 

ani renal function were investigated. rur:i.n;J the first 8 weeks after 

irradiation, the low sodium diet influenced the urine parameters and PRC in 

the sodium-poor diet groups. 'lhere:fore, this period will be dealt with 

seperately. 

0-8 weeks after irradiation 

Body growth was attenuated by irradiation but not influenced by the diet, 

inti.cating that the dietal:y sodium supply was sufficient for normal body 

growth (Fig 3) • 

Two weeks after the start of the experiment PRC was five to six times 

higher in controls on a sodium-poor diet than in those on a standard diet 

(Fig 4). At the same tilne, in control rats on a sodium-poor diet, water 

intake and urine volume per 100 g BW increased by 50-90%, compared to 

controls on the normal diet. Hence, uri.nal:y OSI!Olality in the sodium-poor 

control group decreased to 40% of the value in the standard diet group (Fig 

5). After 8 weeks, PRC in the sodium-poor control group bad come down to the 

level of. the standard diet control group, ani remained at this level during 

the follow-up period (Fig 4). Water consumption, urine production and 

OSI!Olality were also the same in both control groups by that t:ilne. 

In irradiated ani control rats, similar changes were induced by dietal:y 

sodium restriction in PRC ani urine OSI!Olality (Figs 4 ani 5). Two weeks 

after renal irradiation, however, PRC was lower (fig 4) ani sodium excretion 

was higher (Table I) in the irradiated rats conpared to the controls on the 

sodium-poor diet. After 4 weeks PRC ani sodium excretion were the same in 
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irradiated ani control rats on a scxlium-poor diet. '!he high P.RCs 24 weeks 

after irradiation irxlicate that a high renin secreting potency remained 

present. 

With a standard diet no differences occurred in me ani scxlium excretion 

between irradiated rats ani controls during the first 4 weeks after 

irradiation. Eight weeks after irradiation, me was the same in the 

irradiated rats on either diet ani lower than control values (Fig 4) . 

Fig 4 
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Longitudinal changes in me during 24 weeks in controls (e,o) or after a 
single X-ray dose of 20 GY ( a,c) to both kidneys in young rats, on a 
standard diet (solid lines) or a scxlium restricted diet (dashed lines) . Data 
represent means ani SEM. Each group initially consisted of 10 rats. Figures 
irxlicate changes in group size due to death. 
* P<O.OS vs controls. 



64 

Urine OSI'!Olality started to decline progressively 2 weeks after 

irradiation in irradiated rats on a standard diet. After 8 weeks, urine 

OSI'!Olality was the same for irradiated rats on either diet ani significantly 

lower than control values (Fig 5). 

'!he mean SBP value in the irradiated rats varied from 149 to 156 nunHg in 

the sodium-poor diet ani from 145 to 149 lll!llHg in the standard diet group 

from 5 to 11 weeks after irradiation. In controls, the SBP was lower and 

varied from 134 to 146 nunHg for both diets. 

'!he GFR ani ERPF in irradiated rats were significantly lower than control 

values on the same diet 8 weeks after irradiation. '!he GFR was also 

significantly lower in irradiated rats on a low sodium diet than in 

irradiated rats on a standard diet. '!he GFR values expressed as a percentage 

of the mean GFR value of control rats on the standard diet are shown in Fig. 

7. On both diets the GFR was more affected than the ERPF, resulting in a 

fall in filtration fraction in the irradiated rats compared to control 

values. Urine OSI'!Olality ani GFR bad already declined to 40-60 % of control 

values 8 weeks after irradiation, when the SBP was only mildly elevated. 

Eight to twenty-four weeks after irradiation 

'!he high X-ray dose of 20 Gy to both kidneys of yotmg rats resulted in a 

mild elevation of the SBP at 5 weeks after irradiation. It remained stable 

until 11 weeks after irradiation, increasing rapidly thereafter. '!his sharp 

rise in SBP in irradiated rats was even more pronounced in the sodium-poor 

diet group than in the standard diet group (Fig. 6). COinciding with this 

rise in SBP, 12 weeks after irradiation, the irradiated rats on either diet 

excreted less sodium (expressed as a percentage of the intake) than 

controls, .in:licating sodium ani water retention. However, this difference 

was significant only for rats on a sodium-poor diet. Also, the ratio of 

urinary sodium ani potassium excretion was less in irradiated rats than in 
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controls on the same diet 8 arrl 12 weeks after irradiation (Table I) • Again, 

this was significant only for irradiated rats on a scxlium-poor diet. 

Fig 5 
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in youn;r rats, on a staroani diet (solid lines) or a scxlitnn restricted diet 
(dashed lines). rata represent rreans arrl SEM. Fach group initially consisted 
of 10 rats. Figures llrlicate changes in group size due to death. 
* P<0.05 vs controls. 
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TABLE 1. 

Week2 Week4 WeekS Week 12 Week 16 Week24 

c R c R c R c R c R c R 

Standard diet 

No. of rats 10 9 10 9 10 9 10 9 10 7 10 7 
% Naexc. 73 59 69 71 76 75 78 67 74 68 75 123* 
Na/K exc. 0.60 0.64* 0.60 0.61 0.62 0.59 0.60 0.52 0.58 0.56 0.54 1.11* 

Na..poordiet 

No. of rats 10 9 10 10 10 10 10 10 10 10 10 8 
% Naexc. 36 89* 27 25 46 37 53 33* 57 89 36 57* 
Na/K exc. 0.10 0.22 0.05 0.05 0.07 0.04* 0.08 0.04* 0.07 0.12 0.05 0.69* 

Note. The dialy urinary sodium excretion expressed as a percentage of sodium intake (% Na exc.) and the urinary sodium/potassium 
· excretion ratio (Na/K exc.) in rats whose kidneys received a 20 Gy X-ray dose at weanling age (R) and in age-matched control rats (C) 

kept on a standard diet (standard) or a sodium poor diet (Na·poor) at several times after irradiation. No. of rats= number of rats in each 
group. 
• Student's t test, p < 0.05. 

From the 8th until the 16th week after irradiation, PRC tended to be 

lower in irradiated rats than in controls (Fig. 4). '!he rise in SBP from 16 

to 24 weekS after irradiation was acx:ampanied by a severe natriuresis 'Which 

caused a negative salt balance. In the irradiated rats on a sodium-poor 

diet, weight loss and a decline in SBP occurred. '!he PRC was 6 to 8 times 

higher in irradiated rats than in controls. At that tiJne the animals were in 

a very poor c::on:li.tion, suffering from er:rl-stage renal failure, and had to be 

sacrificed. 

'!he decline in urinal:y osmolality 'Which had already started during the 

first weeks after irradiation was progressive. Urinary protein excretion was 

doubled by 8 weeks after irradiation, and increased to 9 to 20 times control 

values after 24 weeks (data not shown) • 

After 24 weeks, the GFR in irradiated rats declined to 43% and 21% of 

control values on the standard diet and the sodium-poor diet, respectively 

(Fig. 7). In these severely damaged kidneys, the reduction of the ERPF 

approached the decline in GFR. '!he filtration fraction was almost the same 

in irradiated rats and controls. 
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'It).e SBP rose faster arrl fatal renal failure occurred earlier in 

irradiated rats kept on a sodimn-restricted diet than in rats kept on a 

standard diet. 
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Fig 6 
longitudinal changes in SBP during 24 weeks in controls (4D,O) or after a 
single X-ray dose of 20 Gy ( 1111, c) to both kidneys in young rats, on a 
standard diet (solid lines) or a sodimn restricted diet (dashed lines). Data 
represent means arrl SEM. Each group initially consisted of 10 rats. Figures 
indicate changes in group size due to death. 
* P<0.05 vs controls. 
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'!he GFR (ml/min/lOOg B'l) expressed as a % of controls fed on a standard 
diet, detennined 8 an::i 24 weeks after sham irradiation or a single X-ray 
dose of 20 Gy to both kidneys in youn;r rats, on a standard diet (open bars) 
or a soditnn restricted diet (hatched bars). Data represent means and so. 
Figures indicate group size. * P<0.05 vs controls. 

DISCIJSSION 

Blocxl pressure is detenni.ned by vascular resistance an::i circulating 

volume. 'Ihese two factors reciprocally support hypertension. 'Ihe magnitude 

by which each factor contributes to the elevation of blocxl pressure may vary 
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with the urxierlying cause. '!he relative contribution of these two factors to 

the development arxi ma:intenance of radiation hypertension is unclear. 

Unlike radiation hypertension, renovaso.ll.ar hypertension has been the 

subject of extensive exper.im:mtal research. Experimental studies on 

hypertension after tmilateral renal artery constriction with or without 

nephrectomy of the contralateral kidney have made clear that the presence of 

a healthy, contralateral kidney is decisive for the way in which 

hypertension is mediated. Pathophysiologically, 9 fall in perfusion 

pressure, due to a constriction of the renal artery, initially induces 

soditnn arxi fluid retention in that kidney. Soditnn and fluid retention may 

cause an increase in circulating volune, leading to a blood pressure rise 

when the vascular resistance remains unchanged. When a healthy, 

contralateral kidney is present, however, soditnn arxi fluid are excreted and 

the renin-angiotensin system becomes activated in the affected kidney (10). 

'lhus, in the presence of a healthy, contralateral kidney, renal artery 

constriction induces a renin-mediated hypertension, whereas in the absence 

of a healthy kidney a soditnn and fluid-deperdent hypertension develops (10, 

14). 

Likewise, unilateral renal irradiation, in the presence of an intact 

contralateral kidney, may activate the renin-angiotensin system in the 

irradiated kidney. '!he resulting hypertension can be reversed by 

nephrectomy, as shown by clinical case reports (2, 3, 15, 16). However, 

these case reports concern seriously damaged, erxl-stage kidneys with an 

alnPst completely occluded renal artery. It was shewn exper.im:mtally that 

after unilateral kidney irradiation, the development of radiation 

hypertension was postponed by the presence of a healthy contralateral kidney 

(17, 18). '!his suggests that volune retention might ·also be involved in the 

development of unilateral renal radiation hypertension. 
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In the present experiment we studied the role of the renin-angiotensin 

system am sodium retention in the developnent of hypertension after 

bilateral kidney irradiation in the rat. OUr results show that the PRC 

tended to be lower in rats with radiation-irrluced hypertension than in 

no:rmotensive controls. A lc:M PRC is thought to be an in:lication for sodium 

retention (9). On the other ham, it can be argued that the PRC was high in 

relation to the SBP. 'Ihus, a supportive role of the renin-angiotensin system 

in hypertension after bilateral kidney irradiation cannot be cornpletel y 

excluded. When the SBP passes the level of 180 mmHg, pressure natriuresis 

occurs (19) am the renin-angiotensin system becomes a dominating factor in 

sustairri.DJ the elevated blood pressure. '!he blood pressure regulation is 

taken over by the renin-angiotensin system arrl becomes malignant. 

Eventually, a negative salt balance, hypovolemia arrl vasoconstriction fo:r:m a 

fatal vicious circle. SUch a situation occurred 16 weeks after a X-ray dose 

of 20 Gy. '!he comparison of the changes in SBP arrl PRC after the low X-ray 

doses to both kidneys in young arrl adult rats shc:Med that they were 

ilrleperrlent of age at the time of irradiation. Since this study was part of 

an ilwestigation on the sensitivity of the young rat kidney to nephrotoxic 

insults, the secorrl experiment concemed only young rats. Previously, we 

reported on differences in functional radiation damage between young and 

adult rats. In young rats renal fu11ction inpai:r:ment developed more rapidly 

after irradiation compared to adult rats. Despite the earlier occu:rrence of 

radiation damage in the young rat kidney, the isoeffective doses for various 

renal function errl points were the same in both age groups after 5 months 

(4). 

'lb ilwestigate the role of a sodium arrl fluid retention in radiation 

hypertension, dietacy sodium content was lowered to 10% of the standard diet 

values :innnediately folla;,;ing a 20 Gy X-ray dose to weanl:i.ng" rat kidneys. In 
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agreement with the calculated scxlitnn needs, the scxlitnn intake on the 

scxlium-poor diet was sufficient for nonnal bcxiy growth in control rats (12, 

20). '!he observed increase of PRC due to dieta.cy soditnn restriction is a 

well-known phenomenon (8, 21, 22). We foun:i a gradual decline of the PRC to 

nonnal values in control rats during prolonged soditnn restriction. Studies 

on the changes in PRC during dietary scxlitnn restriction are usually limited 

to short fallON-up periods. A nonnalization of the PRC after 8 weeks of 

dietary soditnn restriction in unilaterally nephrectomized rats, was 

previously reported from our laborato:ry (22). '!he reason for this fall in 

PRC is not clear. It was not acconpanied by a change in either SBP or 

urina:ry sodimnjpotassitnn excretion ratio, suggesting a sensitization for one 

of the compounds of the renin-angiotensin system, as has been described for 

angiotensin II. (9). 

Renin st:ilnulates drinking behavior (23). As a consequence polydipsia, 

polyuria and low urine osmolality were present. '!he high PRC obtained in the 

first weeks after the start of the low soditnn diet did not influence blood 

pressure in controls or irradiated rats. '!his can be explained by the 

decreased pressor response to angiotensin II (24). Concomitantly, 

aldosterone st:ilnulation was .fot.md to be increased (24). Cllanges in the 

plasma aldosterone activity may be reflected by a change in the urina:ry 

sodimnjpotassitnn ratio. When the SBP started to rise at 12 weeks after a 20 

Gy X-ray dose to both kidneys, this ratio was lower (although not 

statistically different) in irradiated rats than in controls, fed a standard 

diet. In irradiated (20 Gy) rats on a low soditnn diet, the sodimnjpotassitnn 

ratio was significantly lower than control values at 8 and 12 weeks. After 

12 weeks, the SBP started to rise. A lower urina:ry sodiumjpotassitnn ratio 

prior to the rapid increase of the SBP, coupled with a low PRC in irradiated 

rats compared to controls on the same diet, supports the premise that voltnne 



72 

retention is involved in the develcpnent of renal radiation hypertension. 

Likewise, the rapidly ~in] SBP follCI'Nin} a 20 ~ x-ray dose to both 

kidneys of yam] rats seemed to coincide with sodium retention, again 

i.ndicatin::J a hypertension mediated by volume expansion. However, sodium 

retention leadi.n;J to hypertension is difficult to trace by netabolic studies 

(25). '!he ano.mt of daily sodium retention necessary to elevate blood 

pressure in the rat is very low, especially in gradually developin:J, mild 

hypertension. '!his might explain why sodium retention could not be 

de.!ronstrated in gradually developin:J hypertension after a 12.5 ~x-ray dose 

to both kidneys of yam] an:l adult rats in our first experiment. 

Dietary sodium restriction neither postponed nor alleviated the rise in 

SBP after a high X-ray dose to both kidneys in yamJ rats. 'lhus, bilateral 

kidney irradiation caused a low renin hypertension, irresponsive to dietary 

salt restriction. An explanation for this might be that the kidney damaged 

by irradiation is able to retain sodium very effectively. 

'!he role of dietary sodium restriction in renal experiirenta1. hypertension 

is controversial. unilateral renal artery constriction with an intact 

contralateral kidney was shown to be acc:anpanied by volume retention (19) . 

Dietary sodium restriction successfully lowered renal hypertension in these 

rats in same experiments (21), but not in others (17, 26). Similarly, 

hypertension due to unilateral renal artery constriction with contralateral 

nephrectomy was reported to be cured by dietary sodium restriction (27) . 

other investigators did not observe a charge in blood pressure in the 

one-kidney-one-clip IOOdel. after dietary sodium restriction (21, 28, 29). 

However, addition· of a convertin] enzyne antagonist (28) or an angiotensin 

inhibitor (29) to the sodium-restricted diet did effectively lower blood 

pressure, suggestin:J that both sodium retention am renin mediated 

vasoconstriction were involved. After allogenic kidney transplantation in 
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the rat, dietary sodium restriction effectively attenuated the development 

of hypertension (22}. 

Hypertension is a late c::arplication of renal radiation. Previous studies 

( 4} ani the present experiment already showed a marked reduction in renal 

ftmction at the tine that the SBP was only slightly increased in irradiated 

rats. Eight weeks after a single X-ray dose of 20 Gy to both kidneys of 

young rats, the GFR ani urine OS!IDlality were severely depressed, indicating 

severe glomerular ani tubular damage. M:>:rphologic vascular damage also 

occurs early after renal irradiation (30} • The involvement of various tissue 

c::omparblents in renal radiation injw:y argues for a c::arplex pathogenesis of 

radiation hypertension. Although our experimental results favor tubular 

sodium ani volume retention, renin production seconda1:y to tubular sodium 

loss or hypoperfusion due to vascular damage may also have occurred. 

Concomitant renal ftmction deterioration may stiJnul.ate a further blood 

pressure increase (31}. The elevated blood pressure causes vascular damage, 

especially in the renal arteries ani arterioles (26}. Irradiation sensitizes 

the vessels to hypertensive injw:y (32}, rendering the irradiated kidney 

especially prone to hypertensive vascular damage. Thus, hypertension as such 

causes a rapid progression of renal ftmctional damage. 

In conclusion, hypertension following bilateral renal irradiation was not 

primarily mediated by the renin-angiotensin system. Although balance studies 

indicated that sodium retention played a role in the development of 

hypertension after a high X-ray dose to both kidneys in young rats, dietary 

sodium restriction failed to protect against the rise in SBP. The 

hypertension was progressive. Using a high X-ray dose the SBP finally became 

malignant with high PRC. 
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'Ihe effect of Cis-platin upon the glomerular filtration rate and effective 

renal plasma flow was detennined us:ing a radio-isotope clearance technique 

in young (3 weeks old) and adult (over 12 weeks old) rats. Cis-platin was 

administered i. v. in dosages rang:ing from 2. 5 to 10 ngjkg body weight, either 

as a s:ingle dose or fractionated over 5 consecutive days. Follow:ing either 

dose regimen, identical total doses of Cis-platin caused less severe 

nephrotoxicity in young rats than in adult ones. In adult rats fractionated 

dosage significantly reduced nephrotoxicity. '!his was not observed in young 

rats. 'Ihe difference in nephrotoxicity between young and adult rats was due 

to the renal handl:ing of Cis-platin. After a s:ingle dose of 5 and 7. 5 rrgjkg 

body weight, platimnn concentrations were measured in urine and renal 

tissue. J:Ur:ing the first 2 days after Cis-platin administration, up to 60% 

of the ai!IOliDt of platimnn injected was excreted in the urine of both age 

groups. 'Ihere was a marked difference, however, in renal Ft concentration 

between the two groups. In young rats renal Ft concentration was only 63% 

and 49% of that in adult rats after 5 and 7.5 rrgjkg body weight 

respectively. We believe that this is due to the comparatively larger renal 

mass in relation to body weight in the young animals. Relatively more renal 

tissue provides at least partial protection against nephrotoxic drugs in 

these young rats. 

Abbreviations 

EM body weight 
cr-51 EDrA Chromium-51 Ethylenediaminotetra-acetic acid 
ERPF effective renal plasma flow 
GFR glomerular filtration rate 
i. v. intravenous 
Ft platinum 
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Cis-platin (Cis-dianminedichloroplatinum, abbreviated as <DDP) has been 

proven to be a valuable agent in adult oncologic therapy ani is increasingly 

used in pediatric oncology (1,2,3). Animal(4,5) as well as clinical (6,7,8) 

studies have demonstrated that therapeutic dosage leads to nephrotoxicity. 

'!his side effect :may in fact be dose l.imiting (4,9). '!he nephrotoxicity can 

be alleviated but not entirely prevented, by good hydration, forced diuresis 

ani prolonged administration (7,8,10). 

It has been suggested that the incidence of nephrotoxicity in children is 

less than in adults(ll). Clinical ani experimental data substantiating this 

statement are scarce. In the present study we compared glomerular 

filtration rate (GFR) ani effective renal plasma flow (ERPF) of young ani 

adult rats after various doses of Cis-platin. We also evaluated the renal 

haniling of this drug by measuring urinary excretion ani renal accumulation 

of Ft. 

Experiments were carried out using :male rats of an outbred wistar strain 

(WU/CPB, 'INO Zeist, 'Ihe Netherlanis) • 'Ihe animals were selected according to 

bcxiy weight (BW) ani age. 'Ihe young rats were 3-4 weeks of age weighing 

50-65 g, the adult rats were 1110re than 12 weeks of age, weighing 270-340 g. 

Tap water ani foo::l were available at libitum. 

Renal Function Determination 

'Ihe GFR ani the ERPF were detennined by a plasma clearance technique, as 

described in detail elsewhere (12). '!his method involves i.v. injection of 

Cr-51 EUrA ani I-125 Iodahippurate. (Amersham Interrlational, Amersham, 
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England) and a single tiined blood sanple collected 60 min. after the 

injection. 'Ihe method allows for repeated use in the same aninlal. 

Ft detennination 

'!he Ft content of urine and renal tissue was detennined by atomic 

absorption spectrophotameb:y using a Perkin Elmer 2380 spectrophotometer. 

'Ihe urine sanples were analyzed without pretreat:n:ent and read against a 

standard cw:ve based on aqueous standards. 'Ihe kidneys were weighed, freeze 

dried and digested in 65% HN03 at 200*C in 1.5-2 hours. Ft-standards were 

added to control kidneys which were similarly treated. 'Ihe chy residue was 

then dissolved in 2 ml of distilled water, and analyzed. 

Experimental protocol 

Single dosage regimen; 

Cis-platin (kindly supplied by Bristol Meyers JN, Weesp, 'Ihe Netherlands) 

was diluted with distilled water to a final concentration of 1 ng 

Cis-platin, 9 ng NaCl and 10 ng mannitol per ml. 

Cis-platin was administered i. v. in a dose of 2. 5, 5 or 7. 5 ngjk.g .BW in 

adult rats and 5, 7.5 or 10 ngjk.g .BW in the young aninlals. '!he highest dose 

was determined by the 100 % mortality rate for both age groups. Control 

aninlals were given i.v. injections of distilled water. At the start of the 

experiments the groups consisted of five to 15 rats. 

Renal function was detennined 4, 7, 14, 21, 42 and 105 days after drug 

administration. 

Fractionated dose regimen; 

In this regimen the total amount of Cis-platin was administered i. v. in 

equal doses over 5 successive days. 'Ihe total dosage was the same for adult 

and young rats, viz 5xl, 5x1.5 or 5X2 ngjk.g .BW. Control aninlals were given 5 

daily i.v. injections of distilled water. At the start of the experiment the 

groups consisted of five to 10 rats. 
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Renal function was detennined 7, 10, 17, 24, 42 an:i 105 days after the 

first drug administration. 

Renal pt harol:in:] 

In seven yourg an:i eight adult rats, the urinary excretion an:i the renal 

accumulation of pt were detennined after a sin;Jle i. v. injection of 

Cis-platin in a dose of 5 or 7.5 :nqlkg EM. Urine was collected for 2 days. 

SUbsequently, the kidneys were :ren¥JVed an:i weighed. Both, urine an:i renal 

tissue were analyzed for Ft. 

statistics 

Data are recorded as mean an:i so. Within each age group differences in 

means of either GFR or ERPF camparin;J the various treatment groups and 

controls were established by one way analysis of variance. When a difference 

was indicated (P<O. 05) , the Newman-Keuls test was applied to see which 

pair(s) of groups were statistically different. student's t-test was applied 

to establish significant differences between young an:i adult rats regarding 

renal pt harolin;J an:i the GFR after the sane dosage regimens. statistical 

difference was indicated by a P value <0.05. 

Single d6sage regimen 

Adult animals 

'!he adult animals showed marked weight loss in the first days after 

Cis-platin administration (table 1). Particularly after doses amounting to 

7.5 ngJkg EM, the rats suffered from anorexia an:i diarrllea. '!he animals 

receiving this dose all died on the fourth day after Cis-platin 

administration with little residual function. '!he lower doses of Cis-platin 

resulted in a dose deperrlent fall in both GFR an:i ERPF, the lowest value 
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being measured 4 days after drug ac1mi.nistration. After this initial fall 

there was recovery duri.n;J the next 3 -weeks (table 1) • SUbsequently, renal 

function stabilized. With 5 ng per kg EM the GFR initially fell to 10 % of 

the control value ani recovered to 5D-60% of control after 15 weeks. After 

2.5 ngjkg EM the initial fall in GFR .was 40%, 'While subsequent recovery was 

CXllllplete. 

FIG.1. Co!lparison of the initial cbanJes in GFR of either young or adult 
rats treated with Cis-platin. 
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'!he GFR (mljminf100 g EM) is given as a percentage of that of control rats, 
on day 4 after the first administration of cis-platin for the single dose 
and day 7 after the first administration for the fractionated dose regimen. 
Solid lines ani closed symbols represent single dosage, broken lines and 
open symbols represent fractionated dosage. Circles represent adult rats and 
triangles represent young rats. 



TABLE 1. RENAL FUNCTION IN ADULT RATS AFTER SINGLE DOSAGE OF CIS·PLATIN • 

DayO Day4 Day7 Day 14 

Dose n BW n BW GFR ERPF BW GFR ERPF BW GFR ERPF 

0 5 298 5 305 2.38 5.38 308 2.26 5.19 5 316 2.57 5.34 
8 7 0.18 0.34 9 0.14 0.18 9 0.26 0.33 

2.5 5 302 5 291 1.45" 3.72" 298 1.86*"" 4.47** 5 318 2.43** 5.09 
24 32 0.49 0.50 33 0.23 0.39 40 0.39 0.40 

5 5 297 5 273 0.23** 0.60** 5 265** 0.64** 2.09** 5 278 1.14 .... 2.98** 
21 27 0.04 0.16 28 0.14 0.31 29 0.26 0.13 

7.5 5 295 All animals died 

• All data are mean values and SD. The dose of Cis·platin is giyen in mg!kg BW; BW in g; GFR in m1/min; ERPF Is in ml/mln. 
•• p · 0.05 from control values. 

TABLE 2. RENAL FUNCTION IN YOUNG RATS AFTER SINGLE DOSAGE OF CIS·PLATIN • 

Dose 

0 

5 

7.5 

10 

Dayo Day4 Day 7 

n BW BW GFR ERPF n BW GFR ERPF 

5 64 5 83 0.62 
0.14 

1.44 
0.27 

4 88 0.76 
0.06 

1.78 
0.16 4 7 15 

15 61 
4 

13 60** 0.39** 0.96** 12 71** 0.56** 1.35** 
8 0.16 0.35 10 0.27 0.47 

Day 14 

BW GFR ERPF 

4 145 1.39 
9 0.14 

2.03 
0.18 

8 1 03** 0.83** 2.04** 
15 0.25 0.38 

10 60 10 50** 0.25** 0.76** 8 57** 0.43** 1.13** 7 71** 0.56** 1.47** 

5 

3 3 0.12 0.20 6 0.10 0.29 

55 
8 

4 41** 
2 

0.09"'* 0.21** All animals died 
0.05 0.11 

13 0.15 0.3 

• All data are mean values and SO. The dose of Gis·platin is given in mg/kg BW; BW in g; GFR in ml/min; ERPF in m!/mln. 
•• p. 0.05 from control values 

Day 21 Day42 Day 105 

BW GFR ERPF n BW GFR ERPF n BW GFR 

5 326 2.63 4.91 5 329 2.53 5.21 5 408 2.85 
13 0.1 1.00 39 0.28 0.43 25 0.16 

5 322 1.98" 4.13 5 362 2.28 4.99 5 426 2.84 
40 0.5 1.58 59 0.30 0.29 73 0.42 

ERPF 

5.49 
0.07 

5.17 
0.41 

5 275** 1.06** 3.15 4 298 1.19** 3.51** 5 368 1.44""* 4.44** 
26 0.2 0.46 37 0.36 0.54 54 0.48 0.61 

Day21 

BW GFR 

4 185 1.80 
8 0.21 

6 150** 1.21** 
20 0.29 

ERPF 

3.61 
0.15 

2.87" 
0.36 

Day42 

BW GFR 

276 
21 

5 232" 
31 

2.17 
0.30 

1.82 
0.24 

8 113** 0.77** 1.95** 7 209** 1.61 
15 0.11 0.25 24 0.37 

Day 105 

ERPF .n BW GFR 

4.82 
0.38 

4.08 
0.44 

4.03 
0.63 

3 390 2.67 

4 

13 0.16 

364 
49 

346 
47 

2.62 
0.29 

2.12 
0.45 

ERPF 

4.90 
0.15 

5.35 
0.42 

4.90 
0.35 

OJ 
ol:> 
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Young rats 

The young rats faile:i to grow during the first days after drug 

administration but resumed gaining weight after 1 week. As a result 

dose-1iepen:ient differences in BW were obseJ:ve:i and remaine:i statistically 

different up to the 6th week (table 2). Young rats treate:i with 10 ngjkg BV 

all die:i in the 1st week following administration. When expressed in ml/min 

the GFR was significantly less in young rats treate:i with Cis-platin than in 

controls. As both GFR and BV were reduced, the GFR per lOOg BV showed little 

difference in rats treate:i with 5 or 7. 5 ngjkg BW when compared to the 

control rats. 

Cc:mparison between young and adult rats 

In the single dose regllnen., a dose of 5 and 7.5 ngjkg BV was administere:i 

to both young and adult rats. When the initial changes in renal function 

were compared (expressed as percentage of the controls) , the fall in GFR was 

less in the young rats than in the adult ones. '!his was true not only when 

the GFR was relate:i to BV (ml/minjlOOg BV) (fig 1) but also when absolute 

values (ml/min) were taken into consideration (table 1,2). Furthennore 

renal function remaine:i pennanently reduced in the adult rats, while there 

was CO!T!Plete reo:::JVery in the young ones. 

Fractionate:i dosage regimen 

Adult rats 

The weight loss observed during the first 2 weeks after drug 

administration was comparable with the weight loss after corresponding 

single doses. However, fractionation did reduce the IIDrtality rate and 

immediate nephrotoxicity (table 3). All animals survive:i after 5x1.5 nqjkg 

BV, while only 50% die:i during the first 3 weeks after a dose of 5X2 nq per 

kg EM. The initial linpa:innent in renal function was less severe after 5xl 

nq per kg EM than after 1x5 nq per kg BW. However, at the end of the 15 



TABLE 3. RENAL FUNCTION IN ADULT RATS AFTER FRACTIONATED DOSAGE OF ,CIS·PLATIN • 

OayO Oay7 Day 10 Day 17 

Dose BW n BW GFR EAPF n BW GFR EAPF BW GFA EAPF 

5XO 5 319 5 325 2.17 4.67 5 327 2.41 5.22 339 2.50 4.37 
11 21 o:2~. o.57 22 0.14 o.29 24 0.23 0.22 

5X1 292 5 261** 1.12** 3.05"'* 266** 1.32*"' 3.73*"' 278** 1.58** 4.38 
15 12 0.32 0.48 14 0.10 0.44 17 0.24 0.32 

5X 1,5 5 262 5 245** 0.39** 1.92** 237** 0.55*' 2.00 .. 216** 0.76"'* 2.43** 
19 19 0.19 0.55 20 0.34 0.68 26 0.31 0.8 

5X2 10 287 9 249** 0.11** 0.74*'~~ 8 225** 0.13*"' 0.73** 243** 0.25.. 1.01** 
19 21 0.11 0.58 18 0.15 0.66 21 0.20 0.35 

• All data are mean values and SO. The dose of Cls·pfatin Is given in mg/kg BW; BW in g; GFR in ml/mln; ERPF In ml/mln. 
** p < 0.05 from control values. 

TABLE 4. RENAL FUNCTION IN YOUNG RATS AFTER FRACTIONATED DOSAGE OF CIS·PLATIN • 

OayO Oay7 

Dose BW n BW GFR EAPF 

5XO 

5X1 

53 
3 

10 54 
4 

5X1.5 10 60 

5X2 10 57 

79 0.72 
0.10 

1.74 
0.12 

57"* 0.46** 1.09** 
0.17 0.29 

56** 0.33** 0.86** 
6 0.06 0.23 

45** 0.16** 0.41** 

BW 

92 
6 

Day 10 

GFA ERPF 

0.77 
0.13 

1.90 
0.05 

76" 0.77 1.72 
0.21 0.15 

66** q.42** 1.28** 
0.11 0.25 

51"* 0.34"'* 0.93** 

Day 17 

BW GFA EAPF 

5 135 1.22 2.33 
0.25 9 0.12 

103** 0.83** 1.86*'*. 
16 0.30 0.50 

1 oo•• o.54** 1.54"* 
0.16 0.24 

64"* 0.46** 1.26*"' 

Day 24 

BW GFA ERPF 

345 2.46 4.96 
28 0.21 0.18 

291** 1.57** 4.36 
14 0.26 0.34 

254.. 0.78*! 3.16** 
23 0.29 0.70 

245** 0.32** 1.19** 
35 0.23 0.91 

BW 

167 
11 

133 
25 

Day24 

GFR 

1.69 
0.23 

ERPF 

3.53 
0.15 

1.17** 2.63** 
0.37 ° . 0.52 

127** 0.92** 2.39** 
15 0.30 0.35 

0.05 0.23 13 0.21 0.38 22 0.28 0.53 3 100** 0.53** 1.61"* 

• All data are mean values and SO. The dose of Cis·platin Is given In mg/kg BW; BW In g; GFR in ml/min; ERPF In ml/min. 
** p < 0.05 from control values. 

28 0.39 0.77 

Day42 Day 105 

BW GFR ERPF BW GFR ERPF 

379 3.15 5.84 434 2.90 5.42 
44 0.34 0.31 54 0.37 0.13 

320•* 1.70** 4.15** 3 360.. 2.09** 4.95 
13 0.38 0.32 11 0.38 0.20 

290" 0.90" 3.36" 330** 1.11** 3.91 
30 0.38 0.86 29 0.44 1.13 

278** 0.32.. 1.37** 3 314.. 0.31** 1.40** 
33 0.22 1.00 35 0.19 0.86 

BW 

5 257 
21 

226 
27 

Day42 

GFR 

2.11 
0.24 

1.84 
0.37 

207*"' 1.35 
22 0.59 

ERPF 

4.64 
0.26 

3.85 
0.30 

3.66 
0.81 

BW 

356 
37 

347 
49 

322 
40 

Day 105 

GFR 

2.53 
0.41 

2.50 
0.34 

2.00 
0.52 

195.. 1.07** 2.99 All animals died 
63 1.09 2.03 

ERPF 

5.50 
0.45 

5.38 
0.63 

5.00 
0.80 

()) 
0\ 
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weeks follOW'-up.the renal impainnent was similar after either dosage reg:ilnen. 

Young rats. 

Fractionation caused a growth retardation similar to that obsel:ved after 

a single dose when 5 :rrgJkg BW was administered. With 7.5 ngjkg BW, the 

growth reduction was less when given fractionated than after a single dose 

(table 2 arxi 4) • 'lhe GFR (mljmin) of rats treated with Cis-platin was less 

than that of controls. However 1 the GFR relative to body weight (rnl/min 

/lOOg) showed little difference from control values. After fractionated 

dosage of Cis-platin the GFR was generally comparable to the GFR after an 

identical single dose. 

Comparison between young and adult rats. 

In the young rats, renal function was less affected by the same dose of 

cis-platin given fractionated than in adult animals. '!he GFR per lOOg BW, as 

percentage of the mean value in controls 1 was dete:nnined on day 4 after drug 

administration and is plotted against the total dose of Cis-platin. As shown 

in figure 1 1 the dose response curve for the adult rats is much steeper than 

for young rats. '!his difference remained at the erxl of the 15 week follOW'-up 

period (fig 2) • 

Renal Pt.-handling 

!)]ring the first 2 days after a single dose of 5 ng Cis-platin per kg BW 

about 60% of the administered amount of Pt. was excreted in the urine of 

young as well as adult rats. After 7. 5 ng Cis-platin per kg BW the young 

rats excreted relatively more Pt. than the adult rats (table 5). Most of the 

Pt. was excreted during the first day after administration. After 2 days both 

cis-platin doses caused a similiar Pt. aCCllllll.ll.ation in young and adult rats 

of 1.5-2% of the injected amount of Pt.. HOW'E!Ver1 the renal Pt. concentration 

was significantly lower in the young rats compared to the adult rats( table 

5). '!his was due to the larger renal mass relative to BW in the young rats. 
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As shCMil in Table 5 the wet kidney weight per 100g EM of young rats was 179% 

an::i 165% of that of adult rats in the 5 an::i 7.5 ng dose group respectively. 

Adult 

Young 

TABLE 5. RENAL HANDLING OF A SINGLE IV DOSE OF 5 AND 7.5 MG/KG BW 
OF CIS-PLATIN IN YOUNG AND ADULT RATS* 

Renal Pt 
48-H urinary Pt Renal Pt concentration 

excretion accumulation Kidneywt (JLg/gW 
Dose n BW(g) (o/o of Pt injected) (g/100 g BW) kidneywt) 

5 8 302±11 57.4 ± 7.7 1.64±0.50 0.38±0.03 14.7±70 
7.5 7 289±8 46.3±3.6 1.24 ± 0.45 0.31 ±0.02 19.3±7.3 

5 7 49±5 ** 59.3±8.2 1.99±0.90 0.68 ± 0.07** 9.2 ± 3.7** 
7.5 7 53±2 ** 69.3 ± 12.6** 1.00±0.29 0.51 ± 0.06** 9.4± 2.5** 

* All data mean values ± SD. 
** p < 0.05 when compared with the same dose in adult rats. 

our ·study has shCMil that an identical dose of Cis-platin per kg BW 

administenrl to either young or adult rats, leads to a deterioration of 

renal function which is c:omparitively less severe in young rats. In both, 

young an::i adult rats the deterioration in renal function occurs during the 

initial days after Cis-platin administration with gradual recDVery during 

the following weeks. Complete recDVery is more likely to occur in young rats 

with a higher degree of pennanent damage in adult rats. In young rats 

Cis-platin temporarily arrests body growth an::i renal development, but this 

does not affect the potential for growth an::i development. The initial 

.impainnent in renal function of young rats is almost proportionate to the 

retardation in growth. While the absolute GFR (rnl/min) of the young rats 

un:ler treatment dropped well bela;v that of controls, the GFR in relation to 

EM only fell bela;v control values when the highest dose of Cis-platin was 

administered. Fractionated dosage reduced the initial renal damage in the 

Fig 2. Comparison of the pennanent changes in GFR of either young or adult 



rats treated with Cis-platin. 
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'!he GFR (ml/min/100 g BV) is given as a percentage of that of o:Jntrol rats, 
15 wk after the first administration of Cis-platin. For symbols see legend 
of Figure 1. 

adult rats, allowing for higher doses. Fractionation did not have that 

effect on the young animals, while it had hardly any effect on the pennanent 

renal damage in either age group. 

Apart from changes in renal function, both young and adult rats suffered 

from gastro-intestinal toxicity immediately on drug administration. 'lhe 

animals became anorectic and paricularly the higher dosage led to 

hemorrhagic diarrhea. It is not clear to what extent gastro-intestinal 

toxicity and the resultant dehydration o:Jntributes to the deterioration in 
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renal function arxi subsequent mortality in yc:Jllil1 rats. In the yc:Jllil1 rats the 

gastro-intestinal ca:nplications rather than renal failure seemed to play a 

major part in the acute morl:>idity arxi mortality. 

'Ihe nephrotoxicity of Cis-platin has been subject to extensive study (4, 

5, 7, s, 13, 14) ; the exact mechanism is not yet clear. '!he mo~ologic, 

biochemical arxi functional ctisarrarxJement is rather unspecific, arxi has also 

been observed after heavy matal poisoni.rvJ (7' 15) • M::l~logically' renal 

damage is largely confined to the pars recta of the proximal tubule ( 4, 5, 

6, 16). Despite the tubular location of the renal damage, the GFR still 

seems to be a rather sensitive parameter to quantitate the nephrotoxicity 

(14). It can not be excluded, however, that the measured GFR in fact 

urrlerestimates the actual GFR, because of tubular backleak of the marker 

isotope (16) • 'Ihe decrease in GFR has also been attributed to the 

vasoconstriction of renal vessels by an activation of the 

renin-argiotensine system (7) • SUch an activation may be a direct effect of 

cis-platin or function inlirectl.y as a protective feedback mechanism, 

secuOOaJ::y to the excessive salt arxi fluid losses. 

'!he difference in nephrotoxicity of Cis-platin in either young or adult 

rats is based on the difference in renal pt concentration. our analysis of 

the renal harxiling of pt i.rrlicated that there was hardly any difference in 

the renal accumulation of Ft. when ca:nparing young arxi adult rats. Renal 

Ft-excretion was also the sane in young arxi adult rats after a dose of 5 

m:Jjkg B-1 • After 7 • 5 m:Jjkg B-1 1 the urinacy Ft-excretion was less efficient in 

the adult rats c:ampared to the young rats. '!his might be due to the severe 

decline in renal function in the adult rats. 'Ihe concentration of Ft in 

renal tissue, however, was significantly lower in young rats than in adult 

ones. '!his difference is due to the larger anount of renal tissue in 

relation to m in the yc:Jllil1 rats (12). 'Ihe magnitude of the pt levels in 
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renal tissue measured by us are comparable to those reported by others 

(9,17). If Cis-platin nepu:otoxicity is related to the Ft concentration in 

the kidney, the lower Ft-levels fOI.lni in the kidneys of young rats provide 

an explanation for the attenuated nepu:otoxicity observed in these anilllals. 

An attenuated nephrotoxicity in young rats is not a unique finding for 

Cis-platin. Similar results have been obtained, comparing the nephrotoxicity 

of the aminoglycosides gentamicin and amikacin in young and adult rats. Both 

compounds when administered in dosages relative to BW were found to be less 

nephrotoxic in young rats. At the same time, despite a similar renal uptake, 

tissue aminoglycoside concentrations were fOI.lni to be lower in these rats 

(18). Consequently, we sunnised that drug induced nephrotoxicity will 

generally be less in young than in adult rats, due to the larger amount of 

renal tissue relative to BW. In this respect it may be of .i.np:>rtance that 

like in humans, kidney weight relative to BW decreases with age (19). 

In conclusion, when Cis-platin is administered in doses relative to BW 

this drug is less nephrotoxic in young rats than in adult ones. '!his 

reduction in nephrotoxicity is the result of the comparatively larger amount 

of renal tissue relative to body weight present in young rats. 
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'!he interaction between single low doses of Cis-diamminedichloro­

platinum(II) (c-DDP) and renal irradiation (7 .5, 10, 12.5 Gy) on renal 

function and systolic blood pressure (SBP) was investigated in young (3-4 

weeks old, EM 45-65 g) and adult rats (over 12 weeks old, EM 230-290 g). '!he 

glomerular filtration rate (GFR) an:i effective renal plasma flow (ERPF), 

plasma creatinine, urea an:i SBP were measured over 24 weeks. Cllanges in 

ERPF, plasma creatinine and urea cx>ncentrations parallelled GFR changes, but 

tended to be less pronounced. In young rats, EM and GFR were 10-20% below 

control values after c-DDP administration (5 ngJkg EM). Irradiation caused a 

dose-dependent drop in GFR, starting 4 weeks after irradiation in young 

rats. When c-OOP was given :inunediately after irradiation to the young rats, 

the loss of renal function was more pronounced than after either treatment 

modality alone. Dose-effect curves for a >25% reduction of the GFR relative 

to controls (ml/min) after 24 weeks gave an ED50 of 9. 8 Gy for irradiation 

alone and 4. 6 Gy for irradiation followed by c-OOP. After correction for the 

drug effect, dose-effect curves were similar for renal irradiation given 

alone or followed by c-OOP administration in young rats. In adult rats, 

c-OOP ( 2.5 nqjkg EM) or irradiation alone did not significantly alter renal 

function during the follow-up period. Only 12.5 Gy in combination with 

c-OOP, caused a significant reduction in GFR after 16 weeks in adult rats. 

In adult rats data were too limited for probit analysis. A significant rise 

in systolic blood pressure was only observed in young rats 16 weeks after 

12.5 Gy, when GFR had declined to 60% of control values. '!he SBP was not 

influenced by c-OOP. In young rats, the similarity in dose-response curves 

after irradiation alone or irradiation plus c-OOP, corrected for 

c-OOP-induced renal damage, indicated an additive interaction between a 
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s:in:Jle dose of c-DDP arrl irradiation in the young rat kidney. In the adult 

rat kidney, the low response in the cambined therapy groups up till 24 weeks 

after irradiation, suggest at best an additive interaction. 'Ibese results 

suggest that the target cells for renal damage to c-DDP and irradiation 

differ. 

Key words: Cis-diamm:inedichloroplati.:num, irradiation, renal function, rat, 

age. 
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To achieve local and systemic tumour control in the oncological patient, 

radiotherapy and chemotherapy are combined with increasing frequency. 

Moreover, it has been shown exper:imentally that some chemotherapeutic drugs 

may interact with irradiation and potentiate the therapeutic effect achieved 

by irradiation (7,8). '!he therapeutic gain obtained by the combination of 

chemotherapy and irradiation depends on a differential effect on tumour and 

nonnal tissues. '!he susceptibility of the tissue for the separate therapies 

depends on its proliferative activity, as well as on the dosage schedule and 

time sequence of the therapies (9). Dosage and sequence are in"portant for 

the interaction between drugs and irradiation. When drugs and irradiation 

are applied in close approximation, the effects on tumours and nonnal 

tissues seem most enhanced (9). In general, enhanced tissue effects are 

observed when the drug shows a specific tissue toxicity (9). '!his 

enhancement is usually additive (17). However, rnA-binding agents, such as 

Cis-diamminedichloroplatinum (c-DDP) could theoretically cause 

supra-additive tissue damage when combined with irradiation. In vitro 

studies indicate radiosensitization of tumour cells by c-DDP (3, 7) . A 

combination of c-DDP administration and irradiation enhanced the therapeutic 

effect on tumours in mice (8). Pilot clinical studies have shown the 

feasibility of a combined treatment with c-DDP and irradiation (13, 20, 22, 

23). Evaluation of the therapeutic benefit of the combined treatment for 

human tumours should await the outcome of phase III trials in Europe and the 

u.s.A .• 

'!he therapeutic advantage of this combination depends on its toxicity for 

nonnal tissues. Exper:imentally, the effect of c-DDP and X-rays on nonnal 

tissues were mainly investigated in rapidly proliferating tissues such as 
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skin (6, 15) and gut (5, 14, 16). As nephrotoxicity is the dose-limiting 

side effect of c-OOP, the effect of combined c-OOP and X-ray treabnent on 

the kidney is specifically :int:erestinJ. Clinical data on this subject are 

not yet available. Experllnental data on the effect of combined c-DDP and 

X-ray treabnent on late respording tissues such as the kidney are scarce 

(24). 

In previous experiments, we studied the separate effect of either 

irradiation (12) or c-DDP (11) on renal function in young and adult rats. 

Equal doses of c-DDP (in ngjkg EW) caused less renal functional damage in 

young rats than in adult rats. This could be explained by the larger kidney 

weight relative to EW in young rats compared to adult rats. 'Ihus, the same 

dose of c-DDP caused a lower renal platinum concentration in young rats 

~ to adult rats (11) . After bilateral kidney irradiation in young and 

adult rats, functional renal damage was foun::l to occur earlier in young rats 

(12). 

In the present study we have investigated the age-dependence of renal 

injm:y following the combined administration of c-OOP and irradiation. 

Single doses of c-DDP and radiation, causing a limited renal function 

decline on their own, were applied in combination. Following treabnent, 

renal function and systolic blocxi pressure (SBP) were measured for 6 months. 

Inbred male Wistar rats were used for this study (WagjRij) • '!he young 

rats were just weaned, 3-4 weeks old (EW 45-65 g), the adult rats were over 

12 weeks old (EW 230-290 g) • Each treabnent group initially consisted of 10 

young or 10 adult rats. Water and focxi were available ad libib.nn. 

Both kidneys were palpated, fixed in a circular radiation field and 
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irradiated while the rat was under ethrane anaesthesia. A :Rri.lips-Muller 

x-ray generator was used at 300 kV an1. 10 lilA (3 Gy/min) with a 1 mm cu 

filter. '!he focus-skin distance was 182 mm. '!he radiation dose was 

calculated from the midplane of the kidney. '!he diameter of the radiation 

field was 3 an. 

o-DDP (kindly provided by Bristol-Myers FN, Weesp, '!he Netherlands) was 

dissolved in distilled water an1. the resultant solution contained 1 nq 

c-DDP, 9 nq NaCl an1. 10 nq Mannitol per ml. c-DDP was administered i.v. 

(sublingual vein in young rats; dorsal vein of the penis in adult rats) as a 

single dose, 2.5 nq /kg EM for the adult rats an1. 5 nq /kg EM for the young 

rats, 0.5-2 hours after irradiation. 'Ihese doses were based on equal levels 

of toxicity as detennined in previous experi1nents (11). Controls were sham 

irradiated aro injected i.v. with nonnal saline. Time references in the text 

relate to the time of irradiation. 

For 24 weeks after irradiation an1. drug administration several 

measurements were perfonned repeatedly in the same rats. Renal function was 

measured using a radio-isotope technique, peonitting repeated measurements 

in the same animal (19). '!he radio-activity remaining in the plasma one hour 

after the i.v. injection of Cr-51-EDI'A an1. I-125-hippuran was used to 

calculate the glomerular filtration rate _..;FR) an1. effective renal plasma 

flow (ERPF), respectively. Simultaneously with blood sanpling for renal 

function measurements, plasma was obtained for the detennination of urea an1. 

creatinine concentrations, using standard methods. To prevent excessive loss 

of blood in young rats, these additional measurements were started 8 weeks 

after irradiation. Renal function measurements were perfonned 2, 4, 8, 12, 

16 an1. 24 weeks after irradiation. 

'!he SBP was measured plethysmographically using the tail--cuff method in 

the unanaesthetized rat (2). After a training period of 6 weeks following 
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irradiation, the SBP was measured three times a week for the rema.:inler of 

the follow up period. 

statistics 

one way analysis of variance was applied to reveal differences between 

groups. When a difference was indicated (p<0.05) the Newman-Keuls test was 

used to reveal which groups differed. In young rats, renal function results 

permitted prabit-analysis after 8 weeks. In adult rats, the expression of 

renal damage was too limited to construct dose-effect curves for probit 

analysis. 

Renal function in young rats 

In young rats, the GFR (ml/min) increased rapidly during the first month 

of the study, as is shown for the control and the 7. 5 Gy group of anbnals 

(Fig. la). Because of these renal function changes in young rats, findings 

concerning renal function in the treatment groups will be related to 

age-matched controls. 

After 2 weeks, the increase in GFR (ml/min) ( Fig. la,b) and B'l was 

reduced in young rats treated with c-OOP in comparison with age matched 

control rats that did not receive c-OOP. When the GFR was expressed in 

ml/min/100 g there were no significant differences between the two groups, 2 

weeks after treatment {Table I). In young rats that received c-DDP only, the 

GFR (ml/min) stabilized at 80% of control values after 8 weeks. However 

related to ru, the GFR in rats receiving c-OOP was only slightly below 

control levels. '!his difference was only significant after 4 weeks (Table 

I). 
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Fig 1a. T.ime related changes in GFR (ml/min) during 24 weeks after a 
radiation dose of 7.5 (m), 10 (.A) or 12.5 ('y) Gy to both kidneys of young 
rats and age-i11i3.tched controls (e). Each group contained 9--10 rats. Data are 
means ± SEN. *, Significantly different from controls. 

Four weeks after irradiation, the GFR changes depended on the X-ray dose. 

The 7. 5 Gy dose had no effect on GFR. After 10 and 12.5 Gy, the nonnal 

developmentctt increase of the GFR (ml/min) was reduced compared with control 

rats (Fig. 1a) • When irradiation was combined with c-DDP, the nonnal 

increase in GFR was affected more severely than after either treatment 

modality alone (Fig. lb, Table I). Prabit analysis was carried out 
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Fig lb. Time related c.banJes in GFR (ml/min) durin:l 24 weeks, in controls 
(- -) ani after i.v. o-DDP (5nqjkg EM) either given separately <•> or combined 
with a radiation dose of 7.5 (11), 10(..to.) or 12.5(v) Gy to both kidneys of 
young rats. All groups contained &-10 rats, except the 12.5 Gy group that 
contained 5-7 rats deperDing on the time of assay. rata are means ± SEM. 
*,Significantly different from controls. 

usin;J a reduction in the GFR (ml/min) of at least 25% of that of age-matched 

controls as an en:i point. '!his decline in GFR clearly :in:li.cated functional 

renal damage ani was outside the control ran;re. until 8 weeks after 

irradiation, the proportion of anil!lals showin;J this level of damage was too 

limited for the analysis. In the period 12-24 weeks after irradiation the 
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ED50 values (dose that causes a 25% or more reduction of the control GFR in 

50% of the animals) declined gradually. Figure 2 shows the dose-effect 

curves obtained by probit analysis 24 weeks after treatment. 'Ihe ED50 value 

was 9.8 Gy in rats that were irradiated only ani 4.6 Gy for the combined 

therapy group. To study the effect of irradiation on renal function, 

excluding the drug effect, rats that only umerwent irradiation were 

compared with controls whereas the combined therapy groups were compared 

with rats that received c-OOP only. After this correction for the drug 

effect, the EDSO, calculated by probit analysis, was 9.8 Gy (S.D.=O. 7) for 

irradiation only ani 9. 7 Gy (S.D.=1.8) for combined c-OOP/irradiation 
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Fig. 2. Dose-effect curves giving the proportion of animals shCMing a ~5% 
reduction in GFR (mljmin) in young rats 24 weeks after irradiationJE---.Kidney 
irradiation {p=O. 58, slope=O. 38, ID50=9. 8 Gy) • .a.. - ..& , Kidney irradiation 
follov;red by o-OOP, not corrected for o-OOP toxicity {p=O. 70, slope=0.20, 
ID50=4. 6 Gy) • •-•, Kidney irradiation follov;red by o-OOP, corrected for o-OOP 
toxicity {p=0.13, slope=O.l5, ID50=9. 7 Gy). 



106 

treatment 24 weeks after treatment. 

GFR was linearly related to the reciprocal values of plasma urea and 

creatinine concentrations (18). At the time of the first measurement, 8 

weeics after irradiation, the reciprocal values of plasma urea differed 

significantly from controls in all treatment groups except for the 7.5 Gy 

groups. 'lhis was also true for the reciprocal values of the plasma 

creatinine concentrations. 

'!he effects of c-DDP and irradiation on the ERPF were less pronounced 

than the effects on the GER. A signif:lcant reduction of the ERPF was only 

founi in the 12.5 Gy groups starting 2 m:mths after irradiation. 

TABLE 1. TIME RELATED CHANGES IN GFR (ML/MIN PER 100 G) AFTER RENAL IRRADIATION AND/OR 

c·DDP (5 MG/KG BW) ADMINISTRATION IN YOUNG RATS 

Time after irradiation (weeks) 

2 4 8 12 16 24 

Group n GFR n GFR n GFR n GFR n GFR n GFR 

c 10 1.051 10 1.032 10 0.779 10 0.724 10 0.670 9 0.697 

0.125 0.111 0.071 0.035 0.045 0.122 

7.5Gy 10 0.973 10 0.933 10 0.824 10 0.754 10 0.683 10 0.708 

0.102 0.095 0.073 0.115 0.059 0.087 

10Gy 10 0.887 8 0.7823 8 0.692 9 0.668 9 0.569 9 0.536 

0.188 0.070 0.124 0.094 0.104 0.081 

12.5 Gy 9 0.981 10 0.771 3 10 0.5953 9 0.5163 10 0.4523 10 0.407 

0.145 0.114 0.128 0.096 0.193 0.213 

c·DDP 7 0.862 9 0.8143 10 0.732 10 0.690 10 0.590 10 0.582 

0.181 0.153 0.113 1.187 0.155 0.149 

7.5 Gy 8 0.950 6 0.8863 8 0.687 8 0.5933 7 0.593 8 0.535 

+c·DDP 0.106 0.168 0.060 0.071 0.089 0.113 

10Gy 8 0.952 8 0.6953 8 o.5883 8 0.5353 8 0.4483 8 0.4663 

+c·DDP 0.167 0.077 0.115 0.118 0.109 0.113 

12.5 Gy 7 0.937 5 0.7103 5 0.5203 4 0.3853 4 0.3983 5 0.3353 

+c·DDP 0.102 0.144 0.166 0.165 0.127 0.219 

a Significantly different from controls (C), p < 0.05. 
n =Number of rats in each group. 
Data are means± S.D. 
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Renal fimction in adult rats 

In adult rats, c-DDP or irradiation alone did not significantly reduce 

the GFR (Table II) or the ERPF (in mljmin ani ml/min/100g) compared with 

control values during the whole follCJW-up period. Of the combined therapy 

groups only the 12.5 Gy plus c-DDP showed a progressive decline of the GFR 

ani ERPF starting 12 weeks after irradiation. After 24 weeks the value 

differed significantly from controls. At this tilne, the reciprocal of 

the plasma urea concentration was significantly depressed. However, plasma 

creatinine concentrations remained nonnal. 

TABLE 2. TIME RELATED CHANGES IN GFR (ML/MIN PER 100 G) AFTER RENAL IRRADIATION AND/OR 

c·DDP (2.5 MG/KG BW) ADMINISTRATION IN ADULT RATS 

Time after irradiation (weeks) 

2 4 8 12 16 24 

Group n GFR n GFR n GFR n GFR n GFR n GFR 

c 10 0.661 10 0.661 10 0.705 10 0.632 10 0.606 10 0.649 

0.056 0.088 0.048 0.057 0.039 0.057 

7.5Gy 10 0.739 10 0.703 10 0.663 10 0.653 10 0.684 9 0.640 

0.077 0.073 0.039 0.051 0.080 0.100 

10 Gy 10 0.754 9 0.750 9 0.588 9 0.715 9 0.615 9 0.684 

0.060 0.065 0.176 0.045 0.077 0.200 

12.5 Gy 9 0.852 9 0.721 10 0.646 10 0.672 10 0.637 10 0.590 

0.387 0.060 0.079 0.047 0.075 0.114 

c·DDP 9 0.690 8 0.662 9 0.630 9 0.698 9 0.651 9 0.616 

0.114 0.075 0.084 0.064 0.055 0.042 

7.5 Gy+ 9 0.738 10 0.702 10 0.683 10 0.677 10 0.657 10 0.594 

c·DDP 0.056 0.160 0.044 0.050 0.070 0.019 

10 Gy+ 10 0.707 10 0.657 8 0.694 9 0.684 9 0.602 9 0.583 

c-DDP 0.055 0.210 0.087 0.060 0.105 0.083 

12.5 Gy+ 10 0.733 10 0.729 10 0.650 10 0.649 10 0.566 10 0.497 

c·DDP 0.115 0.072 0.089 0.062 0.048 0.048 

a Significantly different from control (C), p < 0.05. 
n =Number of rats in each group. 

Data are means± S.D. 
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Systolic Blocx:l Pressure 

Blocx:l pressure was first measured after a 6-week training period, and 

continued until 23 weeks following irradiation. 'Ihe mean SBP in Youn:J and 

adult control rats varied from 120-140 JmllH:3". Radiation doses of 10 Gy or 

less, either alone or combined with c-DDP did not c.banJe the SBP in either 

age group. In young rats, both the 12.5 Gy group and the 12.5 Gy plus 

c-DDP group showed a rise in SBP, starting 12 weeks after irradiation. By 

that time, the GFR of these rats had declined to 65% of control values. 

After 20 weeks, the mean SBP in these groups approached 160 Il1!1lHg (Fig 3). 

SBP 

mmHg 
180 

160 

140 

120 

- - -tlr- _, 

6 8 12 16 

--
__l 

.l 
,; ..... 

..... ' ..... ..... 
..... 

' ..... 

20 24 

TIME AFTER IRRADIATION. weeks 

Fig 3. Time related c.banJes in SBP (JmllH:3") in young rats during 23 weeks in 
controls (111), after 5 rrg o-DDPjkg EM (o) and after a radiation dose of 12.5 
Gy to both kidneys either given alone ('9) or combined with 5 rrg o-DDPjkg EM 
(.41.) • Data are means ± SEM. 
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'!he apparent decline of the mean SBP in young rats, 24 weeks after 12.5 Gy 

+c-OOP, was due to death of one hypertensive rat in an already small group 

(Fig. 3). In adult rats, there was only a teroency to increase to a mean 

value of 135 mnHg after 24 weeks in the 12.5 Gy plus c-OOP group. 

DISCIJSSION 

'!he nephrotoxicity of single doses of c-OOP and irradiation in young and 

adult rats was investigated. c-OOP and radiation were administered in doses 

known to cause a limited decline in renal function (11, 12). Both c-OOP and 

irradiation caused renal function damage in young rats. When used in 

COlllbination, the reduction in renal function compared to age matched 

controls, was more pronounced than after either treatment modality alone. 

'!he similar dose-effect curves obtained after correction for c-OOP induced 

renal damage suggest that renal radiation damage is only additional to the 

damage caused by c-OOP. 'lhus, c-OOP induced renal damage as well as sub 

sequent regeneration and irradiation induced damage occur independently in 

the young rat kidney. In adult rats, c-OOP alone or irradiation alone did 

not significantly affect the GFR during the folla;,r-up period. Only the 

highest radiation dose (12.5 Gy) in COlllbination with c-OOP caused a slowly 

progressive decline in GFR, starting after 12 weeks. '!he changes in the 

reciprocal values of plasma urea and creatinine concentrations were similar 

to the GFR changes. '!he changes in ERPF were less pronounced. 

Systolic hypertension (>140 mnHg) was only observed in young rats, 12-16 

weeks after 12. 5Gy, given alone or in COlllbination with c-OOP. A rise in SBP 

occurred only after the GFR had dropped to 65% of the control GFR. '!he SBP 

was only elevated in irradiated rats. c-OOP, given alone or in COlllbination 

with irradiation, did not by itself influence the SBP. Although the SBP 
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started to rise when renal functional damage was well established, its 

appearance might accelerate a further renal function decline. '!he damaged 

kidney is particularly prone to hypertensive injw:y (25) and irradiation 

might sensitize the blood vessels to hypertensive damage (1) • '!he mechanisms 

of the rise in blood pressure following irradiation have been the subject of 

a oore extensive study (12a) • 

'!he early expression of radiation nephropathy in young rats compared to 

adult rats is in agreement with our earlier firrlings (12). Nonnally, the GFR 

(:ml/min) quadruples durin;} the 8 weeks between the age of 3 and 11 weeks. 

Kidney irradiation with doses of 10 Gy or oore at the age of 3 weeks, 

diminished this rapid increase in renal function. After 8 weeks, the 

increase in renal function slOY.Ted down and was similar in control and 

irradiated rats. '!he early manifestation of radiation nephropathy might be 

due to the higher proliferation rate in the young rat kidney, leadin;J to a 

oore rapid expression of renal damage. '!his initial inhibition of the 

increase in renal function in young rats, was follOY.Ted by a further decline, 

startin;J earlier at higher doses. In adult rats, the same X-ray doses did 

not cause an effect on renal function until 8-12 weeks after irradiation. 

After that time, renal function declined dose-dependently and progressively. 

Twenty weeks after irradiation, dose-effect cw:ves in young and adult rats 

were quite similar (12). '!he higher proliferation rate in the young rat 

kidney c::c::mpared to the adult rat kidney, might be an explanation for the 

early expression of renal radiation damage in the young rat kidney. 

Autoradiographic studies of kidneys of 3-weeks and 4-oonth-old rats shOY.Ted 

that the percentage of mitotic cells was aloost 3 times higher in the renal 

cortex of young rats (0.39%) compared to that of adult rats (0.14%). In the 

renal :medulla, the mitotic activity was similar (0.04-0.05%) for young 

andadult rats (21) . 
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'!he exper.iinents concenring c-OOP nephrotoxicity in young and adult rats 

showed that the same dose of c-OOP (m;Jjkg B'l') caused less renal damage in 

young rats than in adult rats. '!his could be explained by the larger kidney 

weight relative to body weight in young rats (11) c:orrprred to adult rats. 

Similar levels of renal function were obtained in young and adult rats when 

the young rats received twice the adult dose (in ngjkg B'1). In agreement 

with earlier findings in young rats, c-OOP (5 m;J/kg B'l') :inhiliited body 

growth and renal function development. When renal function was related to BW 

( GFR in ml/rnin/100g) no significant differences from control values were 

found 2 weeks after drug administration in young rats. In adult rats, c-DDP 

(2.5 ngjkg B'1) had no effect on GFR, when measured at least 2 weeks after 

drug administration. 

Renal injmy caused by c-OOP mainly affects the proxllnal tubule. Four 

days after single drug administration in rats, this damage is most 

pronounced showing cell swelling and necrosis (10). '!he subsequent renal 

regeneration was accompanied by an extensive proliferation in the straight 

portion of the proximal tubule, where damage was most pronounced ( 4) • Renal 

function was restored rapidly (11). Provided the target cells for c-DDP and 

irradiation are the same, the atl:en'pted proliferation following 

c-DDP-induced damage would be expected to accelerate the expression of 

radiation-induced damage. At the first renal function measurement, 2 weeks 

after c-DDP administration in young rats, the GFR was 80-90% of control 

values in irradiated as well as in nonirradiated rats. At this time, 

irradiation did not show an effect on renal function. '!he similarity in 

renal function after c-DDP administration, irrespective of renal 

irradiation, suggests an undisturbed regeneration of the c-OOP-induced renal 

damage when this treabnent is combined with irradiation. Functional renal 

damage due to irradiation manifested itself in young rats four weeks after 
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treatment. After correction for drug toxicity, radiation damage was the same 

in c-DDP treated rats as in saline treated rats, as was shown by the EDSO 

values obtained by probit-analysis. 'Ihus, our data in:licate only additive 

toxicity of irradiation am c-DDP in the youn;r rat kidney. 'Ihis suggests 

that c-DDP and irradiation have different target cells in the kidney. 

Another explanation for the no more than additive interaction between 

irradiation am c-DDP might be that the lOW' doses of c-DDP used in this 

study damaged, but did not destroy, the prox:iinal. tubular cells. Functional 

renal recovery occurred without cell proliferation am was not inhibited by 

irradiation. Experimentally, the effect of combined radiation and c-OOP 

treabnent was studied in rapid proliferatin;J tissues such as skin (15) and 

gut (14, 16). In these studies, c-DDP enhanced the radiation effect. An 

unequivocal influence of time sequencing of c-DDP administration and 

irradiation on normal tissue damage did not emerge from the literature (5, 

6, 15, 16) • HOW'ever, tissue damage seems to be most pronounced when drug 

administration and irradiation are applied in close proximity (9). When 

c-OOP was given after irradiation, small variations in time interval between 

irradiation and c-DDP administration did not seem to influence the response 

of the kidney ( personal a:mnmmication; E. van Rongen). Likewise, stewart 

and coworkers recently found that renal toxicity in mice was most pronounced 

when c-DDP was given 0.5 hour before to 1 day after irradiation (Dose 

mcxlifying facto:r=1.3, at 9 months after irradiation, not corrected for drug 

toxicity) (24). As the enhancement of renal radiation damage did not depend 

on c-DDP and X-ray sequencing, this group considered direct x-ray 

sensitization to be unlikely. '!his leaves additive toxicity and inhibition 

of radiation repair (7) as the explanation for the enhanced renal damage by 

combined treatment with c-DDP and irradiation. 

It must be ertP1asized that the present study only deals with the effect 
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of the combination of single doses of c-DDP and radiation. In vitro studies 

indicate that the enhancement of radiation damage by c-DDP may be more 

pronounced after fractionated irradiation than after single dose 

irradiation. '!his is due to inhibition of the repair of sublethal radiation 

damage (7). 

In conclusion, the present study in young rats shows that the renal 

damage caused by c-DDP is additive to the damage caused by a single dose of 

radiation to the kidneys. 'lhe additivity of the renal damage in young rats 

indicates that the irradiated kidney is still capable of restoring the 

initial renal damage induced by c-DDP, to the same extent as a 

non-irradiated kidney. 'lhus, despite inhibition of renal growth and 

development in the young rat by irradiation, the capacity for repair of 

c-DDP-induced damage remained relatively intact. Functional renal damage was 

reflected by the GFR as well as plasma creatinine and urea concentrations. 

'lhe SBP only increased after a change had occurred in these parameters. 
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We compared the nephrotoxic interaction between Cis-platin (Cp) and 

Alltikacin (Am) in YOliDJ and adult rats, using different dosage combinations. 

Following a single i.v. dose of Cp, Am was administered s.c. for 14 days. 

'!he dose of Cp was chosen to cause a m::xierate fall in the glomerular 

filtration rate (GFR), while a dose of Am was chosen that had only a :rni.n:iinal 

effect on GFR. SUch a non-toxic course of Am seriously aggravated the Cp 

induced fall in GFR in adult rats. Only a lllnited recovery was observed 

during a 15 week follow-up period. In young rats, a non-toxic Am course did 

not aggravate the Cp induced impainnent in GFR. However, when the dose of Am 

was increased to a nephrotoxic level, the Cp induced change in GFR was 

potentiated. As in adult rats, there was only a partial recovery of the GFR. 

In conclusion, in both adult and young rats, an Am course following a single 

injection of Cp results in a potentiation of the Cp-induced nephrotoxicity. 

KEY IDRL'S: Cis-platin; Alltikacin; Nephrotoxicity; GFR; ERPF; Rats 
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Previously, we have compared in YOI.ln;J and adult rats the nephrotoxicity 

of two aminoglycosides, gentamicin and arn:ikacin (Am) (1), as well as that of 

chemotherapeutic dnlg Cis-platin (Cp) (2). For all three drugs, YO\.ln;J rats 

required a higher dosage relative to BV to achieve a comparable impainnent 

in the renal function. As many chemotherapeutic agents also suppress the 

immune system, anticancer treatment is often complicated by serious 

infections. This may require specific antibiotic treatment, in which 

aminoglycosides play a cnicial role to tackle gram-negative bacterial 

infections. owing to the nephrotoxicity of both Cp and aminoglycosides, 

extra attention is indicated when these dnlgs are used in combination (3,4}. 

'!he renal effects of aminoglycosides upon an already damaged kidney may 

be different from the effect upon an intact kidney. Experimental studies in 

rats showed a reduction in aminoglycoside nephrotoxicity in kidneys 

predaroaged by either potassium-dichromate (5) or mercuric-chloride (6). 

Furthennore, a transient insensitivity to aminoglycoside nephrotoxicity is 

known to develop during prolonged treatment. Renal function recovers despite 

continuation of the aminoglycoside administration (7). However, studies 

dealing specifically with the nephrotoxic interaction between Cp and amino­

glycosides showed that a short course, with a non-toxic dose, of tobramycin 

potentiated the Cp-induced acute renal damage (8,9). 

In order to establish age related differences in the nephrotoxicity of a 

combined treatment with Cp and an aminoglycoside, we studied the effect of a 

single dose of Cp :immediately followed by a course of Am during 14 days, in 

YOI.ln;J and adult rats. Am was chosen as it was found to be less nephrotoxic 

than gentamicin (1). 
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Male Wistar rats of an outbred strain were used (Zentral Institut fuUr 

Versuchstierzucht, Hannover FRG) • Food and tap water were available ad 

libitum. 

Renal function dete:rnrination. 

'!he glamenllar filtration rate (GFR) and the effective renal plasma flow 

(ERPF) were dete:r:mined by a plasma clearance technique, as described in 

detail elsewhere (10). In short, this method involves an intravenous (i.v). 

injection of Cr-51 EDI'A and I-125 Iodohippurate (Amersham International, 

Amersham, England) and a single, timed blood sample collected 60 min after 

the injection. '!he method allows for repeated use in the same animal. 

Exper.ime:ntal protocol. 

At the start of the experiment, the animals were divided into four 

groups of adult rats and seven groups of young rats, each group consisting 

of 8-10 animals. '!he adult rats were over 12 weeks old, with a body weight 

(EM) of over 250 grams; the young rats were 3-4 weeks old with a BV of 

45-70 grams. The codes for the various exper.ime:ntal groups, indicating 

types of treatment and dosage are presented in Table 1 for adult rats and in 

Table 2 for young rats. 

'!he Cp (kindly provided by Bristol-Myers FN, Weesp, '!he Netherlands) was 

administered in a single i. v. injection in a solution containing 0. 5 nq Cp 

and 9 nq NaCl per m1 of distilled water. '!he Am (kindly provided by 

Bristol-Myers FN, Weesp, '!he Netherlands) was administered subcutaneously 

(s.c.), daily for 2 weeks, dissolved in 0.9% NaCl in a concentration of 50 

nqjml. Controls received equal volmnes of saline i.v. andjor s.c. When the 

drugs were given in combination, the Am was started innnediately following 
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TABlE 1. 

Group-codes, initial body weight, ani treatment schedules for the various 

groups of adult rats. 

(n) m 

(gram) 

A-c (8) 311±19 

A-cp5 (9) 300±.38 

A-Am60 (8) 325+30 

A-cp5Am60 (10) 315+30 

Data on m are MeantS. D. 

Cp Am 

(nqjkg m) 

5 

60 

5 60 

'Ihe Cp was admi.niSEered as a single i.v.dose; Am was administered s.c. 
daily during 14 days. 

TABlE 2. 

Group-codes, initial body weight, ani treatment schedules for the various 

groups of young rats. 

YOUNG (n) m Cp Am 

(gram) (nqjkg 5'1) 

Y-c (8) 58+6 

Y-cp7.5 (9) 57+5 7.5 

Y-Am180 (8) 59+7 180 

Y-cp7. 5Am180 (8) 58+5 7.5 180 

Y-cp5 (9) 58+8 5 

Y-Am540 (8) 59+7 540 

Y-cp5A:m540 (8) 58+5 5 540 

Data on B'1 are MeantS.D. 
'Ihe Cp was adminiS:tered as a single i.v.dose; Am was administered s.c. 
daily during 14 days. 
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the Cp injection. 

As equal doses (ngjkg B-1) of Am (1) or Cp (2) being less nephrotoxic in 

young than in adult rats, the administered dose was higher in young rats to 

inflict a comparable degree of renal flmctional impainnent (Table 1 and 2) • 

Renal flmction was measured at weeks 2, 4, 6, 9, and 15 after the first 

administration. 

statistics. 

Statistical differences between the means of renal flmction parameters 

were assessed by onf:Ma.y analysis of variance. In these analyses various 

groups of either adult or young rats treated with a single drug or receiving 

the combined treatment and the control group were clustered together. In 

case of statistical significant differences, i.e. an F value indicating 

p<0.05, the Newman-Keuls test was applied to detect which pair(s) of means 

were different. 

The analyses were perfonned with cormnercially available software, 

SPSS/PC+ (SPSS Inc. aricago, Ill), on a personal COI!pllter. 

Adult rats 

Data on the longitudinal changes in m, GFR and ERPF of adult rats 

following the various treatments are presented in Table 3. 

A single Cp injection of 5 ngjkg m was fatal for three out of nine 

rats. In the remaining six an:irnals Cp caused a significant fall in GFR and 

ERPF, measured 2 weeks after the injection. Only a slight recovery of the 

GFR was observed during the follow-up. The ERPF recovered to a level below 

that of A-c rats, although the difference was no longer statistically 

significant. The GFR and ERPF of adult rats, treated with Am in a dose of 60 
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TABLE3. 

LONGITUDINAL CHANGES IN BW (gram). GFR AND ERPF (ml/min) 
OF THE VARIOUS GROUPS OF ADULT RATS 

A·C A.Cp5 A~Am60 A·Cp5Am60 

Week2 (8) (6) (8) (6) 
BW 343 ±26 304±26 .. 358±40 302±43** 
GFR 2.53± 0.26 1.31 ±0.50"'* 2.80 ±0.32 0.68 ± 0.67*** 
ERPF 6.05 ±0.36 4.05± 1.19*'"" 6.04±0.32 2.30 ± 2.20*** 
Week4 (8) (6) (8) (5) 
BW 372±26 332 ±39 392 ±40 327±59 
GFR 2.77 ±0.25 1.75±0.58** 3.01 ± 0.36 0.96 ± 0.81 *** 
ERPF 6.06±0.31 5.41 ± 1.97 6.12±0.32 2.92 ± 2.26*-
WeekS (8) (6) (8) (5) 
BW 390±35 347±37 413±46 335±76 
GFR 2.64±0.34 1.60 ± 0.58** 2.81 ±0.37 0.93±0.96* 
ERPF 5.69 ± 0.41 4.47 ± 1.18 5.53±0.57 2.56 ± 2.64*** 
Week 9 (8) (6) (8) (4) 
BW 424±34 379 ±35 445±43 378±93 
GFR 2.72±0.11 1.75±0.69** 2.94±0.42 1.29± 1.15* 
ERPF 5.62±0.30 4.42± 1.44 5.95±0.49 3.15 ± 2.58* 
Week 15 (8) (6) (8) (3) 
BW 460±41 424±32 490±45 424±97 
GFR 2.93±0.30 1.91 ± 0.63** 3.01 ±0.29 1.04±1.11*** 
ERPF 5.88±0.30 5.05±0.93 5.85±0.38 2.72 ± 1.98*** 

All data are mean± S.D. ** p < 0.05 vs A·C; * p < 0.05 vs A-C and A·Am60; 
*** p < 0.05 vs A·C, Am60, and A-CpS; 

Statistically significant differences between A-CpS and A·Am60 are not 
presented here. 

ngjkg EM for 14 days, did not differ significantly from that of A-c rats. 

'!he combined treatment of Cp5 and Am60 was fatal for four out of ten 

adult rats. '!he GFR and ERPF of the remaining six rats, measured at week 2, 

was significantly less not just from that of A-c rats, but also from rats 

treated with either Am60 or Cp5 alone. ruring the follow-up, another three 

rats that received the combined treatment, died with signs of renal failure. 

Neither GFR or ERPF, showed I!lllch further reo::wery, and both levels remained 

below that of the three other treatment groups. 

Since the EM of rats treated with Cp5, either alone or in combination 

with a 14 days-course of Am60, remained significantly less than that of A-c 

and A-Am60 treated rats, the results of the GFR detenninations are also 
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Fig 1: Iongitudinal changes in GFR (ml/min/100 g :m) in adult rats. 
Data are rnean+-S.D., expressed as a percentage of A-c control values. 
Number of rats are as indicated in Table 3. For the A-cp5Am60 rats, only 
data from the three sw.viving rats measured at all tilne points were included 
allowing for a better comparison. 
* p<0.05 vs A-c; ** p<0.05 vs A-c, A-Am60 and A-cp5. 

Statistical differences between A-cp5 and A-Am60 are not presented. 

presented per 100 g BV (Figure 1) • In this way, we can separate the effects 

of the various types of treatment on GFR from the overall effects. It is 

clear that a course of Am60 which is not nephrotoxic -when given alone did 

potentiate the irnpainnent in GFR caused by a single injection of Cp5. On 
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average, the effect of Cp alone was a 30% reduction of the GFR, while effect 

of the combined treatment anvunted to a reduction of 60% in the SUI:Viving 

rats. 

Young rats 

rata on the lon;;itudinal c:banJes in :EM, GFR and ERPF of young rats 

following the various types of treatment are presented in Table 4. Next to 

Y-c rats, two clusters of three treatment groups each can be distinguished. 

Firstly, there are the three groups of rats treated with either Cp7 .5, or 

Am180 or the combination Cp7. 5Am180. Secorxlly, there are the three groups of 

rats treated with either CpS, or Am540, or the combination Cp5Am540. 

TABLE 4. 

LONGITUDINAL CHANGES IN BW (gram), GFR AND ERPF (ml/min) 

OF THE VARIOUS GROUPS OF YOUNG RATS 

Y·C Y·Cp7.5 Y·Am180 Y·Cp7.5 Y·CpS Y·Am540 Y·CpS 

+Am180 +Am540 

Week2 (8) (7) (8) (8) (8) (8) (4) 

BW 140±12 102 ± 11 140± 13 91 ±16 116±21** 132± 10 76± 15*** 

GFR 1.61 ±0.26 0.67 ± 0.26** 1.51 ±0.20 0.56 ±0.20* 1.09 ± 0.43** 1.20 ± 0.29** 0.30 ± 0.20*** 

ERPF 3.33±0.39 1.85 ± 0.38** 3.35±0.40 1.86 ± 0.45* 2.72 ± 0.71 3.11 ±0.42 1.00 ± 0.79*** 

Week4 (8) (7) (8) (8) (8) (8) (4) 

BW 212 ±28 161 ± 16** 223±19 152±26* 188±36 214± 16 130± 18*** 

GFR 2.34±0.39 1.19 ± 0.50** 2.37 ±0.29 1.03± 0.46* 1.73 ± 0.48** 2.46 ± 0.28 0.66 ± 0.31*** 

ERPF 4.26±0.45 2.92 ± 0.74** 4.41 ±0.40 2.82 ± 0.94* 3.61 ±0.92 4.51 ±0.57 2.02 ± 0. 78*** 

WeekS (8) (7) (8) (8) (8) (8) (4) 

BW 278±26 218± 19** 282 ±20 207 ±20* 248 ±48 275 ± 17 175±15*** 

GFR 2.40±0.25 1.27 ± 0.53** 2.49±0.34 1.22±0.48* 1.85 ± 0.60** 2.61 ±0.45 0.68 ± 0.27*** 

ERPF 4.95 ±0.45 3.48 ± 0.80** 5.12±0.27 3.47 ± 0.82* 4.06 ± 0.97** 5.25 ±0.21 2.33 ± 0.78*** 

Week9 (8) (7) (8) (8) (8) (8) (4) 

BW 345±32 280 ±26** 357 ±22 276±22* 320 ± 64 341 ±25 229 ± 80*** 

GFR 2.65±0.37 1.50 ± 0.40** 2.79 ±0.32 1.43±0.54* 2.17 ± 0.63** 2.95±0.25 0.89 ± 0.41 *** 

ERPF 5.52±0.37 4.54 ± 0.43** 5.43±0.89 4.26±0.79* 5.13 ±0.76 5.78±0.41 2.86± 1.10*** 

Week 15 (8) (7) (8) (8) (8) (7) (4) 

BW 422± 50 360 ±41** 439 ±31 352±30* 349 ±81 420±42 296± 14*** 

GFR 2.79±0.34 1.85±0.51** 2.84±0.17 1.52±0.66* 2.31 ± 0.63** 2.98±0.19 1.06 ± 0.50*** 

ERPF 5.82 ±0.31 5.1 0 ± 0.36** 5.98±0.29 4.56± 1.08* 5.41 ±0.79 5.75 ± 0.42 3.57 ± 1.01*** 

All data are Mean± S.D. ** p < 0.05 vs Y-C; * p < 0.05 vs Y-C and Y-Am180; *** p < 0.05 vs Y-C, Y-Am540, and Y-Cp5; 

Statistical differences between the groups of rats treated with either Cp or Am alone are not presented here. 

A single Cp injection of 7. 5 ngjkg :EM was fatal for two out of nine 
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rats. '1he GFR and ERPF of the surviving rats were significantly below those 

of Y-c rats during the whole follow-up period. When c::anpared with Y-c rats, 

a 14 day course of Am180 affected neither GFR nor ERPF. 

GFR (ml/min.lOOg) 

50 

2 4 6 

111-111 c 
A.--A. AM 
~ CP 
e---e AM + CP 

9 weeks 15 

Fig. 2: longitudinal changes in GFR (ml/rnllV100 g BV) in Y-c, Y-cp7 .5, Y­
Am180, and Y-cp7.5Am180. 
Data are meant-S.D., expressed as a percentage of Y-c control values. Number 
of rats are as indicated in Table 4. * p<0.05 vs Y-c; ** p<0.05 vs Y-c and 
Y-Am180. Statistical differences between Y-cp7 .5 and Y-Aml80 are not 
presented. 

'!he combined treatment of young rats with Cp7 .5 and Aml80 resulted in 
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GFR and ERPF levels that were significantly less than those of Y-c and 

Y-Am180 rats. However, both the GFR and the ERPF of Y-cp7 .5Am180 rats at no 

point diverged significantly from the GFR and ERPF of rats treated with 

Cp7 .5 alone. 

Since the treabnent of young rats with Cp7 .5, either alone or followed 

by a course of Am180, reduced body growth when cx::mpared with Y-c and Y-Am180 

treated rats, the GFR data are given per 100 g EM (Figure 2). It is clear 

that a course of Am180 did not aggravate the impairment in GFR caused by a 

single injection of Cp7.5. 

A single Cp injection of 5 :rrgjkg EM was fatal for one out of eight 

rats. The GFR of the sw:viving rats was significantly less than that of Y-c 

rats during the whole follow-up period. Although the ERPF of Y-cp5 rats was 

somewhat less that that of Y-c rats, this difference was only statistically 

significant at week 6. When compared with Y-c rats, the GFR was 

significantly less at the end of a 14 day course of Arn540, while the ERPF 

remained the same. During the follow-up, the GFR recovered to a level not 

significantly different from that of Y-c rats. 

The combined treatment of young rats with Cp5 and Arn540 was fatal for 

four out of eight rats. In the sw:viving an:iinals this treatment resulted in 

GFR and ERPF levels that were significantly less that those of Y-c, Y-Arn540 

and Y-cp5 rats. 

In comparison with Y-c and Y-Arn540, the body growth of young rats 

appeared affected by Cp5 treatment, particularly when followed by a course 

of Arn540. Consequently, the GFR data are also presented per 100 gEM (Figure 

3). It is clear that a course of Arn540, that is only slightly nephrotoxic 

when given alone, potentiated the :i:mpainnent in GFR caused by a single 

injection of Cp5. On average, the effect of Cp alone was a 15% reduction in 

GFR, while the GFR of the rats that sw:vived the combined treatment was 



reduced by 55%. 
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Fig 3.: I..ongitudinal changes in GFR(ml/min/100 gB'l') in Y-c, Y-cp5, Y-Am540 
and Y-cp5Am540 rats. 
Data are meant-S.D., expressed as a percentage of Y-c control values. Number 
of rats are as indicated in Table 4. * p<0.05 vs Y-c; ** p<0.05 vs Y-c, 
Y-Am540 and Y-cp5.statistical differences between Y-cp5 and Y-Am540 are not 
presented. 
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'!he results of the present experiments shOIN that age-related differences 

exist between young and adult rats, with regard to the nephrotoxic 

interaction of a non or lOIN nephrotoxic course of an aminoglycoside 

antibiotic given .immediately after a m:xierately toxic single dose of ep. The 

results in:licate that deperxling on CXl!llbined dosage, Am may seriously 

aggravate the GFR :inpaiment irrluced by Cp in both adult and young rats. 

Based on our previous research, comparing the nephrotoxicity of either 

aminoglycosides (1) or Cp (2) between young and adult rats, we used dosages 

that would irrluce similar changes in GFR in both age groups. As expected, 

the GFR was in the order of 60% of controls after 5 nqjkg EM in adults and 

after 7.5 nqjkg BW in young rats. When CXl!llbined with a non-nephrotoxic 14 

day course of Am, amounting to 60 nqjkg m per day in adults and to 180 

nqjkg m per day in young rats, only adult rats sh01Ned a potentiation of the 

renal function :inpaiment. In young rats, such a potentiation could be 

revealed by increasing the daily dose of Am to 540 nqjkg day, which in 

itself caused a 20% reduction in GFR per 100 g EM at the end of the 

treatment period. Consequently, we reduced the Cp dose to 5 nqjkg BW, which 

caused less :inpaiment in the GFR than a dose of 7. 5 nqjkg EM. 

Although both Cp and aminoglycosides are nephrotoxic, the mode of action 

as well as the time course of the renal changes are different. A single dose 

of Cp aiready irrluces nephrotoxic changes (2). '!he morphological changes 

consist of dose dependent cell damage, confined mainly to the straight 

portion of the proxllnal tubule, .predominantly in the juxtamedullary zone 

(11, 12) • '!he dnlg is thought to be transported by the tubular cells (12) and 

concentrated intra.cellularly (13). Morphologically (14} as well as 

functionally (2,12) Cp-irrluced changes reach their peak 3 to 7 days after a 

single injection. There is a partial recovery of the renal function, 

cx:x:urring predominantly in the follOINing 1-2 weeks, but some :inpainnent of 
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renal flmction remains (2). 

Aminoglycosides are concentrated mainly in the convoluted part of the 

prox:ilnal tubule by active reabsorption (15) • ~eperrlent functional as 

well as structural changes develop during a course of aminoglycosides. '!he 

structural changes are most pronounced after 1 week, while the GFR falls 

mainly during the secorxi week of drug administration (1,5,7,16). 

SUbsequently, the GFR may even increase despite continuation of the 

aminoglycoside administration, arxi the kidney becomes temporarily 

insensitive to aminoglycoside toxicity (7). 

Two explanations are possible for the interaction between Cp arxi Am. It 

may be seen as either a potentiation of the Cp-nephrotoxicity by Am or an 

increased sensitivity to Am of the kidney predamaged by Cp. '!he combined 

treabnent causes a pennanent ilnpainnent in GFR, but at a lower level than 

induced by treabnent with the same dose Cp only. 'Ihus, to our opinion the 

changes induced by the combined treatment can best be explained as an Am 

induced potentiation of Cp-nephrotoxicity. 

OUr present fin::lings are in agreement with two previous reports (8,9), 

that a short non-toxic course of the amino glycoside tobraiey"cin, given 

during or just after Cp treabnent, was more nephrotoxic than Cp administered 

alone. Without further investigation, we can only speculate about the 

mechanism of this type of aminoglycoside-induced potentiation of 

Cp-nephrotoxicity. It has been reported that histopathological changes 

induced by the combined Cp arxi tobraiey"cin treabnent were more severe than 

after Cp alone (9). A possible explanation could be an interference of the 

aminoglycosides with the re.<XJVery of the initial Cp-induced renal damage. 

'!he effects of aminoglycosides after Cp are at variance with those 

observed after the combined administration of the aminoglycoside, 

gentamicin, arxi other nephrotoxins, like potassium-dichromate (5) or 
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mercuric-chloride (6). For both c:arrp:runds it has been reported pretreatment 

attenuated the nephrotoxic effect of a subsequent course of gentamicin. In 

case of potassium-dic:hramate, the gentamicin was administered after a one 

week interval. During that period, the initial danage had been partly 

repaired. In the combination mercuric-chloride am gentamicin, the drugs 

were administered together. Gentamicin did not interfere with the recovery 

from renal changes :iniuced by mercuric chloride. 'Ihus, the nephrotoxic 

mechanisms of Cp am mercuric-chloride are probably different. 

In conclusion, in both adult am young rats, the administration of non­

or low-toxic course of amikacin :ilnmediately following a single dose of Cp, 

may cause severe aggravation of the renal inlpairrnent caused by Cp alone. 

Clinicians should be aware of this potential consequence when Cp am 

arninoglycosides have to be used in combination. 
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7.1 MEDDJOIDGICAL ~. 

'!he aim of the study was to compare the susceptibility of the young and 

the adult rat kidney to various treatment IOOdalities as used in clinical 

oncology. Clinical and experimental information on this subject is scant and 

the fin:lings are not well understood. 

'!he kidneys of young individuals are still growing, and show a variable 

response to toxic stimuli corresponding to the stage of developnent and as 

such differin;J from the response of adult kidneys. '!he questions defined in 

the Introduction were all investigated in a rat m:rlel. Despite differences 

between the rat and the hmnan kidney, this anllnal has been shown to provide 

a good m:rlel for studyin:J the nephrotoxicity of drugs and the effects of 

other renal insults. Similarities in renal growth and developnent between 

hmnan and weanlin:J rat kidneys warrant the clinical relevance of the 

nephrotoxicity studies in weanlin:J rat kidneys. However, extrapolation of 

our experimental findings in the rat to the hmnan situation, albeit 

challengin;J, needs further clinical verification. 

Drugs and radiation dosages that were known to be nephrotoxic in adult 

anllnal.s, were applied to young rats. Usin;J various renal function 

parameters, renal injw:y in young and adult rats was compared. In all our 

experiments, the changes in the GFR and ERPF were used as the main 

indicators of a change in renal function. Despite similar changes in renal 

function, the :mechanisms underlyin:J the decline in GFR and ERPF may be 

different for irradiation and nephrotoxic drugs. A decline in GFR and ERPF 

may be attributed to vascular, glomerular or tubular effects. Vascular 

injw:y such as renal artei:y stenosis or thrombosis will result in occlusive 

changes leadin;J to reduced renal blood flow and a SUbsequent reduction in 

GFR and ERPF to equal degree. Glomerular damage, causin;J a reduction in the 
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glomerular filterin:J area or changes in the capillary pressure, will induce 

changes in the GFR that will be disproportional to changes in ERPF. Tubular 

damage may :result in a reduction in the GFR, due to either a rise in tubular 

hydraulic pressure sec::orrlrry to tubular obstruction with necrotic cells or a 

reduction in renal perfusion by the tubule-glomerular feedback m=chanism 

(Wright ard Briggs, 1979). Acx:ordi.rg to this m=chanism, tubular flow andjor 

urinal:y electrolyte concentration at the macula densa region of the distal 

tubule, influence renal perfusion. An increase in urine flow ard electrolyte 

losses, due to proximal tubular damage, leads to vasoconstriction of the 

afferent arterioles ard concomittant vasodilatation of the efferent 

arterioles. 'Ihus, glomerular capillary hydraulic pressure is reduced. An 

intrarenal renin-an;riotensin system is believed to be the pr.ime honnonal 

nati.ator of this feedback m=chanism. 

7.2 RmAL EUNCI'ICIN AFTER KimEY IRRADIATION. 

It was not until 1952 that the kidney was recognized as one of the most 

radiosensitive organs in the abdam:m ard dose-response correlations were 

made (RUnkler et al., 1952). Based on these :results, safety limits were set. 

For adults, 23 Gy (2300 rad) to both kidneys in five weeks or 20 Gy (2000 

rad) for one kidney in two weeks is considered to be safe. For children, the 

safety limits were set a: little lower: 15 Gy (1500 rad) to one kidney in two 

weeks (Moss et al., 1979). Information on the radiosensitivity of the 

growin:J kidney beinJ limited, we studied renal functional damage after renal 

irradiation in young rats in comparison with adult rats. 

In our study a sin]le radiation dose to both kidneys in young ard adult 

rats caused a dose dependent decline in glomerular as well as tubular renal 

function. '!he t.ime it took for renal radiation damage to become manifest was 
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related to radiation dosage and the age at the time of renal irradiation. 

Higher radiation dosage shortened the latency tiine after which renal 

function damage occurred and renal radiation damage occurred sooner in young 

rats than in adult rats after the same radiation dose. 

The early inhibition of renal function developne:nt following bilateral 

kidney irradiation in young rats can be explained by an inhibition of renal 

growth as shown by Donaldson et al. (1978) in weanling mouse kidneys. The 

inhibition of renal function development in young rats was most pronounced 

during the phase of rapid renal function development, the first two months 

after irradiation. The time it takes for renal radiation damage to appear 

depends on the proliferative activity in the kidney (Rubin et al., 1982), on 

the radiation dose and on the sensitivity of the method of neasurement. 

Rapidly proliferating tissues such as skin and gut are known to respond 

quickly to radiation damage. The higher proliferation rate of the growing 

young rat kidney, campared with the adult rat kidney (Reiter et al., 1964), 

thus explains the accelerated manifestation of renal radiation damage in 

young rats campared with adult rats. 

Two to four months after irradiation, the GFR stabilizes in young rats. 

This stabilization of renal function might indicate regeneration of the 

renal parenchym. As the regenerative ability of the kidney decreases with 

age (Reiter et al., 1964), no such delay in renal function decline occurred 

in adult rats. Six months after irradiation, the dose-response cur.ves 

constructed for young and adult rats were similar, indicating an equal 

radiosensitivity of the kidney in both age-groups. It InUSt be emphasized 

that the resemblance in radiosensitivity was only shown after a single 

radiation dose to the kidney. Fractionation of the radiation dose has been 

shown to be beneficial in reducing radiation damage in the kidney. This 

tissue sparing effect obtained by fractionation seemed inversely related to 
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the proliferative activity of the tissue (stewart et al., 1987). 'lhus, the 

young rat kidney with its higher proliferation rate might yield less 

advantage from dose fractionation. Additional fractionated radiation studies 

in young an:ilnals should be perfonne.d to test this hypothesis. 

'!he renal function parameters affected by renal irradiation were 

similar for young ani adult rats. Of the renal function parameters 

measured, the GFR ani urine osmolality showed the earliest changes. '!he 

decline in GFR results from d.anage to the glomerular membrane ani a 

reduction of the glomerular perfusion. '!he reduction in glomerular 

perfusion may result from the tubule-glomerular feedback mechanism 

secorrlar.y to tubular danage. '!he decline in urine osmolality IroSt l:ilrely 

reflects tubular danage. '!he rise in blood pressure occurred when renal 

functional deterioration was well established ani reflects vascular injury. 

Within each age group, renal radiation danage presented earlier when 

higher doses were used. '!his has been widely recognized experimentally 

(Cllauser et al., 1976; Madrazo et al., 1976; Robbins et al., 1986; stewart 

et al., 1984; Williams et al., 1984). Clinically, an acute ani late phase 

are distinguished in radiation nephropathy for adult patients. '!he acute 

syndrome occurring weeks to months after irradiation, is more serious and 

has a worse prognosis than the late syndrome, occurring years after 

irradiation (Greenberger et al., 1982). Both the severity of the radiation 

danage and the latency time are known to deperrl on the radiation dose. 

'lherefore, the clinical distinction between an acute ani a late syndrome 

seems to reflect gradual differences that are determined by the radiation 

dose received by the kidney. 
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7. 3 SYS'.IDIJ:C mooD ~ .AF'lm KJI.m:Y IRRADIATIW. 

In young and adult rats, the SBP rose when a marked decline in renal 

function was already present. 'Ihe rise in SBP was more severe and presented 

earlier the higher the dose of radiation. A rise in blood pressure following 

kidney irradiation is well known. '!he exact role of kidney damage is not 

clear, as Fisher et al. (1968) reported that hypertension also developed 

after whole body irradiation with shielded kidneys. 'Ihus, radiation 

hypertension ma.y occur with intact kidneys. Conversely, our studies of the 

effect of cDDP and renal irradiation on SBP show that renal parenchymal 

damage caused by cDDP alone did not lead to a rise in blood pressure. 

Vascular damage, due to irradiation, plays a key role in the development 

of systemic hypertension (Wachholz and casarett, 1970). Systemic 

hypertension further damages kidney vessels and causes ischemic parenchymal 

lesions {Raij, 1986) • The sensitization of irradiated blood vessels to 

hypertensive damage accelerates renal vascular damage even more {Asscher et 

al., 1961). 

Although vascular damage seerS to be decisive for the development of 

renal radiation hypertension, the mecllanisms underlying the rise in blood 

pressure are not clear. The inverse correlation we found between PRC and SBP 

following bilateral kidney irradiation in the rat, suggested a subordinate 

role of the renin-angiotensin system in the development of renal radiation 

hypertension. our sodium balance studies suggest that sodium and fluid 

retention is involved in the development of renal radiation hypertension. 

However, dietary sodium restriction did not influence SBP favourably. 

The role of other factors involved in blood pressure regulation, such as 

the prostaglandin-kalikrein system and the natritiretic factor, in the 

development of renal radiation hypertension remains to be elucidated. 
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7. 4 REWU:. FIJNCI'ICN AFI'ER ciDP. 

our studies on cDDP nephrotoxicity shoi1e.d that in c::atlprrison with adult 

rats, the sama dose of cDDP (in nqjkg EM) resulted in lower renal 

concentrations am less nephrotoxicity in ycJ\ln1 rats. 'Ibis was due to a 

larger kidney weight relative to bcxiy weight in the yourg animals. Silnilar 

results were founi previously in our laboratory for two aminoglycosides 

(P.rovoost et al. , 1985) • Age-deperrlent differences in cOOP am amino­

glycoside ~xicity was reported by others (Bratmlich et al., 1977; 

Kamalakar et al., 1977). 

studying drug toxicity in various animal species, Freireich et al. 

(1966) fourrl comparable degrees of toxicity with identical drug dosage per 

bcxiy surface area (B'3A) • Up till nCM there was no sourrl explanation for 

these firrlings. Based on these findings, the dosage for anticancer drugs is 

usually in m:J/m2 B'3A whereas the majority of other drugs are dosed as nqjkg 

m. For nephrotoxic drugs that are concentrated in am excreted by the 

kidney, wh.e:reby the renal concentration is related to toxicity, such as 

aminoglycosides (De Brae et al. I 1986; P.rovoost et al. I 1985) am cDDP 

(Jacobs et al., 1980; Litterst et al., 1976; Prestayko et al., 1979) dosage 

per grani kidney weight seems rational. As kidney weight is linearly related 

to B'3A in man {Risdom, 1975) dosage per m2 B'3A causes equal drug doses per 

gram kidney weight am thUS equal toxicity • Consequently 1 nephrotoxiC drugS 

that are excreted by the kidney am accumulate in this organ should be 

administered in doses relative to BSA. 

Renal drug uptake, indicated by the renal drug content, expressed as a 

percentage of the administered total dose was comparable in yourg arrl adult 

rats after the same dose of cDDP or Am:ikacin. 'lhus, renal drug handling 
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seems to be the same in both age-groups. 'lhe clearance of anrinoglycosides 

was found to be higher in children than in adults (Vogelstein et al., 1977) • 

'lhe authors felt the higher GFR values (ml/min per sq m BSA) in children 

compared with adults accounted for this. As the GFR-values (ml/min per 100 g 

BW) are CCll'l"parable in weanling am adult rats (P:rovcxlSt et al. , 1983) , a 

difference in anrinoglycoside clearance is not expected between young am 

adult rats. 

When renal drug injury occurred in young rats, its ftmctional 

manifestation did not differ from that in adult rats. 'lhis indicates that 

the toxic mechanisms are independent of the age or developmental stage of 

the kidney. 

7.5 lATE El'l!:tCIS 00" RENAL FONCI'IOO" OF RADIATIOO" OR ciDP. 

Although the regenerative capacity of the kidney is considerable, all 

acute nephrotoxic insults may result in chronic renal damage. We observed a 

remarkable difference in the capacity to repair damage from renal 

irradiation am drug-induced nephrotoxicity. Renal irradiation caused a 

slowly progressive deterioration in renal function. Except for a period of 

stable renal ftmction in young rats, the renal function after renal 

irradiation showed no signs of recovery. After cDDP administration, a 

considerable degree of recovery was observed, although chronic renal damage 

ensued after high doses. 

Differences in pr:ilncuy renal injury site may explain divergent injury 

patterns after renal irradiation am drug administration. In cOOP-induced 

nephrotoxicity, renal damage is confined to the parenchym. Regeneration 

occurs by surviving cells am possibly pluripotent stem cells. 'lhe vascular 

damage caused by irradiation will result in tissue hypoperfusion am thus 
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lead to progressive, non-recoverable injm:y. When renal parenchymal 

regeneration is incomplete, the number of functioning nephrons will be 

reduced. Adaptation of the microcirculation of the remnant glomeruli will 

increase the single nephron filtration rate. 'Ihe glomerular hyperfiltration 

causes an increase in glomerular capillary pressure and blood flow. '!he 

glomerular hypertension will eventually cause vascular damage and 

progressive glomerulosclerosis. Dietary protein restriction lowers 

glomerular hyperfiltration and postpones further renal deterioration 

(Brenner, 1983: Hostetter et al., 1981: Jamison, 1983). '!he progressive 

renal damage we observed after bilateral kidney irradiation in the rat can 

partly be explained by hyperfiltration. '!he delay in development of renal 

radiation damage by dietary protein restriction supports this hypothesis 

(Mahler et al., 1982; 1987). '!he chronic renal damage ensuing after cDDP 

administration may be due to a reduced number of functioning nephrons. 

Glomerular hyperfiltration will then cause a slowly progressive 

deterioration of renal function. Our follow-up was too short to evaluate the 

long tenn course of chronic drug-induced nephrotoxicity. 

To :improve therapeutic results, chelnotherapy and radiotherapy are 

cambined I!IOre and I!IOre. '!he cambined administration of radiotherapy and cDDP 

seems to be effective therapeutically. Both therapeutic modalities are 

damaging to the kidney as described in this thesis. 

A single dose of cDDP, given immediately after renal irradiation, 

aggravated renal functional :il!lpainnent. However, taking into account the 

separate effects on renal function of cDDP and irradiation, the cambined 

administration of cDDP and radiation caused no I!IOre renal damage than the 
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sum of both. 'Ihus, cOOP and renal irradiation resulted in additive toxicity 

only. 

Another combined treatment that was studied consisted of a combination 

of the aminoglycoside, Amikacin, immediately following a single injection of 

cOOP. It has been reported that aminoglycoside nephrotoxicity was attenuated 

after a prior nephrotoxic insult by either potassium dichromate (Elliott et 

al., 1982) or mercuric chloride (Illft et al., 1977). 'Ihe treChanism by which 

previous renal damage protects against subsequent damage due to 

aminoglycosides remains unexplained. When two agents independently damage 

the kidney, additive toxicity is to be expected. rue to the functional 

relationship between several parts of the kidney, a synergystic interaction 

may ensue, especially when both nephrotoxic insults occur in close time 

approximation. 

OUr study on the combined effects of cOOP and Amikacin on renal function 

shOW"ed a serious functional deterioration after the combined administration 

of both chugs, whereas administration of Amikacin alone caused no or only 

very limited renal function damage. '!his effect was observed in young as 

well as adult rats. In young rats, hOW"ever Amikacin had to be administered 

in much higher doses than in adult rats to increase the cOOP in:luced renal 

damage. 
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7. 6 CXH::IlJSICES 

'lhe follavin;J conclusions were drawn from the experllnental results 

described in previous chapters: 

Bilateral renal irradiation causes s:ilnilar renal function damage in 

youn;J an:i adult rats, although the time course of the development of 

renal damage differs between both age-groups. 

In YOIIDJ rats, renal radiation damage follavin;J bilateral kidney 

irradiation becc:lms manifest sooner but progresses less rapidly than 

in adult rats. Renal function detennined six m:>nths after irradiation, 

will show s:ilnilar radiosensitivity of the Y01IDJ an:i the adult rat 

kidney. 

Systolic hypertension follavin;J bilateral kidney irradiation in rats 

developes when renal functional damage is well established. 

Although renal sodium ani volume retention may be involved in the 

generation of renal radiation hypertension, dietaJ:y sodium restriction 

will not prevent the development of hypertension. Except for the final 

stage of malignant hypertension, the renin-a:ng-iotensin system plays no 

m:>re than a subordinate role in the development and maintenance of 

renal radiation hypertension. 

'!he same quantity of cDDP given in a dosage related to BV and 

administered either as a single i.v. dose or as five subsequent doses, 
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causes less functional renal impainnent in young rats than in adult 

rats. 

'!he lower nephrotoxicity of cDDP in young rats c::artprred with adult 

rats can best be explained by the lower renal Ft-concentration due to 

the larger kidney weight relative to BW in young rats. 

'!he dose-limiting organ toxicity of cOOP may vary with age. In young 

rats gastro-intestinal toxicity seems the dose-limiting factor, as 

corrg;xrred with nephrotoxicity in adult rats. 

A single dose of cOOP, administered immediately following a single 

radiation dose to both kidneys in young rats, causes renal function 

deterioration that will not exceed the expected deterioration 

calculated from the sum of the separate effects. Although data are 

limited, this also seems to be true for adult rats. 

In adult rats, an Amikacin course which is not toxic when given alone, 

will seriously aggravate cDDP-induced renal impainnent when given 

immediately following cDDP. In young rats, this will only occur if the 

dose of Amikacin is raised to the nephrotoxic range. 
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SUMMARY 

<llelootherapy, radiotherapy, airl sw::ge:ry all play a crucial role in 

:roodern oncology. 'll1e therapeutic advantage that can be achieved with 

clle.!1otherapy airl radiotherapy is subject to the side effects of these 

therapeutic Irodalities on nonnal organs airl tissues. Toxicity studies in 

humans airl animals are generally related to adult organisms. 'lhe lack of 

fundamental studies of the acute airl chronic affects of chemotherapy airl 

radiation on young kidneys provided the incentive for the present study. 

'lhe intoduction of this dissertation (Chapter 1) defines the questions 

that constituted the conceptua1 basis for the experiments: 

1. What are the effects of radiation on the kidney of a young rat in 

comparison with the adult rat kidney? 

2. What is the process of the so-called radiation hypertension airl what 

causes it? 

3. What is the functional damage in the young rat kidney in comparison 

with the adult rat kidney, after diverse doses of cOOP? 

4. What is the effect of the administration of a single dose of cOOP, 

hardly toxic by itself, in combination with irradiation on renal 

function of the young or adult rat? 

5. What is the effect of the administration of a single dose of cOOP in 

combination with a subsequent 14-day-course of Aln:i](acin, hardly toxic 

by itself, on renal function of the young or adult rat? 
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re 1 - '!he acute am chronic effects of a sin:]le dose of radiation to both 

kidneys on renal function am blood pressure of young am adult rats are 

described in Olapter 2. '!he glomerular filtration am urine OSI'OCllality first 

shCM c::han;Jes follc:Min;J irradiation. In both young am adult rats these 

c::ban;Jes occurred sooner am were m::>re serious the higher the dose of 

radiation. '!he renal function of young rats began to deteriorate sooner than 

that of adult rats follc:Min;J am .identical dose of radiation. Because the 

deterioration of renal function paraneters proceeded m::>re slowly in young 

rats than in adult ones, the deterioration in renal function fourxi six 

JOOirt:hs after an identical dose of radiation in either age group is 

comparable. 

re 2 - Serious deterioration of renal function follc:Min;J bilateral kidney 

irradiation in rats, is associated with a rise in systolic blood pressure. 

'!he course of the systolic blood pressure in young am adult rats follc:Min;J 

kidney irradiation, is described in Olapter 3. '!he rise in systolic blood 

pressure is progressive in both age groups. 

'!he pathogenesis of radiation hypertension was studied by evaluatin:] 

sodium balance am plasma renin concentration follc:Min;J bilateral kidney 

irradiation of young rats on either a nonnal or a sodium restricted diet. 

'!here appears to be a negative correlation between systolic blood pressure 

elevation am plasma renin concentration. '!here were signs of sodium 

retention preceding the rise in systolic blood pressure in rats on a sodium 

restricted diet, which could not be fourxi in rats on a nonnal diet. The 

development of systolic hypertension in young rats follc:Min;J bilateral 

kidney irradiation was not influenced by restricting sodium intake. 

'!he renin-angiotensin system has a supportive role only in the 

development of systolic hypertension. Persistent, serious hypertension will 
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lead to a rise in plasma renin concentration and the development of 

malignant hypertension 

re 3 - Chapter 4 deals with the effects of diverse doses of cOOP on renal 

function in young and adult rats. 'lhe dosage (in nqjkg I:IV) that will cause a 

certain decline in the glomerular filtration rate is 50- 100% higher in 

young rats than in adult ones. Judging from the platirnnn concentrations in 

kidney and urine, it appears that the percentual abso:rption and excretion of 

cOOP by the kidney is the same for both age groups. 'lhe difference in 

toxicity can be accounted for by the larger mass of renal tissue per kg body 

weight in young rats compared with adult rats. 

re 4 and 5 - Chapters 5 and 6 describe the deterioration in renal function 

of young and adult rats following the combined administration of cDDP with, 

respectively, kidney irradiation or Arnikacin administration. 

'!he administration of cDDP following bilateral kidney irradiation in 

young or adult rats results in a deterioration of renal function, which is 

no greater than what may be expected from the combined total of the 

individual nephrotoxicity. '!he administration of cOOP had no effect on the 

course of radiation hypertension. 

A single dose of CDDP, followed by a course of Arnikacin that is not or 

minimally toxic by itself, may lead to a serious deterioration of renal 

function. In young rats this potentiation of renal damaged ocx::urred only 

after a higher dose of Arnikacin than in adult rats. 

In the discussion (Chapter 7) the experimental results are compared with 

data from the literature. Infonnation concerning young i.ndividulas being 

scant, there was little room for comparison. Consequently, the conclusions 

drawn were based mainly on our own research. 
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SAMENVATl'lNG 

In de lWderne oncologische therapie spelen chelrot:herapie, radiotherapie 

en chinu:gie een centrale rol. De therapeutische winst die behaald kan 

'WOrden met chem::>therapie en radiotherapie 'WOrdt mede bepaald door de 

bij'lilerk:in;Jen van deze therapieen op nonnale organen en weefsels. 

Toxiciteits-sb.ldies bij mens en dier hebben meesta1 betrekking op volwassen 

organismen. Gebrek aan fundame.nteel orrlerzoek naar de acute en chronische 

effecten van chenotherapie en bestralin3' op jonge nieren vonrden de 

aanleiding tot deze studie. 

In de inleiding (Hoofdstuk 1) "WOrden de vragen die ten gromslag liggen 

aan de experimenten gefoD!Illleerd. 

1. Wat zijn de effecten van bestralin3' op de nier van een jonge rat, 

Veigeleken net de volwassen rat? 

2. Hoe is het beloop van de zogenaanrle bestalingshypertensie en hoe wordt 

deze veroorzaakt? 

3. Hoe is de functionele nierschade in de jonge rattenier in Veigelijk:in;J 

tot de volwassen rattenier na verschillerrle doserin3'en cDDP? 

4. Welke invloed heeft de gecombineerde toedienin3' van een enkele, op 

zichzelf nauwelijks toxische doserin3' cDDP en bestralin3' van de nier 

op de nierfunctie van de jonge en volwassen rat? 

5. Welke invloed heeft de gecombineerde toedienin3' van een enkele dosis 

cOOP gevolgd door een 14 daagse toedienin3' van Ami.kacin op de nier-
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functie van de jonge en volwassen rat? 

ad 1 - De acute en chronische effecten van een eernnalige bestraling van 

beide nieren op nierfunctie en bloeddruk van jonge en volwassen ratten 

worden beschreven in hoofdstuk 2. De glamerulaire filtratie en urine 

OSIIOlaliteit tonen na bestraling het eerst verarrleringen. Bij jonge zowel 

als volwassen ratten treden deze verarrleringen eerder op en zijn zij 

ernstiger naannate de bestralingsdosering hager is. Na eenzelfde 

bestralingsdosis, toont de nierfunctie van jonge ratten eerder achteruitgang 

dan de nierfunctie van volwassen ratten. Doordat de achteruitgang van de 

nierfunctiepararneters bij jonge ratten trager verloopt dan bij volwassen 

ratten, is de nierfunctie achteruitgang zes maanden na eenzelfde 

bestralingsdosis vergelijkbaar in beide leeftijdsgroepen. 

ad 2 - Ernstige nierfunctie achteruitgang na dubbelzijdige niemestraling 

in ratten gaat gepaard met een stijging van de systolische bloeddruk. Het 

beloop van de systolische bloeddruk na niemestaling bij jonge en volwassen 

ratten wordt beschreven in hoofdstuk 3. In beide leeftijdsgroepen verloopt 

deze systolische bloeddl:ukstijging progressief. 

De pathogenese van de bestralingshypertensie werd bestudeerd aan de hand 

van de natrium-balans en plasma-renine concentraties bij een nomaal en 

natrium-beperkt dieet na dubbelzijdige niemestraling van jonge ratten. Er 

bestaat een negatieve correlatie tussen de hoogte van de systolische 

bloeddruk en de plasma-renine concentratie. Er zijn aanwijzingen voor 

natrium-retentie voorafgaand aan de stijging in de systolische bloeddruk bij 

ratten gevoed met een natrium-ann dieet. Dit ken niet worden aangetoond bij 

ratten op een nomaal dieet. De ontwikkeling van systolische hypertensie na 

dubbelzijdige niemestraling in jonge ratten kan niet worden beinvloed door 

middel van een natrium-ann dieet. 
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Het renine-angiotensine systeem speelt niet meer dan een orrlergesc:h.ikte 

rol tijdens de ontwikkelin;J van de systolische hypertensie. Bij lang 

bestaan:ie, ernstige hypertensie treedt een stijgin;J van de plasma-renine 

c::oncentratie op en ontwikkelt zich een maligne hypertensie. 

ad 3 - In Hoofdstuk 4 worden de effecten van verschillende doserin;Jen cOOP 

op de nierfunctie in jonge en volwassen ratten beschreven.. De doserin;J (in 

ng/kg lichaamsgewicht) die een bepaalde dalin;J in de glamerulaire filtratie 

veroorzaakt is in jonge ratten 50-100% hoger dan in volwassen ratten. 

Geireten aan de platina-concentraties in nier en urine blijkt de procentuele 

opname en uitscheidin;J van cOOP door de nier in beide leeftijdsgroepen 

gelijk te zijn. Het verschil in toxiciteit kan verklaard worden door de 

grotere hoeveelheid nierweefsel per kg lichaamsgewicht in jonge ratten 

vergeleken met volwassen ratten. 

ad 4 en 5 - In Hoofdstuk 5 en 6 worden de gevolgen beschreven op de nier­

ftmctie van jonge en volwassen ratten na de gecambineerde toediening van 

cOOP met respectievelijk nierbestralin;J en Am:ikacin. Toediening van cOOP na 

dubbelzijdige nierbestralin;J in jonge en volwassen ratten veroorzaakt een 

nierfunctie-achteruitgang die niet grater is dan te verwachten op grorrl van 

de sam van afzorrlerlijke nefrotoxiciteiten. Toediening van cOOP heeft geen 

:invloed op het beloop van de bestralin;Js hypertensie. 

Wordt een eernnalige cOOP dosering gevolgd door een Am:ikacine-kuur, die op 

zichzelf niet of nauwelijks nefrotoxisch is, dan kan dit tot een ernstige 

achteruitgang in nierftmctie leiden. Deze potentiering van niert:>eschadigin;J 

trad bij jonge ratten op bij een hogere Am:ikacine doserin;J dan bij volwassen 

ratten. 

In de Oiscussie (Hoofdstuk 7) worden de resultaten van de verschillende 

exper.imenten nader vergeleken met gegevens uit de literatuur. Mede gezien 

het gerin;Je aantal literatuurgegevens was er weinig vergelijkingsmateriaal 
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en werden de de conclusies hoofdzakelijk gefoDIIl.lleerd op basis van het eigen 

on:ierzoek. 
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