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1 INTRODUCTION 

1.1 Progression of Renal Disease 

Loss of functioning nephron units is often followed by further loss of renal function even 

when the initial injurious agent has been removed. Not infrequently chronic renal failure 

(CRF) is the final outcome. In this process, focal and segmental glomerular sclerosis 

(FSGS) was recognized and described by various authors (63, 118, 172,421,435). 

Glomerulosclerosis was found to be associated with aging (117, 181,202,203,272, 

273), hypertension (196), and minimal change disease or lipoid nephrosis (168, 372). 

Today, FSGS is interpreted as a rather nonspecific renal response to injmy and is clinically 

manifested by hypertension, nephrotic syndrome with relatively nonselective proteinuria, 

microscopic hematuria, frequent C0l1icosteroid resistance, and progressive CRF (168, 297, 

318, 365, 418). Although the lesion is rather nonspecific, it stands at the center of the 

concept that regardless of the etiology of the initial renal insult, the primary loss of 

functioning nephrons leads to further loss of renal function over time (51, 365). In this 

response, vadous dsk factors have been identified including reduction in nephron number, 

either congenital (216, 271, 380) or acquired (162, 233, 327, 375, 469), renal 

transplantation (52, 57, 64, 77, 245, 334), high protein diet (56), diabetes mellitus (270), 

hypertension (65, 82, 374), and genetic factors (123, 417) among others (297,364,365). 

The experimental identification of mechanisms involved in this vicious cycle has resulted -in 

improvement in patient management and prognosis (218, 246). 

1.2 Focal and Segmental Glomerular Sclerosis 

The early and distinctive structural features of FSGS include scarring in some but 

not all the glomemli (focal) and in only a portion of the glomerular tuft (segmental) (297, 

318,362,365,397). As glomemlar injury progresses, the lesion evelHually affects the tuft 

globally. The so called "classic" glomemlar scar in FSGS consists of collapsed glomerular 

capillaries with a relative sparseness of normal cell elements, adhesions between the 

glomerular capillary tuft and the capsule of Bowman, and hyaline and lipid deposits. By 

light microscopy, the apparently uninvolved areas of the glomerular tuft are usually 

described as relatively normal. Additional nondiagnostic light microscopic changes may 

include segmental and global mesangial hypercellularity, endocapillary foam cells, vascular 

sclerosis, and tubulointerstitial disease with tubule atrophy and nonspecific interstitial 

inflammatory cell infiltration. Although obvious proliferative changes are not observed, 

hypertrophy of podocytes can often be appreciated. An additional important histological 

finding in progressive renal disease is the heterogeneity among nephrons in size and in 

apparent functional histologic integrity (365). 



The earliest changes of FSGS can best be detected with the use of electron 

microscopy (169). With this device, separation of endothelial ceIls from the glomerular 

basement membrane, platelet thrombi formation, hyalinosis, epithelial foot process fusion 

and bleb fonnation with separation of these cells from the glomerular basement membrane, 

increased mesangiai matrix, and microaneurysm formation can be seen. The visceral 

epithelial cells, the podocytes, invaIiably show degenerative changes (364). 

1.3 Experimental Models 

Investigators in the first half of this century used difterent diets to induce a so called 

"chronic nephritis" in experimental animals, and identified the renal damaging effect of 

dietary protein in intact animals (41, 274, 307, 393), rats with surgically reduced renal 

mass (3, 290), and in rats with induced nephrotoxic nephIitis (120). Chanutin and Ferris 

showed that surgical removal of three fourths of the renal mass in rats led to a syndrome of 

albuminuria, hypertension, polyuria and progressive glomerular sclerosis which resulted in 

uremic death (75). Renal functional studies revealed the marked acute and chronic renal 

vasodilatory response to dietary protein, which was not observed with fats or 

carbohydrates (241, 400, 457). In animals with reduced renal mass, a similar vasodilatory 

state with whole kidney and single-nephron hyperfiItration was observed (3, 61, 92, 150, 

166,167,293,294,335,413,438), in which the degree ofhyperfiItration correlated with 

the amount of renal tissue removed (206). This led to the fonnulation that single-nephron 

hyperfiltration might be responsible for progressive renal injllry in both experimental and 

human conditions of CRF (293,294,401). Brenner and coworkers further explored the 

hemodynamic basis of glomemlar illjULY, and isolated glomerular capillary hypertension as 

a prerequisite for progressive glomerular injury in numerous experimental models (51, 56). 

Studies were performed in Munich-Wistar (MW) rals, a unique strain with glomeruli 

situated on the renal cortical surface accessible for direct micropuncture of the glomerular 

capillary tuft lumina (58). The examined models included various degrees of renal ablation 

(11, 13, 92, 179, 277), desoxycorticosterone-salt (112) or glucocorticoid induced 

hypertension (138, 139), streptozotocin induced diabetes mellitus in intact (14, 180,464, 

466) and in uninephl'ectomizcd rats (12), variation in hematocrit (137, 235), and 

experimental glomertllonephritis and nephrosis (9, 99, 249). 

Low protein diet (178, 179, 277) and angiotensin I converting enzyme inhibition 

(ACEI) (11-13, 138, 139,276,464,466) in several of the above mentioned models 

showed that progressive proteinuria and CRF can be delayed and often prevented. The 

protective action of these therapies is through lowering the mean intraglomerular capillary 

hydraulic pressure (PGcl (ll-13, 138, 139, 179,276,464,466) probably by modulating 

angiotensin II (Ang II) activity (234, 269, 328, 379, 406). The glomerular and systemic 
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hemodynamic effects of Ang II have been studied in detail and support the above concept 

of glomerular injUiy and proteinmia (44, 186,289,463). Chronic studies on the influence 

of dietary protein on the renin-angiotensin system further exemplify the link between 

protein feeding, glomerular hypertension and injury (32, 378, 406, 426, 457), as have 

studies of that system in diabetes (10). 

Age-dependent progressive glomerulosclerosis has been described in various rat 

strains including the Wi star and Sprague-Dawley (SD) rat (5, 34, 41, 47, 79, 81, 114, 

151, 152, 448), and in other non-human species (157, 195). On the other hand, a 

remarkable resistance to develop FSGS has been obselved in several rat strains, including 

the Wistar Kyoto (WKY) rat (39,121, 122,451), the normotensive PVGIc rat (155), and 

the ACIINMs rat (265), as was reviewed recently (440, 448). In susceptible strains, a male 

preponderance to develop FSGS is frequently present and has been linked with different 

functional and pathogenetic mechanisms (467). In this respect, a defective glomerular 

protein permeability and single-nephron hyperfiItration (359), reduced glomerular density 

and single-nephron hyperfiltration (163), lower total vascular resistance per glomerulus 

(296), loss of fixed glomerular polyanion (27), increased glomerular mRNA for 

procoUagen al(IV) (247), and the effects of sex hormones (387) have been described. 

The association between systemic hypertension and renal failure was observed over 

a century ago (259) and numerous animal models with either spontaneous or induced 

hypertension have been studied to date (262). It is thought that systemic hypertension OIily 

results in glomerular injury if the high pressure reaches the glomerular capillary network 

(305). 111is was recently demonstrated in a Wistar Kyoto (WKY) rat remnant kidney model 

(39). Aging Milan normotensive (MNS) rats but not Milan hype1iensive (MHS) rats have 

progressive FSGS and proteinuria, probably because of higher afferent arteriolar resistance 

in the MHS rats due to structurally different interlobular arteries (50) and a higher 

sensitivity of the tubuloglomerular feedback (330). Spontaneously hypeliensive (SHR) rats 

develop renal lesions and proteinuria only with advanced age (121, 122). This process is 

accelerated after uninephrectomy as a result of increased Poe (108). Antihypertensive 

therapy, protein restriction, or a low salt diet protect the remaining kidney after such a 

procedure (33, 108, 109, 111). Subtotal renal ablation combined with a high salt diet 

induce malignant hypertension with rapidly progressive glomerular injury in these animals 

(205). In young Dahl-salt-sensitive rats, a high salt diet elevates systemic blood pressure 

and aggravates the genetic renal disease (410). Renal ablation in this strain magnifies the 

genetic predisposition for hypertension and glomerular injury (38), which is prevented by 

therapy with an ACE! (420). Hypertensive and normotensive WKY rats have similar 

values for Poe and glomerular scarring because of high arteriolar resistance's in the 

hypertensive animals (24). Hypertension, proteinuria and glomerular injury induced by 
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desoxycorticosterone acetate injection with dietruy salt supplementation and renal ablation is 

not halted when glomerular hypertension persists (110). Various models of renal artcry clip 

induced hypertension and renal injury have been reported including the two-kidney two

clip hypertension model with removal of one of the clips at different time intervals (302), 

the two-kidney one-clip modcl (23, 398, 408), and a modification of the latter, the aortic 

ligature model (376). The glomeruli in the clipped kidney are generally protected from 

hypertension (398) and FSGS (320), and to a great extent from the damaging effects of 

superimposed diabetes (266, 456), glomerulonephritis (170, 262), and puromycin 

aminonuc1eoside nephrosis (6). ACEI in these Goldblatt models invariably results in 

lowering of Poc and in rcnal protection (171, 283). An alternative to thesc renal artery 

clipping methods is renal micro-sphere embolization resulting in focal glomerular ischemia 

(288). The differences in glomerular hemodynamic and histologic responses to renal 

surgical ablation vs. infarction have been described (154, 278), as has the potential role of 

renal ischemia on renal disease progression (291). Chronic blockade of endothelial-derivcd 

relaxing factor results in systemic and glomerular hypertension and progressive FSGS in 

previously nonnal rats (28), which can be aggravated by additional renal ablation (134) and 

dietaty salt overload (135). 

Other models include the obese and non-obese Zucker rat (204, 396), and 

adriamycin (153) and puromycin aminonucleoside (9,148) induced glomerulopathy. 

In several of the above mentioned experimental models it has been observed that 

damage to or altered behavior of certain glomerular cell populations or glomerular 

compartments is associated with the initiation and progression of the scarring process. 

Changes in the interaction of glomerular cells with the extracellular matrix have been 

implicated in this process (124, 453). Primary epithelial cell stress resulting in 

hypertrophy, injury and failure with possible focal podocyte detachments from the GEM 

(132,201,214,224,298,363), mesangial (164,223,349) or endothelial changes (412, 

427), macrophage activation (149) and other immune related responses (113), GRM 

expansion (225) and altered GRM deposition and composition (373) have becn mentioned. 

Involvement of the tubulointerstitial compartment in progressive glomerular injury (99, 

321) in addition to lipid abnonnalities (98, 149), alterations in intraglomerular coagulation 

(35, 199,322,382,468), and changes in the hormonal environment (119, 275, 422, 458) 

have all been studied. Glomerular growth and hypertrophy have been associated with 

progressive glomerular injury, and indicators of growth and growth factors are being 

investigated to further unravel the scarring process (125-128, 190, 232, 364). 

Modifications of the complex anatomical relationship within the glomerular tuft (80, 299, 

309, 347), glomerular macromolecular permselectivity changes (358, 360) and the 

datnaging effccts of proteinuria have been studied (455). 
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2 TilE FAWN-HoODED RAT 

2.1 Origin 

The fawn-hooded rat appeared as a mutant from unplanned cross breeding of various 

populations of laboratory rats of uncertain gcncalogy at the Department of Psychology of 

the University of Michigan, Ann Arbor (256, 350, 425). The German-brown rat, the white 

Lashley rat, and the Wistar and Long-Evans rat strains have been mentioned as putative 

ancestors (31, 419, 425). The fawn color is thc result of color change induced by an 

autosomal recessive red-eyed dilution gene on an agouti background (337), and not the 

product of a specific fawn color gene (243). The Oligin, generation of various strains, and 

genealogy of the FH rat were reviewed recently (226, 256, 338, 341). The original FH 

strain from the University of Michigan was intl'Oduced by W. Jean Dodds into the animal 

breeding facilities of the New York State Department of Health in the early 1970's and has 

been maintained as an inbred strain by brother-sister mating (FHlWjd) (256, 350, 428). 

The original FH strain from the University of Michigan was also transferred to the 

American Museum of National History in New Yark at about the same time and remained 

randomly bred. Tschopp introduced the FH strain from the National History Museum in 

Europe and this strain was kept outbred at the Institute for Biological and Medical 

Research, Fullinsdorf, Swit7.erland. This Swiss colony provided the breeding nucleus for 

the colony kept at Unilever Research Laboratories, Vlaardingen, The Netherlands, where 

this strain was maintained outbred until 1990 (FH/URL). Spontaneous systemic 

hypertension was noted in the FHlURL rats in 1981 (227). Subsequently, two strains of 

inbred FH/URL rats were developed based on differences in awake blood pressure and 

urinary protein excretion (341). These strains were transferred to the animal facilities of 

Erasmus University, Rotterdam (EUR), The Netherlands in 1990 and named FHHlEUR 

for the strain with the highest values for blood pressure and proteinuria and FHUEUR for 

the strain with the lowest values for blood pressure and proteinuria (341). FHHIEUR rats 

showed fastest development of chronic renal failure. Genetic homogeneity within each 

strain regarding the histocompatibility haplotype was confirmed in the 15th generation by 

skin transplantation tests. The FHHlEUR and FHUEUR rats were bred by brother-sister 

mating. For convenience, FHHlEUR and FHUEUR rat strains are referred to as FHH and 

FHL in the subsequent chapters. 

2.2 Glomerular Sclerosis and Proteinuria 

As discussed previously in Section 1.3, various rat strains develop FSGS and 

proteinuria spontaneously. However, the rate of progression of these lesions varies greatly 

among strains. FH rats present with FSGS and proteinuria early in life, and these increase 
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further in a progressive fashion with aging. Detailed structural studies were done by: 

Kreisberg and Karnovsky (222), Urizar et al. (428), and Kuijpers and Gruys (228). 

The first to describe FSGS in PH rats were Kreisberg and Karnovsky in 1978 in 

the FHlWjd strain. (222). They observed a marked difference in the development of the 

lesion between male and female rats. Fifty percent of four month old males had proteinuria 
(UpY) in excess of 10 mg per 24 hours, whereas none of the females had significant UpY 

(mean: 0.6 mg/24h). At age 12 months, all males excreted more than 45 mg protein per 24 

hours (mean: 69 mg/24h) while females had only mild UpY (mean: 7 mgI24h). Other 

observations included a normal blood urea nitrogen (BUN) level, absence of hematuria, 

and heart weights similar to controls (Charles River CD rats). Light microscopy showed no 

established FSGS up to six months of age. At that time, a mild increase in mesangial 

periodic acid-Schiff reagent (PAS) posilive material was seen, and some tubules contained 

luminal protein casts. Kidneys from 12 month old male rats revealed > 70% FSGS 

involving two or more lobules, and some sclerotic areas adherent to Bowman's capsule. 

An interstitial mononuclear cell infiltrate was seen in some areas and tubular protein casts 

were common. Glomeruli with FSGS were randomly disttibuted in the renal cortex, with 

no preferential localization to the juxtamedullary area. Histochemical staining for amyloid 

was negative. In contrast to male rats, female rats did not show marked pathologic changes 

up to age 12 months, the end-point of the study. Electron microscopic examination revealed 

loss of interdigitating glomerular epithelial cell foot processes and replacement by flattened 

epithelial cytoplasm. This was the first morphological change and was present in all six 

month old male rats. Concomitantly, large cytoplasmic vacuoles were seen in the podocytes 

with electron-lucent or electron-dense material. Denuded areas of glomerular basement 

membrane (GBM) were occasionally present adjacent to such a large cytoplasmic vacuole 

in an overlying epithelial cell. They observed that with a greater degree of podocyte injury 

the amount of UpV increased. Thickening, folding, and whorling of the GBM was seen. 

At age 12 months, lesions were more advanced in male rats, and denudation of the GHM 

was pronounced. Intra- and extracellular lipid inclusions were seen in areas of sclerosis. 

Female rats with proteinuria at 12 months of age showed fusion of visceral epithelial foot 

processes only. Colloidal iron staining of glomerular polyanion was done by the method of 

Nicolson (308). Superficial glomemlar capillaries were selected from the tissue blocks to 

avoid false negative staining, and penetration of the stain was confinned by the presence of 

iron stained erythrocytes. Focal loss of glomemlar polyanion from the endothelium, GBM, 

{lnd podocyte glycocalyx was seen at six months in male rats, which correlated positively 

with the amount of UpV. Loss of charge was sometimes observed even before fusion of 

epithelial foot processes. Positive mesangial immunofluorescent staining for JgG, IgM, and 
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sometimes C3 was seen at six months of age, and at 12 months of age these deposits were 

seen in areas of sclerosis. This positive staining at 12 months of age was accompanied by 

positive immune staining for albumin and fibrinogen. These observations suggested that 

nonspecific trapping of proteins was the most likely cause of the positive immuno

fluorescent staining and not the result of an in vivo immune mediated response. This 

conclusion was further supported by the morphological observation that electron-dense 

material was only rarely seen in mesangial areas, and that subepithelial dense-deposits were 

never present. IgA staining was absent, and serum examined for circulating immune 

complexes was negative in 6 and 12 month old rats. This led to the general conclusion that 

glomerular epithelial cell injury is the key to progressive glomerular injmy and proteitiuria 

in FH rats. 

Urizar and coworkers performed detailed structural studies and showed that the 

congenital hemostatic abnormalities (discussed in Section 2.4) did'not change with age 

(428). Studies were done in male and female FHlWjd rats. Light microscopy in young 

(two to four months old) FH rats showed segmental mesangial hyperplasia with increased 

argyrophilia, peripheral expansion, patent lumens, and nOlmal GBM. Older FH rats (more 

than one year old) exhibited greater argyrophilia and thickened, wrinkled and laminated 

GBM. Hyalinizcd glomeruli adherent to the Bowman's capsule, and nonhyalinized 

enlarged glomeruli with peripheral mesangial interposition and distended capillary lumina 

were seen. Interstitial and periarteriolar mononuclear and polymorphonuclear inflammatory 

infiltrates, and tubular atrophy with cystic like change of the tubules were apprcciated. 

Diffuse segmental granular mesangial and hilar deposits of IgM were seen, and in older FH 

animals IgG staining was increased. Staining for C3 was minimal or absent, and 

fibrinogen-fibrin appeared in the glomerular mesangium and hili at low intensity in a 

granular or non descript pattern. Interstitial infiltrates stained positively for IgM and 

occasionally for IgG. Positive staining for factor VIIIR:Ag (von Willebrand factor: vWF) 

was seen in all FH' rat specimens at mild intensity in a clumpy nodular mesangial and 

capillary pattern in young animals. This antigen was seen in capillary endothelium and 

occasionally in the extracapillary spaces, presumably the podocytes. Older animals showed 

brighter clumps of fluorescence in mesangiai lesions and a smeared nodular fluorescence 

along capillary lValls. This pattern correlated with the areas with argyrophilic aggregates 

and electron densities on electron microscopy. Endothelial lining of the peritubular 

capillaries and the artedolcs stained positive for vWF. Immunofluorescence for fibroncctin 

stained predominantly the glometular capillaries, Bowman's capsule and tubular basement 

membranes in both FH and Wistar controls. Segmental glomerular fluorescence of 

fibronectin was seen in older FH rats, which con"elated with the histopathological changes 

of FSGS. When glomeruli were completely sclerosed, fibronectin became less intense or 
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negative. Electron microscopy showed swollen, spongy endothelial and epithelial cells, 
which occluded many capillaries and showed foot process fusion, re!)pectively. The 

subendothelial spaces were loosely packed with granular electron dense material, which 

resulted in separation of the ceUs from the GEM. These lesioos advanced with age in FH 

rats, and mesangial expansion and glomerular sclerosis were maximal at 12 to 16 months 

of age. Patchy tubulointerstitial nephritis, some cystic structures, and thickened 
collagenized tubular basement membranes were seen. The GBM thickness increased with 

age (200-225 nm at two to six months and ± 400 nm at 12 to 16 months; Wistar control: 

285 nm at aU ages), and structurally became ragged, folded, duplicated, or laminated. 

These investigators, thought that the early mesangial lesions were significant for the 
development of FSGS in FH rats. It should be stated however that the earliest microscopic 

evaluation was at two to four months of age. At that time mesangial hyperplasia and 

epithelial foot process fusion were seen concomitantly. Independent of age and sex, rat 
immunoglobulins (mainly IgG and IgM) were seen in a granular and nodular pattern. The 

intensity of immunofluorescence staining was related directly to the severity of lesions in 

aged rats. The increased mesangial deposits of fibrinogen-fibrin, vWF, fibronectin, IgG 

and IgM in diseased glomeruli were thought to indicate a persistent low-grade inflammation 

leading to progressive glomerulopathy. In addition, they suggested that deposition of these 

molecules enhanced the sclerotic process by coagulation activation. Reasons for the 
activation included GBM alterations with collagen exposure. Why these immunoglobulins 

were seen in young animals without changes compatible with FSGS was explained by 
simple trapping of proteins. Thus, the final route of glomerular injury and subsequent 

FSGS proposed by Urizar et at. consisted of early functional andlor structural mesangial 

and GBM lesions with exposure of collagen, Hageman factor and coagulation activation, 

causing deposition of molecules observed by immunofluorescence. However. the cause of 

the early mesangial and GRM lesions remained unsolved. A few animals had circulating 

immune complexes. The glomerular lesions however did not resemble that of immune 

complex mediated disease, and these complexes were thought to be probably not significant 

for the observed glomerular injury. They speculated that the platelet serotonin release defect 

could be part of a more generalized metabolic disorder involving behavior, renin release, 

kallikrein production, blood pressure control, and the progressive glomerulopathy. The 

difference between female and male rats of tile FHJWjd strain for susceptibility to develop 

FSGS could not be explained by such a metabolic disarray. The authors suggested 

therefore a protective effect of estrogens or, alternatively an injutious role for androgens. 

The exposed collagen as seen on ultrastructural examination can explain the increased 

immunofluorescence staining for C3 and vWF through activation of the usual pathways of 

coagUlation, kinin, and complement systems (194). The endothelium appeared spongy witi] 
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many vacuoles and occlusions of the capillary lumina. Alterations in the endothelium may 

promote vWF expression. platelet aggregation, and coagulation. The podocytes had a 

similar vacuolated appearance with foot process fusion. Thus, although not specifically 

indicated by Urizar et al., relative failure of the endothelium and epithelium were probably 

present in these rats. It remains to be solved whether those changes were due to altered 

glomerular hemodynamics or that hereditary factors are responsible. The latter option is 

certainly possible in this strain. The congenital bleeding diathesis which is.related to a 

deficiency of platelet dense granules is similar as found in the Chediak-Higashi syndrome 

(37, 282). In this syndrome varying additional deficiencies are present which are due to 

cellular lysosomal defects. To explain the pronounced difference in progression of 

glomerular lesions between male and female FH rats by such a lysosomal defect is difficult 

because the hereditary platelet defect is present in both sexes. Since platelets are defective in 

FH rats, fibrin clot fOlmation is probably less optimal. However, the platelet lesion does 

not preclude that fibrin deposition may be important in the development of FSGS in these 

animals. This view is supported by a recent study by Magro et al. who showed that FH 

platelets with defective ATP secretion aggregate and generate thromboxane (TxB2) upon 

stimulation with collagen in plasma. but not as effectively as platelets from control Wistar 

rats (255). When collagen-stimulated in whole blood, FH platelet function improves 

significantly. An incidental finding was the relatively high base line TxB2 production in PH 

platelets when studied in a whole blood assay. The FH/Wjd rats studied were three to four 

months old. Von Willebrand factor is known to be produced by vascular endothelium and 

megakaryoeytes. Whether the observed deposition of vWF is due to platelet adhesion, 

increased binding of circulating vWF, or due to local production and matrix deposition by 

the endotheHum is not clear. It is known that increasing subendothelial vWF concentrations 

improve adhesion of platelets (212, 386). The result of the vWF immunofluorescent 

staining may therefore imply the presence of an active platelet adhesion process to the 

injured endothelium or to the extracellular matrix. 

Kuijpers and Gmys noted early FSGS with occasional hyalinosis in two month old 

FHlURL rats, whereas three to five week old animals were free of such light microscopic 

lesions (228). These outbred FH/URL rats were the direct ancestors of the inbred 

FHH/EUR and FHUEUR rat strains used in the experiments described in this thesis. 

Electron microscopy, first done at two months of age, showed increased mesangial matrix, 

thickening and occasional splitting of the GBM, and local or diffuse epithelial foot process 

loss. In some areas, numerous electron-dense granules were seen in both podocytes and 

mesangial cells. These granules corresponded with the PAS and phosphotungstic acid

hematoxylin (PTAH) positive hyaline droplets seen on light microscopy, thus probably 

representing carbohydrates and fibrin, respectively. Electron-dense deposits suggestive of 
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immune complex accumulation were not found. At three weeks of age no positive immuno

fluorescent staining was seen, and at five weeks of age a fine granular deposition of JgA 

and IgG in the mesangium of some glomeruli was noted. In older animals great variations 

in the immune staining pattern were seen. Fibrinogen. IgG. IgA, IgM, C3 were found in a 

segmental pattern along the capillary walls andlor mesangiai areas. End-stage kidneys 

showed glomerular deposits and tubular casts with immunoglobulins, C3 and fibrinogen, 

indicative of plasma leakage. The authors concluded that mesangial cell dysfunction and 

increased permeability of the glomerular capillary wall were probably present in FH rats, 

and suggested that these alterations played some role in the pathogenesis of FSGS in these 

animals. FH rat serum tested for anti-ds-DNA antibodies was negative. 

De Keijzer. Provoost and Molenaar were the first to study renal function along with 

the spontaneous proteinuria. They found that GFR was significantly higher in 12 week old 

FH/URL rats compared with age and weight matched control Wistar rats, whereas ERPF 

was similar among groups (209). The number of glomeruli in FH rats (32,598 ± 3,799) 

was comparable to that in Wistar rats (32,729 ± 5,971). Glomerular count was assessed by 

injecting India ink into the aorta and counting five 50 111 aliquots of macerated kidney under 

a microscope. These observations indicated that the average GFR per glomerulus in FH 

rats was 33% higher than in \Vistar animals, and suggested that in FH rats hyperfiltration 

was present on single-nephron level. The increased utinary protein excretion together with 

the glomerular hyperfiltration were thought to be the result of glomerular capillary 

hypertension. De Keijzel' ef al. noted that the level of Up Y at 10 weeks of age determined 

the subsequent development of renal failure, i.e. the greater the amount of UpV at that age. 

the faster the decline in GFR with time (210). Life long feeding of a low (12%) protein diet 

attenuated tlle development of UpY and renal failure in FH/URL rats, but did not prevent it 

(207). High (36%) protein diet caused a marked increase in UpY and initially higher GFR. 

After one year however, GFR declined progressively and animals died early of renal failure 

(mean survival time in weeks: 81 ± 20 with the 36% protein diet vs. 102 ± 21 with the 

12% protein diet). Of note, approximately 40 weeks after the initiation of the various diets 

the systemic hypertension was higher in animals on the protein restricted diet. 

Uninephrectomy was found to greatly accelerate renal functional deterioration in FHIURL 

rats (208). 

The occurrence of FSGS and Up Y in two-kidney (2K) and uninephrectomized 

(NX, at age four months) outbred FHIURL rats was described by Westenend ef al. (450). 

Proteinutia in 2K anima1s remained in the 100 mgl24h range over a seven month follow-up 

period whereas NX animals had progressive increases in Up Y up to a final level in the 500 

to 600 rug/24h range. The incidence of FSGS (expressed in % of total popUlation of 
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glomeruli) was increased in NX rats (2K vs. NX: 5 ± 3 vs. 37 ± 16). whereas SBPtc (2K 

vs. NX: 130 ± 6 vs. 126 ± 13 mm Hg) and direct measured MAP (2K vs. NX: 143 ± 8 

VS. 135 ± 9 mm Hg) were similar among groups. Sclerotic lesions were evenly distributed 

throughout the renal cortex. Kidney weight (2K vs. NX: 0.38 ± 0.05 vs. 0.52 ± 0.05 

g/lOO g bw) and glomerular volume calculated from the glomerular radius were increased 
after NX (2K vs. NX: 1.39 ± 0.25 vs. 1.86 ± 0.25 x 106 11m3). Renal functional studies 

showed whole kidney hyperfiltration (2K vs. NX: 0.28 ± 0.09 vs. 0040 ± 0.07 

mVminllOO g bw) after NX with no alterations in RPF (2K vs. NX: 1.36 ± 0.44 vs. 1.65 

± 0.47 mIlminllOO g bw) and PI' (2K vs. NX: 0.21 ± 0.07 vs. 0.25 ± 0.05). Values for 

urinary excretion of noradrenaline, dopamine and kallikrein were not different among 

groups. These investigators also studied the effects of long-teon angiotensin I converting 

enzyme inhibition (ACE!) with captopril in 2K PH/URL rats and noted preservation of 

renal function with protection from FSGS (442. 449). Treatment with the serotonin 

receptor blocker ketanserin did not lower systemic hypertension. UpV. and PSGS in FH 

rats. whereas GFR was increased by this drug (443). Glomerular tuft volume was 

unaltered by captopril or ketansetin. 

An abnonnal urinary eicosanoid excretion was noted which consisted of increases 
in urinary TxB2. 6-keto-prostaglandin FlO; and prostaglandin-E2 (211). A shift in the 

pattern of excretion from vasodilatory to vasoconstrictor eicosanoids was observed over 

time, which was accompanied by progressive proteinuria (211). 

2.3 Systemic Hypertension 

The spontaneous development of systemic hypertension has been reported in 

outbred FHlURL (227) and inbred PHlWjd rats (381). The hypertension in PH/URL rats 

was not the result of selective inbreeding. Blood pressure in FHlURL animals was already 

increased at five weeks of age, increased steeply between ages five and seven months and a 

final level of approximately 200 mm Hg systolic was observed at one year of age (229). 

The ultimate level of systemic hypertension varied among animal litters and the level of 
UpV varied in parallel. Thus rats with the highest blood pressure and UpV (> 100 mg/24h) 

could be identified from those with lower levels for these parameters (231). Animals with 

the highest level of systemic hypertension had a higher mean daily water intake which 

could not be exp1ained by increased food intake. Urine output was also higher in these rats. 

This increased daily water turnover was present around 7 to 11 weeks of age, the period 

during which systemic hypertension developed (229). Animal body weights were similar 

among groups. The level of systemic hypertension correlated positively with the weights of 

the heart, spleen, liver, kidney, and adrenal glands. Plasma renin activity correlated 
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positively only with heart weight (226). In a subsequent study, Kuijpers and De Jong 

demonstrated significant positive relationships betwcen severity of FSGS and blood 

pressure (r ~ 0.41), severity of tubular protein casts and blood pressure (r ~ 0.59), and 

FSGS and tubular casts (I' ~ 0.62), over a 48 wcek age range (230). Correlations calculated 

for the lesions present at the study end point showed r values for these associations of 

0.65, 0.63, and 0.83, respectively. 

The precise cause of the systemic hypertension remains speculative. Various 

abnormalities in FH rats have been described and may contribute. In 1982, Magro and 

Rudofsky reported the spontaneous decline in plasma renin activity at three to four months 

of age in male FHfWjd rats (257). 111is occun'ed prior to the development of severe FSGS 

at six to eight months of age, and global sclerosis at 9 to 10 months of age. A similar but 

less accelerated pattern of renin decrease and development of FSGS over time was 

observed in female FH rats. Wistar rats served as controls and together with the data from 

the FH rats indicated a strong correlation between rate of decrease in plasma rcnin activity 

and development of FSGS with age. Renal renin activity declined around five to seven 

months of age in male FH rats, after the decline in plasma renin activity. Because specific 
J3-adrenergic stimulation of renal renin release was diminished in male FH rats, the authors 

concluded that with adequate kidney stores of renin a decrease in secretory capacity of the 

chromaffin cells of the juxtaglomelUlar apparatus was the most likely reason for the decline 

in plasma renin activity. Ultrastructural studies of the juxta-glomerular apparatus were 110t 

done, but the demonstrated secretory abnormalities of platelets (350, 414, 425) and mast 

cells (254) in FHlWjd rats supported the hypothesis of a cellular secretOlY disarray. 

Others found a low urinary kallikrein excretion (145, 450), and an increased 

urinary catecholamine output (258, 450). Modulation of urinary kallikrein and plasma renin 

activity by low- and high salt diets did not alter systemic hypertension in 3.5 to 4.5 month 

old male FHlWjd rats (146). Plasma renin activity and angiotensin II showed the usual 

responses to changes in salt intake. Proteinuria was increascd by high salt diet (7 mg/24h), 

and lowered to similar levels as in non proteinuric control Wistar rats by low salt feeding (2 

mg/24h) (146). Lithium clearance studies indicated that the fractional reabsorption of 

sodium and water in the proximal tubules is higher in FHlURL rats. Because the distal 

tubules compensated for the increased proximal sodium retention, the fractional excretion 

of sodium in the urine was simi1ar as in controls (340). 

Although glomerular counts are normal in FHlURL, FHHlEUR, and FHLIEUR 

rats (209, 341), a renal abnormality may be the cause of the hypertension. Transplant 

studies in FH rats have not been performed to date, but such studies in other rat strains 

clearly indicate that hypertension is transferable (36, 129,221,368,369). Strong evidence 

for a renal genetic defect in SHR rats to account for the systemic hypertension was recently 
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reported (389). A kidney with an abnormal glomerular filtration membrane requires 

increased perfusion pressure to maintain homeostasis for volume and electrolytes (158-

160,215). It is thought that the kidney is a major determinant of systemic blood pressure 

over long term by regulating the total available glomemlar filtration surface area (FSA) (55, 

158-160,215). Nephron number in humans correlates with mean arterial blood pressure, 

i.e. the lower the count the higher the pressure (55, 165). 

2.4 Bleeding Diathesis 

A congenital hemorrhagic diathesis was the first major abnormality described in FH 

rats. The abnormal bleeding was observed during brain surgery experiments and affected 

both sexes (425). A defective platelet release pool of ATP, ADP and serotonin has been 

found to be associated with an abnormal bleeding time (425), and resembles the platelet 

defect observed with storage pool deficiency in humans (175, 176). Under normal 

conditions, this pool is released duIing platelet adhesion and aggregation. The defect was 

present in platelets emerging from the bone man'ow several days after irradiation, possibly 

indicating that the platelet defect was not the result of premature release of the storage 

contents during their circulation in the blood (424). Kuijpers and Oruys reported the 

platelet disorder in approximately one month old weanling FH rats (226). Platelet counts, 

platelet volume, clot retraction and ADP-induced aggregation are normal while col1agen

induced aggregation is disturbed. Stimulated release of ATP, ADP and serotonin is greatly 

reduced. Further description of the complex bleeding disorder was done by Raymond and 

Dodds (350). In vivo and in vitro defective platelet adhesion and adhesion induced 

aggregation is present similar as in patients with storage pool disease (423). Both the 

platelet uptake and release of serotonin are reduced (419). A platelet membrane 

glycoprotein defect possibly contributes to the bleeding diathesis (217), and a defective 

serotonin uptake in both platelets and cercbral cortex of fawn hooded rats has been 

described (17, 106, 411). Release of histamine from mast cells of FH rats is abnormal 

(254). Infusion of a Iiposome based platelet substitute could partially reduce the bleeding 

diathesis (385). The bleeding diathesis and the fawn color are pleiotropic effects of an 

autosomal recessive red-eyed dilution gene (337,419). Lack of ATP secretion is associated 

with homozygosity of the red-eyed dilution gene (255). 

In conclusion, a hereditary functional defect of platelets is present in these animals. 

This defect is most apparent when platelets are studied in plasma assays and stimulated 

with weak agents. Ultrastructural studies on the platelets of FH rats have been done by 

Sweeney and Needleman (414). These investigators observed dense-granule like stmctures 

by electron microscopy. According to these authors, the primary defect in FH rat platelets 
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involves defective serotonin storage and defective release of serotonin and ADP which is 

independent of arachidonic acid metabolism. 

2.5 Pulmonary Hypertension and Vessel Wall Abnormalities 

Spontaneous pulmonary hype11ension was documented in 4 to 13 week old male 

and female FH rats, before the onset of systemic hypertension (213, 390). The markcd 

pulmonary vascular remodeling waS partly due to the environmental conditions associated 

with high altitude, since chronic administration of supplemental oxygen prevented the 

pulmonary abnormalities (391). Pulmonary hypertension could be transferred to offspring 

from cross breeding with Wistar Kyoto rats (391). Differences in the rclative 

concentrations of platcletMderived mediators such as ADP and serotonin, as well as 

abnonnal responses of the aortic and pulmonary artery walls to these mediators were found 

to promote systemic and pulmonary hypertension (19). Increased lung endothelin-I 

production was demonstrated, but the stimulus and the cell responsible for the altered 

synthesis were not identified (409). A possible site of such a local endothelin-l producer, 

the neuroepithelial body, has been identified in the airway of the FH rat (248). These 

densely innervated corpuscles can act as both endocrine gland and sensory receptor. 

Wey et al. reported on the abnormal low conversion of arachidonic acid to 6-keto
prostaglandin-FIC( by FH rat aorta. which was stimulated by cholesterol feeding. 

Arachidonic acid induced aggregation of platelet rich plasma from FH rats was stimulated 

by cholesterol feeding, whereas collagen induced aggregation remained absent despite high 

cholesterol intake (452). 

2.6 Behavioral and Neuropharmacologic Characteristics 

An unusual docile nature and lower excitability have been observed in the FH rats. 

Abnormal brain serotonin and tryptophan metabolism have been suggested to explain this 

behavior (31, 197). The number of regional brain serotonin receptors, the activity of these 

receptors, and the affinity of serotonin uptake binding sites arc all abnormal in FH rats 

(182, 183). This strain is used as a genetic model for some neuropsychiatric disorders in 

which a serotonergic dysfunction is thought to be present. lllCSC include depression (22, 

324), and eating and alcohol intake dysregulation (86, 323, 324, 370, 371, 394, 395). The 

5-hydroxytryptaminetc receptor is subsensitive to c10nidine induced growth hormone (GH) 

release, but the base line GH levels in FH rats are similar to those in control 'Vistar rats 

(21). These findings might indicate that the FH rat is unable to regulate GH levels 

normally. Whether the occasionally observed increased body growth at a young age can be 

explained by this possible GH dysregulation or is due to other neurological or metabolic 
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abnormalities is unknown. Since GH levels are normal in FH rats, the latter options are 
more likely. 

2.7 Conclusions 

The FH rat has several lesions which appear at young age. The strong association 
between systemic blood pressure, UpY, and subsequent FSGS indicates an important 

route for glomerular injury. Modulation of systemic blood pressure has been proven to alter 

the progression of CRF. Contributory or associated lesions include an abnormal 
prostaglandin balance, present in blood platelets, vessel walls, and reflected in urinary 

excretion. The abnormal platelet function may shift the balance of a normal fibrin· 

fibrinolysis system and may be associated with lysosomal defects in various other cell 

populations. The abnormal serotonin metabolism may reflect altered endothelial function 

and vessel wall reactivity. Alterations in the kinin·bradykinin system may promote tissue 
injury. However, these latter mentioned mechanisms do not explain for the rapid and early 

sclerosis of glomeruli, the specific structural and functional changes seen by various 
investigators, and the important differences among sexes in development of FSGS and 

UpY in FH rats. Therefore, the pathway shown in the figure below is proposed. The key 

initiator in the cascade is glomerular capillmy hypertension, which has been associated with 

glomerular injury (305, 364). In this plot, changes in the glomerular filtration banier may 

contribute to systemic hypertension and uninephrectomy can increase mean glomerular 

capillary hydraulic pressure (PGc). 

Systemic Hypertension Uninephrectomy 
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I Cell Injury I 
Endothelial 
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2.8 Specific Aims and Study Design 

De Keijzer ef al. showed that FH rats exhibit whole kidney hyperfiitration 

accompanied by normal effective renal plasma flow and a normal number of glomeruli 

(209). These authors postulated the presence of elevated PGC as the predominant cause of 

the hyperfiltration, UpV and glomerular damage (209). In this thesis, we planned to 

establish the spontaneous occurrence of glomerular hypertension in FH rats. Therefore, we 

determined single glomerular pressures and flows, including PGC. single-nephron GFR, 
glomerular capillary ultrafiltration coefficient (Kf), and afferent (RA) and efferent (RE) 

arteriolar resistances in inbred FHH and FHL rats. Apart from basal conditions, glomerular 

hemodynamics were varied experimentally to further delineate the relationship between 

glomerular hemodynamics and injury. As glomerular size alterations and growth have been 

associated with the pathogenesis of FSGS, we measured glomerular tuft volume. To 

explain the early proteinuria in FHH rats, the perm selectivity of the filtration baITier was 

studied. Glomemlar electron microscopic studies were done in FHH rats to illustrate and 

discuss possible associations between alterations in ultrastructure, function and injury. 

Experiment I (Chapter 5) was performed to test the hypothesis that FH rats have 

spontaneoHs glomerular hypertension. Wistar (WAG) rats, not prone to develop renal 

failure, were used as control animals (173). Different age and weight matched groups were 

created since at young age FHH animals were found to grow faster than FHL and WAG 

animals. The outcome of this experiment served as basis for further study. 
The marked increases in UpY and rate of decline in renal function over time after 

unineph=tomy (NX) were associated with increased whole kidney GFR (208). To further 

assess the glomerular microcirculatory and morphologic responses to NX in FHH rats. 

Experiment 2 (Chapter 6) was performed. 

In Experiment 3 (Chapter 7) we modulated systemic blood pressure in NX FHH 

rats. in an attempt (0 alter PGc. Uninephrectomy was chosen to heighten the hemodynamic 

stresses on the glomeruli and. since ablation frequently induces glomerular growth. to 

further assess the importance of glomerular tuft size increases as a moderator in progressive 

FSGS in FHH rats. 

In Experiment 4 (Chapter 8), we studied glomerular permselectivity in FHH rats to 

find an explanation for the early proteinuria observed in this strain. The results of these 

sieving experiments were used in Experiment 5 (Chapter 9) to analyze the potential value of 

such measurements to predict the transmembrane glomerular filtration pressure. 

Electron microscopic views of FHH rat glomeruli from the various experimental 

groups were obtained. The ultrastructural findings were integrated with the results of the 
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previously perfOlmed experiments and possible routes contributing to glomerular injury 

were discussed (Chapter 10). 

Before presenting the results of the different experiments. we first introduce the 

various applied materials and methods (Chapter 3) followed by an evaluation of these 

techniques (Chapter 4). 
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PART II: 

MA TERIALS AND METHODS 





3 TECHNIQUES 

3.1 Experimental Animals 

Details on animal breeding are provided in Chapter 2.1. FHH and FHL rats generated 

during the 16th through 18th inbreeding cycle were used. Experimentation was perfOlmed 

at the Laboratory for Kidney and Electrolyte Physiology at the Brigham and Women's 

Hospital, Boston, Massachusetts, USA, except for the long-term functional studies 

described in Experiment 2 which were done at the Laboratory for Surgery at Erasmus 

University, Rotterdam, The Netherlands. Animals were shipped to Boston by plane at three 

to four weeks of age, and were allowed two to three weeks for adaptation before any 

experimental or functional study was pcrfOlmcd. Animals were fed a similar ad libitum 

24% protein rat chow as was provided in The Netherlands and received tap water ad 

libitum. Up to the time of final experimentation. chow and water were available for the 

animals. All animals were tested for parasites and vituses as required at the animal facilities 

of Erasmus University and Bligham and Women's Hospital. Infections were not identified. 

Animals were kept in a virus, parasite. and pathogen free over-flow air room. Inbred 

Wistar (WAG: Wistar Albino Glaxo strain) animals used in Experiment 1 were purchased 

from Harlan Sprague-Dawley, Zeist, The Netherlands. These animals develop only very 

minimal FSGS with aging [< 2% of glomeruli at 30 months of age (173)]. After arrival at 

Erasmus University, these control animals were treated similar as the FH rats, and after 

shipment to Boston, handled as desclibed above for FH rats. 

3.2 Nephrectomy 

Uninephrcctomized (NX) FHH rats were used in Experiments 2, 3, 4, 5, and 6. 

These animals were compared with sham operated controls with two-kidneys (2K). 

Surgery was performed with ethyl ether anesthesia. A midline abdominal incision was 

made, and the light kidney was removed after careful separation from the adrenal gland and 

associated connective tissue. In sham operated rats, the right kidney was gently 

manipulated hut otherwise left intact. 

3.3 Functional Studies 

Indirect tail-cuff pletllysmography was used to measure the systolic blood pressure 
(SBPtc) in awake restrained animals. Urine was collected from individual rats in metabolic 

cages for one 24 hour period. Total urinary protein concentration was measured 

colorimetric ally by precipitation with 3% sulfosalicylic acid (49). This protocol was 

followed for all Up V measurements except for the assessment done in the long-term study 
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in Experiment 2. In that study, UpV was estimated by collecting urine from individual rats 

during two successive 24 hour periods and measudng colorimetrically the concentration of 

a pyrogallol red molybdate complex (439). In that same study, GFR and effective RPF 

(ERPF) were determined in awake rats. This was done by measuring the plasma clearance 

of [SICrJ-EDTA and [12SIj-iodohippurate, respectively, which was determined every six 

weeks. The method has been described in detail elsewhere (343). Brielly, from 

pentobarbital-anesthetized rats (60 mg/kg, ip), a single, timed blood sample was obtained 

60 minutes after the iv injection of precounted amounts of the radioactive markers. The 

method allows for repeated measurements within the same animal. In plasma samples 
obtained during GFR measurement, the creatinine (Per) and urea (Pur) levels were 

assessed by standard clinical chemical techniques as additional parameters for renal 

function. In Experiment 4, assessment of urinary albumin was measured by immuno

diffusion (261). 

3.4 Glomerular Hemodynamics 

3.4.1 Animal Preparation and Micropuncture Studies 

Rats were prepared and studies performed in the standard fashion for 

micropuncture (11). Therefore, after anesthesia was induced with ethyl ether, rats were 

placed on a temperature-regulated micropuncture table and subsequently given 5-sec-butyl-

5-ethyl-2-thiobarbituric acid (Inactin) (BYK, Konstanz, Federal Republic of Germany) 

(100 mglkg bw, ip). Temperature was monitored rectally and maintained at 37.0 ± 0.50 C. 

After tracheostomy with a size 250 polyethylene catheter (PE-250; Clay Adams, 

Parsippany, New Jersey, USA), a left femoral artery catheter (PE-50; Clay Adams) was 

inserted to directly monitor arterial blood pressure and to obtain blood samples. Direct 
femoral mean arterial pressure (MAP) and experimental systolic arterial pressure (SBPe) 

were monitored by means of a transdncer (Statham Instruments; Model P23AA) connected 

to a direct-writing recorder (Hewlett-Packard Co.; Model 7702B). After a baseline blood 

sample was collected, the right jugular vein was cannulated (PE-50) for the infusion of 

plasma, inulin, and para-aminohippurate (PAH). For the studies described in Experiment 

4, tritiated Ficoll was infused through an additional left jugular vein catheter (PE-50). The 

plasma vohlme of rats prepared for micropuncture is reduced by approximately 20% (252). 

In order to study the rats in an euvolemic state, isoncotic plasma obtained from normal 

adult Sprague-Dawley rats was infused iv at a rate of 0.1 mllmin to a total amount equal to 

1 % of the bw. Thereafter, plasma infusion was continued at a rate of 0.58 mllh, to maintain 

the hematocrit (Hct) stable. Inulin (10 gldl for rats with two kidneys (2K), and 5 gldl for 

nninephrectomized (NX) rats) in 0.9% NaCl, and PAH (0.8 gldl for 2K rats, and 0.4 gldl 
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for NX rats) in 0.9% NaCl was infused iv at a rate of 1.2 ml/h. The bladder was drained 

only in 2K rats (PE-50). The left kidney was exposed and suspended on a Lucite holder, 

with its surface illuminated and kept moist with isotonic saline. The left ureter was 

cannulated (PE-IO; Clay Adams). A 60 minute equilibration period was allowed after 

completion of the 1 % bw plasma infusion. Generally 20 to 30 minutes after the initiation of 

the plasma infusion, surgery was completed and a stable blood pressure was observed 

approximately 15 to 20 minutes before the end of the equilibration period and start of 

experimental sampling. Studies were usually completed within 2.5 to 3 hours after 

induction of anesthesia. 

Micropuncture was performed under stereo microscopic control (x210). All 

sampling rnicropipettes were coated with silicon. For calculation of single-nephron (SN) 

GFR, four to six exactly timed (45 seconds to 2 minutes) samples of fluid were collected 

from superficial proximal tubules for the determination of flow rate and inulin 

concentration. Sharpened glass micropipettes with tip diameters of 8 to 12 ~m were used. 

After injection of a three to four tubule diameters in length column of blue pigmented 

polymer oil into the lumen of a well functioning tubule segment, gentle controlled suction 

was applied to collect fluid and to maintain the oil in a relatively constant position just dista1 

to the site of puncture (53, 54). Three to six efferent arteriolar blood samples were obtained 

from superficial star vessels for detelmillation of protein concentration. These star vessels 
arc surface vessels with relatively large diameters (-20 ~m) from which a typical radiating 

network of branching capillaries could readily be identified. Sharpened micropipcttes with 
an outer tip diameter of 10 to 14 JIm were introduced into the first-order branch of the 

efferent arteriole and then advanced to the centcr of the welling point. The welling point is 

the most superficial aspect of the efferent arteriole and is found just before first-order 

branches tllke off. A small amount of clear polymer oil was subsequently injected to block 

the first-order branches, and then blood was collected by applying gentle suction in order to 

keep the oil block stable. Coincident with these collections and the hydraulic pressure 

measurements, arterial blood samples (100 JIl) were obtained for the determination of Hct 

and plasma concentrations of inulin, PAH, and total protein, and 10 to 20 minute Uline 

collections from the left kidney were obtained for the detenninatiol1 of urinary flow ratc, 

inulin, and PAH concentrations. These measurements permitted calculation of OFR, 

effective renal plasma flow rate (ERPF), filtration fraction (FF), effective renal blood flow 

(ERBF), and whole kidney renal vascular resistance (RVR) by starldard formulae. 

To assess glomerular hemodynamic pressures we used a continuous recording 

servo-null micropipette transducer system (Instrumentation for Physiology and Medicine, 

San Diego, California, USA; Model SA) with 2 M NaCl containing sharpened 

micropipettes as the sensing ann of the Wheatstone bridge (outer tip diameters of 2 to 3 
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11m). Hydraulic output from the linear motor of the servo-null system was coupled 

el~ctronically to a second channel of the Hewlett Packard recorder by means of a pressure 

transducer (P23Db; Statham Instruments). The servo-null system adjusts to very rapid 

changes in microvascular pressures and allows direct on-line recording of mean as well as 

pulsatile pressures (454). Accuracy, frequency response and stability features of this servo

null system as applied to the renal microcirculation have been described in detail by Brenner 

ef al. (59). Since FH and WAG rats lack superficial glomeruli, time-averaged hydraulic 

pressures were measured in superficial proximal tuhules under stop-Oow conditions (PSF) 

as first described by Gertz ef al. (143), and modified by Baylis ef al. (26). The 

measurement of PSF allows for indirect calculation of the mean glomerular capillary 

hydraulic pressure (PGG. After interrupting the now of filtrate in a tubule, glomerular 

filtration continues for approximately 30 to 40 seconds and then a new equilibrium of 

filtration forces is reached with zero net filtration. It is assumed that reabsorption of fluid in 

the blocked segment ceases, because stop-flow pressure in Bowman's space and proximal 

tubule were found to be equal (143). This suggests that there is no active filtration under 

blocked conditions. The Starling equation for glomerular ultrafiltration can now be solved: 
- -

SNGFR = Kf (PGC - P T) - (1tA -1tT) (1) 

Where PT is the mean free-flow tubular or mean Bowman's space pressure. Under stop-
- - -

flow conditions PT becomes PsP. The calculation of PGC assumes tubular fluid to be 

protein-free and thus the oncotic pressure (1tT) is O. Stop-flow indicates SNGFR = 0, and 

the glomerular capillary ultrafiltration coefficient (Kf) is equal to 1 with net zero filtration. 

1CA during stop-flow conditions was designated 1tSF. Thus Equation 1 becomes: 
- -

0= PGC - (PSF + 1tSF) (2) 

and finally: 

PGC = PSF + 1tSF (3) 

Stop-flow conditions in proximal tubules were obtained by the injection of bone wax (W-

31G; Ethicon) by means of a sharpened micropipette (outer tip diameter of 12 to 14 ~m) 

connected to a hydraulic wax-blocking device (Research Instruments & Mfg., Corvallis, 

Oregon, USA). Obtained wax blocks were generally three to four tubular diameters in 

length. Blocked tubules were readily identified as they acquired a so called silver-shine 

appearance. Although some dilatation of blocked tubules generally occull'ed, those tubules 

with obvious ballooning were not used to assess PSF. Variations in pulsatile pressures in 

the blocked tubules were synchronous with those in the femoral arterial blood pressure 

tracings. This observation helped to ascertain that the PSF recordings were accurate, and if 

erroneous micropipette positioning occurred it was noted relatively early and corrected 

easily. At least three to four PSF recordings in different nephrons, with a minimum 
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duration of 2 to 4 minutes each, were obtained during each experiment and mean values 

were recorded. The mean transcapillary hydraulic pressure difference (..6.. P) was calculated 

as: 

(4) 

where PT is the mean proximal free-flow tubular pressure as measured in four to six non 

obstructed proximal tubules. In addition, mean pressures were assessed directly in four to 

six efferent arterioles (PE) (59). These recordings were obtained by positioning the 

pressure pipette tip in the welling center of non obstructed efferent m1erioles. 

The colloid osmotic pressure of plasma entering and leaving glomerular capillaries 

was estimated from values for protein concentration in femoral arterial (representing 

afferent arteriolar) and efferent arteriolar plasma. Estimation of pre- (CA) and post 

glomerular (CE) protein concentration permit the calculation of single-nephron filtration 

fraction (SNFF): 

(5) 

Femoral arterial plasma protein concentrations were measured separately during 
microsampling (C A) and during micropressure measurement (CSF). Afferent and efferent 
arteriolar resistances (RA and RE), glomerular capillary ultrafiltration coefficient (Kf)' and 

initial glomerular capillary plasma flow rate (QA) were calculated by equations descdbed by 

Deen et at. (97). Resistance per single afferent arteriole was: 

RA ~ [(MAP - PGC) I GBFJ· (7.962.1010) (6) 
where the factor 7.962.1010 is used to give resistance in dyn·s·cm·S when MAP and Pac 
are expressed in mm Hg and blood flow rate per single afferent arteriole (GBF) in Ill/min. 

Resistance per single efferent arteriole was: 

RE= [(PGC - PEl I EABFJ . (7.962.10 10) (7) 

Total arteriolar resistance for a single pre- to post glomerular vascular unit was: 

~~~+~ 00 
Initial glomerular capillary plasma flow rate was: 

QA ~ SNGFR I SNFF (9) 

Blood flow rate per single afferent arteriole was: 

(10) 

where Hct is taken from femoral arterial hematocrit and is assumed equal to afferent 

arteriolar blood Hct. 

Efferent arteriolar blood flow rate was: 

EABF ~ GBF - SNGFR (11) 

The Kf is the product of the effective hydraulic permeability of the glomerular 

capillary wall (k) and the surface area available for filtration in an individual glomerulus 

(S). Kf can be assessed by various techniques (251). By glomerular hemodynamic 
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assessment, Kf can be calculated using a differential equation which gives the rate of 

change of protein concentration (C) with distance (x) along an idealized glomerular 

capillary (97). The derivation of this equation (93) treats the glomerular capillary network 

as a rigid cylindrical tube of equivalent total surface area, impermeable to plasma proteins, 

and with QA and C dependent only on Ole axial coordinate x. Thus: 

dC*/dx* = FC·2 (1 - AIC' - A2C*2) (12) 

where C· = C I CA, 0,; x2 ,; I, and F = Kf' (liP/QA). F, At, and A2 are dimensionless 

parameters, and At and A2 are dell ned by liP and CA. Kfwas then calculated on a single

nephron basis from group mean values of SNGFR, QA, CA, and liP (93). 

3.4.2 Analytic Procedures 

The volume of fluid collected from individual proximal tubules was estimated from 

the length of the fluid column in a constant bore capillary tube of known intemal diameter. 

The tubule fluid inulin concentration was measured by a micro-fluorescence method (436). 

All microassays for the determination of SNGFR were performed within 48 hours after 

sample collection. SNGFR was calculated as: 

SNGFR = (TF/P)[n . VTF (13) 

where (TF/P)In and VTF refer to transtubular inulin concentration ratio and tubule fluid 

flow rate, respectively. Inulin concentrations in plasma and urine were measured using a 

macro·anthrone method (88, 133). PAH concentrations in plasma and urine were measured 

by the method of Chasis ef al. (76). Protein concentrations (C) in efferent arteriolar blood 

samples and arterial blood were determined using a fluoromettic method (433). Processing 

of these samples for determination of C were completed within 24 hours after collection. 

Protein oncotic pressures (n) were calculated with the equation: 

11: = 1.629·C + 0.2935·C2 (29, 93) (14) 

where C is in units of gldl (valid over the range 4 to 10 gldl) and it is in mm Hg. 

3.5 Experimental Histopathology of the Kidney. 

Animals designated for histopathologic evaluation were either anesthetized with 

inactin (100 rug/kg bw) during previous microcirculatory studies or acutely with sodium 

pentobarbital (50 mg/kg bw ip). Prior to this, the systolic blood pressure was measured 

either directly immediately before kidney perfusion during final micropuncture 

experimentation, or zero to two days prior to kidney perfusion by indirect tail-cuff 

plethysmography in animals in which no glomerular hemodynamics were assessed. 

Kidneys were perfusion fixed at the measured systolic arterial blood pressure for two to 

three minutes with 1.25% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4). For 
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this, the abdominal aorta was cannulated at a point just cranial to the bifurcation of the 

common iliac vessels with a sharpened glass pipette of similar diameter as the aorta. A 

route of egress for the infused substances and blood was created by cutting the inferior 

vena cava immediately prior to start of fixation. Flow of fixative fluid into the thoracic aorta 

and main gastrointestinal vessels was prevented by placement of a silk tie around the aorta 

between the orifices of the superior mesenteric artelY and the renal arteries. This ligature 

was tied off concurrently with the start of fixative perfusion. After in situ fixation, the 

kidney(s) were removed and kidney weight(s) noted after careful removal of excess soft 

tissue elements. The non-fixed heart was removed and its weight recorded. Two 

midcoronal slices, one of each kidney in rats with two kidneys (2K) and two from the left 

kidney in uninephrectomized (NX) animals, of 2 to 3 mOl thickness, were processed for 

light microscopic examination. 

The extend of glomerular damage was detclmined on paraffin sections (3 ~lm thick) 

stained with hematoxylin and cosin, and with periodic acid-Schiff reagent (PAS). On 

average 400 to 500 glomeIUli were countcd per animal, and these measurements included 

glomeruli over the entire thickness of thc cortex. Glomerulosclerosis was defined as 

glomerular profiles with segmental or global collapse of capillaries, with or without 

associated hyalin deposition and adhesion of the tuft to Bowmants capsule. The extent of 

FSGS was expressed as the percentage of glomeruli with sclerotic lesions. 

The average glomerular tuft volume (V 0) for each animal was determined by the 

procedure described by Weibel (446). For this purpose. the mean glomerular random 

cross-sectional area (AG) was determined on approximately 50 systematically sampled 

glomerular tuft profiles by point counting at a final magnification of x200 with a 361-point 

ocular g.id coveling a 369.664 [tm2 microscopic field. V 0 was then calculated as V 0 ~ 

(Wk)(Ao)3!2, where p ~ 1.38 is the shape coefficient for spheres, the idealized shape of 

the glomerular tuft, and k ~ 1.1, is a size distribution coefficient (174, 446). The 

measurements were performed on all glomerular profiles present in several 2 ~m thick 

Toluidine blue stained epoxy sections through the entire thickness of the renal cortex, 

insuring a balanced representation of cortical and juxtamedullary ncphrons. Completely 

collapsed glomeruli were excluded from morphometric evaluation. The Toluidine blue 

stained plastic sections (2 ~m) were used to obtain micrographs of representative glomeruli 

in Experiment 3 (Chapter 7). 

For transmission electron microscopic evaluation, small pieces of perfusion fixed 

kidneys were postfixed in osmium tetroxide. Transmission electron microscopy was done 

following standard techniques described previonsly (441). At least four glomeruli were 

studied pcr animal with a final magnification ranging from 5,8oox to 25,ooOx. 
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3.6 Glomerular Permselectivity 

3.6.1 Fractional Clearance Measurements 

An isotonic saline solution of tritiated Ficoll of broad molecular size distribution 

was prepared from unlabelled PicoU (Phannacia Fine Chemicals, Piscataway, New Jersey, 
USA) as previously described (315). The solution had a Ficoll concentration < 700 mg/dl 

and a specific activity of -110 ~CiJml. 

Immediately after completion of the micropuncture measurements, a 0.4 ml bolus of 

the tritiated Ficoll solution was infused iv over 1.5 minutes, followed immediately by a 

constant infusion of the same solution at a rate of 1.2 mVhr. Ten to 15 minutes after the 

priming bolus, a continuous arterial blood collection was begun at a rate of 24 pl/min for 

15 - 20 minutes using a withdrawal pump (Harvard Apparatus Co., Millis, Massachusetts, 

USA; model 941). Urine collection from a ureteral catheter was initiated and telminated 1.5 

minutes after the arterial blood collections to allow for the transit time from Bowman's 

space to the tip of the ureteral catheter. 

The arterial sample was spun at 3000 revolutions/min in a refrigerated centrifuge 

(DuPont, Wilmington, Delaware, USA; Sorvall model RT6000B) to remove cells, and 25-

to 75-~1 aliquols of the supematant were added to I ml of2 mg/IOO ml blue dextran (Sigma 

Chemical Co., Sl. Louis, Missouri, USA). Aliquots, 50 - 100 ~l, of miue were likewise 

added to blue dextran. 

Labeled plasma or urine samples were drawn into a syringe. The empty vial was 

rinsed twice with a volume of 0.5 ml distilled water, and the rinsings were added to the 

sample. The total 2-ml volume was fractionated on a Sephacryl S-300 HR column 

(Phalmacia), which had been calibrated with nan'ow-molecular-weight PicoH standards as 

described previously (315). The eluent buffer was 0.05 M ammonium acetate at pH 7. The 

samples were fractionated into 3-ml aliquots, each corresponding to a particular value of 

Stokes-Einstein radius (r,) as determined by the calibration. Two milliliters from each 

aliquot was mixed with 4 ml of scintillation fluid (Packard Instrument Co., Inc., Downers 

Grove, Illinois, USA; Ultima Gold). Activity was measured in a scintillation counter 

(Packard Instrument Co.; Tri-Carb model 4530). On the bas:s of an analysis of the 

minimum significant activity above background, rates below 120 counts/min were rejected. 

3.6.2 Calculation of Sieving Coefficients 

The sieving coefficient (0) of a given molecule is the ratio of its concentration in 

Bowman's space to its concentration in arterial plasma water. Sieving coefficients for Picoll 

were equivalent to fractional clearances, calculated as: 

e = [(UlPlcpm I (UIP)inulinl x f 
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f = - 0.007895 . CA + 0.9916 (2) 

where (U/P)cpm is the urine-ta-plasma ratio of scintillation counts per unit volume of 

sample, (U/P)inulin is the urine-ta-plasma ratio of inulin concentration, and f is a plasma 

volume correction factor that accounts for the fact that the inulin plasma concentrations 

were measured in protein-free plasma water, whereas the labeled plasma samples contained 
protein. A typical value for f was 0.95. Finally, 0 was calculated at integer values of rs by 

interpolation of the raw data (4). 

3.6.3 Sieving Data Analysis 

Membrane parameters were calculated from the sieving coefficients and 

hemodynamic data using a mathematical model previously described (91). In this model, 

the glomemlar tuft is represented as a number of identical capillaries in parallel, and steady

state differential mass balance equations are used to describe the variations in plasma flow 

rate and solute concentration with axial position along a capillary. The capillary wall is 

assumed to be perforated by pores which allow the passage of water and solutes into 

Bowman1s space. The sieving characteristics of the test molecule and capillary wall are 

described by the thCOlY of hindered transport for ideal, sphedcal molecules passing through 

long, cylindrical membrane pores. The governing equations were formulated to 

accommodate any hypothetical pore-size distribution. Thtee altemative distributions were 

used to analyze the group-mean PicoU sieving data. 

The simplest pore-size used here envisions the glomemlar barrier as consisting of 

many idcntical porcs of radius ro along with a few pores of effectively infinite size that 

behave as a nonselective "shunt" through the barrier. The parameter roo is the fraction of 

filtrate volume which would pass through the shunt in a hypothetical state of zero colloid 

osmotic pressure. This is tenned the isoporous-plus-shunt model. In the second approach, 

the lognormal model, thc pore radius (r) is assumed to follow a lognormal probability 

distribution (91, 352) with parameters II and s. The mean pore radius is u and the pore-size 

distdbution has a standard deviation equal to In(s). The third approach, tlle lognormal-plus

shunt model, assumes a lognonnal distribution in parallel with a nonselective shunt and is 
descdbed by the parameters u, s, and roo (315). 

The pore-size parameters were computed by fitting the theoretical model to the 

sieving data, using an approximate method for integrating the mass balance equations (91). 

Powell's method (336) was used to minimize the value of X2, defined as: 
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m 2 
X2 = L ([Eli,cxp - Eli,calc]/Oi,exp) (3) 

i=l 

where m is the number of data points; 0i,exp and 0i.calc are the experimental and 

calculated sieving coefficients, respectively, for molecular size i; and O'i,exp is the standard 

error of 0i,exp. Standard errors for each fitted parameter were estimated from the 

covariance matrix of the fit, as described previously (315). 

Statistical compaIisons were made using one-way analysis of valiance (ANDY A), 

with Scheffe's tcst used to determine significant differences (1). The Pearson correlation 

coefficient was used to measure correlation between parameters (1). 

3.6.4 Calculation of r* for the Lognormal-plus-Shunt Model 

The usual equation for calculation of r* requires a slight modification for the 

lognormal-plus-shunt model, since by definition a small fraction of the filtrate always 

passes through the shunt. In the absence of a shunt, r* (I %) is defined by (352): 

f~ r'k(r)dr 
r* 

f~ r'k(r)dr 
o 

=0,0] (4) 

where g(r) is the pore-size distribution function, equal to the fraction of pores with radii 

between rand r + dr. The flow rate through a single pore of radius r is proportional to r4. 
For the lognormal model g(r) is given by: 

_ -;="--_ ( 1 [In(liu) g(r) = exp --v:;;;, r In s 2 In s 

2 

] ) 

For a distdbution including a shunt, Equation 4 was modified to: 

-(~ r'k(r)dr 
J r* 

(I - <OJ» + <OJ> = 0.01 

f~ r'k(r)dr 
o 

(5) 

(6) 

where <OJ> is the fraction of the fiHrate that passes through the shunt, averaged over the 

length of a capillary. This value was calculated from roo as shown by Deen et al. (91). In 
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most instances the difference between r* (1 %) values calculated from Equations 4 and 6 

was less than 1 A. 

3.6.5 Estimation of Glomerular Hydraulic Pressure from Sieving Data 

Pore size parameters plus 1'1 P were fitted simultaneously to sieving data using the 

X2 criterion described in Chapter 3.6.3. Both data from the individual rats and averaged 

data for the experimental groups were used. The group mean sieving coefficients, as 

derived in the sieving experiments, were fitted using the appropriate hemodynamic 

parameters from the same studies. For fits to individual rat sieving curves, data was used 

only from animals on which both micropuncture and sieving studies were performed. 

When data from a single rat was fitted, the standard ClTor O'i,exp was set equal to E>i,exp in 

Equation 3 of Chapter 3.6.3. 

Either Powell's method or the downhill simplex method was used to detennine the 

best-fit set of parameters (336). Pearson's correlation coefticient was used to determine the 

significance of correlation between parameters. 
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4 EVALUATiON APPLTIlD TECHNIQUES 

4.1 Micropuncture 

In all presented acute micropuncture animal studies in this thesis, a 1 % bw iv isoncotic 

plasma infusion was given. This protocol is routinely used in comparable micropuncture 

experimentation in rats. The reason to administer such an amount of plasma is to restore 

fluid balance to conditions thought to be present in awake intact animals. Furthennore, the 

plasma infusion serves to keep the hematocrit (Hct) constant. This is necessary since 

aIterations in the Hct result in shifts in glomerular hemodynamics, notably PGC (2S0). In 

the following text we shall discuss the effects of fluid balance on glomerular 

hemodynamics. the use of the direct and indirect stop-flow techniques to assess PGC under 

different plasma volume conditions, and provide information on the reliability of the stop· 

flow technique. 

In 1977, Maddox et al. reported that Munich-Wistar (MW) rats prepared for 

micropuncture have an approximately 20% reduction of circulating plasma volume, relative 

to values in conscious animals, and are thus acutely volume~depleted (252). Ichikawa et al. 

compared the hemodynamic data provided by Maddox et al. for hydropenic rats (252) with 

values obtained in MW rats in which the euvolemic state was restored by the iv infusion of 

plasma (ISS). Plasma infusion (± 1% bw) resulted in higher values for GFR (1.30 ± O.OS 

vs. 0.85 ± 0.06 ml/min), SNGFR (42.S ± 2.6 vs. 2S.0 ± I.S nl/min), QA (134 ± 7 vs. 76 

± 6 nl/min), in lower values for Hct (45.5 ± 0.6 vs. 50 ± 1 vol %), SNFF (0.32 ± 0.03 

vs. 0.37 ± 0.01), RA (2.2 ± 0.1 vs. 4.1 ± 0.3 xlOiO dyn.s·cm·5) and RE (1.7 ± 0.1 vs. 

2.4 ± 0.2 xlOlO dyn.s·cm·5), whereas values for MAP were unchanged (113 ± 3 vs. 113 

± 2 mm Hg). Values for Hct in awake, non~operated inactin anesthetized, and in euvolemic 

MW rats were similar (ISS), and comparable with those in FH and WAG rats documented - -
in this thesis. Slightly higher values for PeR: (4S.1 ± 0.5 vs. 43.7 ± 0.7 mm Hg), PT 

(13.6 ± 0.3 vs. 11.S ± 0.4 mm Hg), and AP (34.4 ± 0.4 vs. 31.9 ± 0.7 mm Hg) were 

seen in euvolemic rats as compared to hydropenic animals (188). Because the values for 

PGC obtained -by Maddox et al. for hydropenic rats were somewhat lower than usually 

observed under such conditions, Ichikawa et al. concluded that the observed differences 

were of little significance or importance (ISS). The results of Ichikawa were in agreement 

with previous observations done by Brenner et al. who studied the effects of 2.5% bw 

plasma expansion and 10% bw Ringer infusion (60). While plasma infusion kept PGC 

unaltered, Ringer infusion depressed PGC compared to hydropenic controls. They 

observed that SNGFR was entirely determined by QA, A P, and CA under conditions of 

filtration pressure eqUilibrium. More recently, Blantz et al. studied glomerular 

hemodynamics in salt depleted MW rats after O.S% bw plasma infusion and in the same 
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animals after an additional 2.5% bw plasma expansion (40). Changes in single-nephron 

pressures and flows were similar to those documented by Brenner and Ichikawa, and in 

agreement with the analysis of selected data from various studies provided by Maddox, 

Deen, and Brenner and summatized below in Table I (250,251). We compared glomelUlar 

hemodynamic studies obtained in hydropenic, euvolemic, and volume expanded, non

fasted mature male MW rats (250, 251). The average values for Poc are 46.8, 49.9, and 

50.7 mm Hg, and 33.8, 35.6, and 36.0 mill Hg for AP, under hydropenic, euvolemic, 

and volume expanded conditions. respectively. Thus, intravascular fluid status affects 
- -

several microcirculatory parameters, whereas PGC and liP are relatively constant. The 

most impressive changes are the increases in QA and SNGFR as a result of decreases in RA 
and RE. Concomitantly. minimum values for Kf increase, and indicate that parallel to the 

rise in QA. a greater area of the glomerular tuft is involved in net fluid fiItration. This 
change in Kf contributes to the rise in SNGFR. With further plasma volume restoration, 

QA is increased to such extent that the perfused blood can only be partially filtered. This 

results in a small decHne in CE and thus 7tE. The net mean local ultrafiltration pressure 
- - - -
(Pup; defined as: PUF ~ A P - Alt), near the efferent arteriole (PUF-E ) increases due to 

the increased A P and decreased An. When nEJ' A P < I, unique values for Kf can be 

calculated, since the total glomerular surface available for filtration is involved in net 
ultrafiltration of blood and an exact An profile can be dedved (97). Generally, when QA';; 

130 nVmin, filtration pressure equilibrium is present (nEJ'An;" I), and when QA > 130 

nVmin, filtration pressure disequilibrium (npJ A P < 1) is nearly always found (251). It 

should be noted that under physiological conditions the actual filtration in a single 

glomerular network is probably heterogeneously distributed, with some areas operating at 

filtration pressure equilibdnm and others at disequilibrium (353-355). In such a network, 

Kf is approximately 30% higher than in the uniform model. Concentration polarization of 

protein within the capillary lumen results in a higher protein concentration at the periphery 

along the wall than at the midline axis. The experimentally obtained effective hydraulic 

permeability of the filtration membrane (k) is therefore lower than the true hydraulic 

permeability of the capillary wall (kO), since filtration of water is more restricted by the 

relatively higher An along the wall. Generally, kO and actual An arc 10% higher than can 

be estimated by the used micropuncture techniques (94). - -
Table I indicates that the Poc and A P are not only fairly similar in MW rats despite 

changes in volume status, but in various other rat strains as well. Because PGC in those 

strains was assessed with the indirect stop-flow method, it is possible that the nephron 

under zero net flow conditions can not respond to plasma-volume alterations with a change 

in PGc. Analysis of reported values for Poc in MW rats obtained with both direct and 
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indirect stop-flow techniques under hydropenic. euvolemic. and volume expanded 

conditions show that the nephron is able to change PSF and thus Pac (Table 2). MW rats 

with chronic Goldblatt hypertension (one clip-two kidney model) had increased PSF as 

compared to non-clipped hydropenic controls. and similar values for Pac with both 

techniques (23). In this induced model of renovascular hypertension, plasma volume is 

presumably unaltered (333). 

Iabl~ I. Hemodynamic parameters for hydropenic, euvolemic. and plasma expanded, 
fed adult male Munich-\Vistar rats and other rat strains. 

PGC "P 1tA 1tE P UF-A PUF•E Kf <2A SNGFR 

- - - - - - - - - - mm Hg - - - - - - - - - - nV(min·mm H!i) - - - nUmin - - -

MW-hy 47 34 17 34 17 0 ? 0.059 77 28 

MW-eu 50 36 19 33 17 3 ? 0.091 154 44 

MW-ex 51 36 18 32 18 4 0.088 170 47 

WKY-hy 52 39 16 26 23 13 0.041 186 45 

WKY-cu 57 44 17 28 27 15 0.021 89 26 

WKY-cx 46 34 10 17 24 17 0.040 167 50 

SD-hy 54 41 18 34 23 7 ? 0.054 140 44 

SD·eu 55 40 18 32 22 8 0.050 140 42 

SHR-hy 51 40 14 26 26 14 0.030 100 36 

SHR-eu 57 44 19 36 25 8 0.032 83 28 

SHR-ex 49 38 9 16 29 22 0.033 142 51 

Poco mean glomerular capillaLY hydraulic pressure as detennincd with direct puncture in 

Munich-\Vistar rats and with an indirect (stop-flow) technique in the other rat strains; 

"p. mean transcapillary hydraulic pressure difference; 1tA and 1tE, afferent and efferent 

arteriolar oncotic pressure; PUF-A and PUP-E , afferent and efferent net ultrafiltration 
pressure; Kr. glomerular ultrafiltration coefficient (When filtration disequilibrium is not 

present, only minimal values for Kr are provided and indicated by 8; QA, initial 

glomerular plasma flow rate; SNGFR, single-nephron glomerular filtration rate; MW, 

Munieh-Wistar (251); WKY, Wistar-Kyoto (16, 24, 100, 101); SD, Sprague-Dawley 

(15, 242, 284, 285, 301); SHR, Spontaneolls Hypertensive Rat (16, 100, 101, 108); 

hy. hydropenic; eu, euvolemic; ex, volume expanded. 

The validation studies summarized in Table 2 indicate that in approximately two out 

of every three reports. differences between direct and indirect measured Poc were found. 

Of the in Table 2 included studies, seven showed overestimation and three underestimation 
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for indirect vs. direct measurements (251). Five studies revealed identical values for the 

two techniques (251). Notably, the study by Azar ef al. did not indicate any difference 

between these methods, under both hydropenic and euvolemic conditions (23). 

Table 2 Mean glomerular capillary hydraulic pressure (Pod assessed both with direct 

and indirect (stop-flow) techniques in the same experimental animal, and 

compared among animals with different volume status. 

Volume status Poc (direct) Poc (stop-flow) 

hydropenic 

euvolemic 

expanded 

eu. (hy) 

_ .... - - - - mm Hg - - - - - - _ .. 

46.5 

53.0 

63.0 

53.6 (44.7) 

48.3 

55.0 

62.0 

53.8 (44.5) 

Studies 

N 

11 

2 

1 

N, number of studies included in analysis; eu*, one clip-twa-kidney experimental model 

of hypertension (Values between parentheses were recorded in the same study in nonnal 

intact Munich-Wistar control rats, and these values are included in the average provided 

for hydropenic animals) (23). 

The reason why some studies report dissimilarities, whereas others do not, is not 

clear. One reason might be that the altered macula densa control of the afferent arteriole 

under zero net flow conditions results in too high values for PsP. Differences in the activity 
and sensitivity of the tubuloglomerular-feedback (TO F) system among animals, either 

inborn or due to animal preparation (399), may be responsible for diffcrenccs between 

direct and indirect obtained values for Pac. Variability among rat strains in the sensitivity 
- -

of the TOF-Ioop to nephron blockage may explain differences in Psp and thus Poco 

Perssen ef al. rcported on the differences in TOF-feedback responses between the Milan 

normotensive (MNS) and hypertensive (MHS) strains (330). In contrast to MNS and 

Sprague-Dawley (SD) rats, MHS animals did not show a significant change in the TOF 

sensitivity after volume expansion with saline or after ureteral obstl1lction. Several studies 

have demonstrated that activation of the TOF, induced by changes in the loop of Hcnle 

flow, result in parallel changes in PSF and directly measured PGC. thereby confirming that - -
differences in Psp do reflect differences in Poc (30, 62, 331). Salmond and Seney 

observed that unilateral nephrectomy and 5/6 renal ablation result in step-wise increases in 

PSF equal to those reported for MW rats by others (II, 92, 179, 388). Animals were 

studied seven days after surgery under hydropenic conditions. Loop microperfusion 

resulted in similar maximal decrements in PSP of 8 to 9 mm Hg in all three groups. The 
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rate of loop perfu~ion required to obtain the TGF-response curve increased proportional to 

the ambunt of ablated renal tissue, which according to the authors was most likely due to 

reduction of the responsiveness of the TGF sensor (388). 

During the collection of fluid from the proximal tubule to measure SNGFR, the 

distal nephron does not receive its HOlmat fluid load. The vasoconstrictor effect of the TGF 

on the afferent arteriole is minimal under such blocked conditions, and consequently values 

for SNGFR are maximal (48). Differences in values for SNGFR assessed from proximal 

and distal nephron segments in blocked nephrons are not routinely reported however. Only 

when flow to the distal nephron is restored are differences between proximally and distally 

measured SNGFR noted (292). A dissimilarity in blocked nephrons was not observed in 

plasma loaded (2% bw) MW rats, thrce weeks after uninephreetomy (253), and in 

chronically volume expanded rats (161). Varying volume status of the experimental animals 

among studies may thus be an explanation, since modification of plasma volume generally 

changes the responsiveness of the TOP. When plasma volume is expanded, the TGF 

responsiveness is decreased and SNGFR remains high (48, 292). Renal ablation alters the 

TGF setting but docs not alter the absolute difference between proximally and distally 

measured SNGFR (388). 

Other variables may influence the outcome of a micropuncture experiment as well. 

Besides possible technical limitations, variability and error (130, 312, 351), changes in 

animal physiology due to circadian and spontaneous alterations in blood pressure and 

GFR, and oscillations in vasomotion or TGF activity (177) have been mentioned. Brenner 

and Daugharty showed that the methodological influence on the determination of SNGFR 

resulting from different suction technique, sample variability, and repunctUling of tubules 

were all negligible (53, 54). Values obtained by the standard SNGFR technique and by 

calculation of SNGFR by measuting efferent arteriolar plasma flow and hematocrit were 

similar (54). DlUmond and Deen analyzed the effects of Ule pulsatile quality on glomelUlar 

ultrafiltration and concluded that the usual steady-state assumption is valid and introduces 
negligible errors in calculating glomelUlar membrane parameters such as Kf (102). 

We would like to emphasize that interpretation of the data shown in Table I and 2 

has some limitations since vatiables within and among studies may have been present and 

possibly resulted in bias. The reason to provide these tables is to support the following 

conclusions: 1- With changing plasma volume status, PGC remains relatively stable; 2- If 

PGC changes as a result of an alternating volume status, such change is picked up by the 

stop-flow-method; 3· The stop· flow method may infer too high or too low values for PGC. 

The observed differences in the validation studies were usually small, and alternations in 

values for direct Pac resulting from experimental manipulation were reflected in similar 

changes in PSP. 
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4.2 Glomerular Morphology 

4.2.1 Glomerular Sclerosis 

FSGS was assessed by counting glomerular capillary collapse with or without 

concomitant hyalin deposition and adhesion of the damaged glomerular tuft to Bowman's 

capsule. Capillary collapse is thought to represent the key histopathologic feature of this 

otherwise rather nonspecific process (362, 365). Although the criteria to assess FSGS vary 

among researchers, most of the reported methods include some aspect of the capillary 

obsolescence. Microaneurysm and podocyte bleb formation, microthrombosis. mesangial 

expansion, and hyalin accumulation are all used in this respect, since these changes arc 

believed to represent intermediary or contributory steps in the evolution of the final 

capillary lesion (364). These latter changes are nonspecific and their presence does not 

indicate FSGS. Information on other changes associated with FSGS is sometimes 

provided. Among these are glomerular macrophage influx or other glomerular cellular 

adaptations, vascular sclerosis, interstitial inflammatory cell infiltration, and tubular casts 

and atrophy (236). 

To assess the total incidence and severity of FSGS in a kidney one could look at the 

complete tuft of all glomeruli. This is impractical and for the purpose of most expedments 

not necessary because of available statistical tools. We used a method which eliminates bias 

as a result of selection of glomeruli in an individual animal, provides information derived 

from relatively large numbers of animals, and is still feasible. Remuzzi el al. have cdticized 

one aspect of this method: the estimation of the incidence of FSGS based on a single 

random cortical section (356). They showed that in rats with only mild FSGS, counting of 

50 glomeruli on a single section reveals only approximately one third of the real incidence 

of sclerosis. A multi section approach in which 30 to 50 glomerular tufts are completely 

assessed in 3~dimensions was advocated by these authors. Such a technique is probably 

velY time consuming and this might explain for the low number of rats per expedmental 

group in their report. In the method employed in our studies, 400 to 500 different glomeruli 

were counted on cross section per animal and approximately seven to nine animals per 

experimental group were assessed. The average diameter of a rat glomerulus is 

approximately 120 j..tm. Complete examination in 3 11111 sections of one glomerulus 

therefore requires ± 40 sections. The cUlTcntly used technique resulted in the estimation of 

FSGS based on approximately 50% of the sections used in Remuzzi's method. This 

method is not limited to a random selection of tufts present on a cross section since all 

glomeruli seen on such a cross section are included. In addition, information from 

relatively large groups of animals is obtained. 

As an alternative from the total incidence method, some investigators use a 

semiquantitative injury scoring system (349, 459). The severity of the lesion seen in each 
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glomerulus is graded on a scale of 0 to 4+ according to the percentage of glomerular 

involvement. Bliefly, if 25% of tllC glomerulus is affected, a score of 1+ is adjudged, 50% 

is scored as 2+, 75% as 3+ and 100% as 4+. The ultimate score is then obtained by 

multiplying the degree of change by the percentage of glomeruli with the same degree of 

injury and additions of these scores. Again, as with the technique descdbed by Remuzzi et 

al., a limited number of glomeruli are usually assessed and may result in bias. Otherwise, 

this technique provides a grading of the severity of the lesion and may reveal more subtle 

differences among expedmental groups. Van Ooor et al. examined the relationship between 

the semiquantitative injury score (349) and the incidence of FSOS in rats after renal 

ablation (149). Despite the broad variation of FSGS among animals, a highly significant 

positive correlation was found between values obtained with these techniques (r = 0.98, P 

< 0.001). 

4.2.2 Glomerular Tuft Volume 

Increase in glomerular tuft size is thought to represent glomerular growth. Such 

growth occurs in nOllTIal maturation of an organism, after renal ablation, and in association 

with glomerular disease. Whether glomerular growth by itself results in more progressive 

deterioration of renal function in glomerular illnesses, that such size alterations may cause 

glomerular failure by its own nature, or that such size changes are rather coincidental and 

not causally linked with FSGS is controversial (465). Aspects related with preparation of 

the tissue for tuft analysis, several techniques at hand for the study of the size, and a 

discussion on 3-dimensional interpretation of cross sections is provided. 

In nondiseased ex vivo perfused rat glomeruli, a S-shaped curve, a straight line, or 

a curvilinear plot best describes the relationship between proximal intraglomerular 

perfusion pressure and the glomerular volume (80, 373). In such normal glomeruli the 

most impressive change in glomemlar volume is seen when perfusion pressure is increased 

from zero to 120 to 150 mm Hg (equal to a range in PGC from zero to 60 to 75 mm Hg), 

which results in an average 30 to 60% increase in size. This perfusion pressure range lies 

within the range of pressures reported in conditions associated with progressive glomemlar 

injUly. For example, over a pathophysiologicaUy relevant range of a PGC increase from 31 

to 52 mm Hg, the glomerular tuft increases on average 16% (373). Larger glomeruli at zero 

pressure have greater compliance and expand significantly more with increasing pressure 

than initially smaller corpuscles. In whole kidney specimens, perfusion pressure 

dramatically affects final glomerular size, and this is similar in magnitude to ex vivo 

glomeruli (287, 373). When perfusion is done with significantly higher pressures (165 mm 

Hg) than mean blood pressure (114 mm Hg) outcome is, surprisingly, not affected. This 

suggests that antihypertensive therapy does not affect final tuft size between treated and 
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untreated specimens as a result of the technique of acute perfusion fixation of tissue. Since 

alterations in the compliance of the capillary tuft to increasing pressure may be present in 

diseased glomeruli. one should be careful in assuming no effect of perfusion pressure on 

tuft size and therefore perfuse kidneys at previously assessed systemic blood pressure. As 

recently indicated by Kriz et al., the nondiseased glomerular tuft is a highly dynamic elastic 

structure and the GBM can greatly expand with different perfusion pressures and added 

vasodilators (225). These authors suggested to monitor glomerular capillary pressure not 

only before, but also during the perfusion fixation of kidneys used for morphologic 

studies. Such an approach would ideally eliminate altered Pac as a source for morphologic 

misinterpretation of ~he "in vivo glomerulus", which remains unknown to us. 

Immersion fixation may result in collapse of the capillary tuft and reduction in 

Bowman's space volume. Again, as noted above, nondiseased and diseased glomeruli may 

react differently to any fixation technique. In the case of immersion fixation it is possible 

that sclerosed glomeruli or glomeruli with early waH injury do not collapse as easily as 

normal tufts. llms immersion fixation may selectively allow diseased glomeruli to appear 

larger on glomerular tuft size measurements. These "large" glomeruli indicate that there is a 

structural abnormality and may be interpreted as a signal of a severe underlying disease 

which has not fully shown its true nature. Clearly. more study is needed to confirm these 

suggestions. 

An alternative method is the in situ fixation of a kidney by dripping fixative on the 

surface (193, 317). In Munich-Wistar rats this technique is useful to selectively study the 

superficial glomeruli. In such an in situ fixation study, acute elevation of the mean systemic 

blood pressure by angiotensin II infusion with 45 mm Hg did not significantly increase the 

glomerular tuft volume (317). However, capillary lumina and extracellular mesangial 

matrix did significantly expand. 

Use of different fixatives and embedding media may contribute to variability. 

Characteristics of a fixative itself, concentration of the fixative, osmolality of the vehicle, 

pH of the solution, and choice of buffer system all influence the ultra- and light 

microscopic structure of cells and tissues (268). The type of perfusion method used may 

alter the tissue to some extent (267). Embedding in paraffin results in shrinkage of tissue as 

compared to epoxy treated sections (287). 

Examination of glomerular casts by scanning electron microscopy allows detailed 

description of the capillary tuft (244, 347). One can estimate tuft size, pattern of capillary 

loop branching and tortuosity. and the contour of these loops such as the presence of 

intracapillary narrowing or interruptions and the occurrence of aneurysmal dilatations. 

Distention of mesangial areas, irregularities of the endothelial lining, and morphology of 

the afferent and efferent arterioles can be studied. This technique is mentioned here to 
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indicate that one can perform morphological studies of the glomerular tuft with alternative 

techniques, with each technique providing an unique view of the glomerular adaptations to 

injury. 
Change in glomerular tuft size is an example of how glomeruli can structurally react 

to various stimuli. Different architectural modifications can explain an increased tuft or may 

occur without such tuft size changes (299). For example change in length of individual 

capillary loops of the glomerular tuft has been described (309). The stresses in a such 

capillaries increases, for short cylinders resist compression and distortion better that long 

structures (437). As a cylindrical clement grows, its strength and stiffness increase with its 

cross-sectional area, which is directly proportional to the square of its radius. A small 

structure cannot grow into a large one without changing the proportions or material 

stilIness of its supportive clements (434, 437). The stiffness of an element against pressure 

and flow are dependent on rigid material such as fibers, and the complex interaction in the 

structure which results from the basic shape of the structure and placement of fibers within 

it. The glomerular capillary is a structure supported at the circumference by means of an 

exoskeleton. This design is guided by the beam theory, which implies that the most 

economical means of stiffening a cylinder is to place the stiffest material as far away from 

the axis as possible. Placement of abundant supportive matetial at the periphery results in 

decreasing flexibility of the structure itself, and may conttibute to increased stresses within 

the structure. The Laplace law (after Pierre Simon Laplace, a French mathematician and 

astronomer, 1749-1827) is occasionally mentioned to explain for increased stresses on the 

glomerular capillary wall when capillary radius increases. From the above one has to 

conclude that many different pathways are probably operational in the adapting tuft. Even 

when glomerular tuft size does not change, other disturbances in the delicate architecture of 

this structure may provide or represent routes for continuing glomerular damage. 

4.2.3 Stereo logy 

Various methods have been reported for the assessment of the size of the 

glomerular tuft from cross sections (236, 310). Several of these techniques are derived 

from formulations developed in stereology. Stereology means the knowledge of space and 

when applied to histology the 3-dimensional interpretation by mathematical methods of 2-

dimensional images from sections or projections (445, 446). Thus, by sending some 

probes into tissue which pick out a sample of the intedor we try to gain insight from the 

architecture of the tissue. The Delesse pdnciple on which some of these measurements are 

based was first introduced by the French geologist Delcsse in 1847. It states that the areal 

density of profiles on a section is, on average, equal to the volume fraction of the 

component. This relation can be used to estimate volumes of structures by planimetry of Ule 
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combined area of all profiles divided by the enclosed test area. This can be done by 

applying a point grid to a microscopic Held and counting all points enclosed in a profile or 

outline of a structure with a computer assisted planimettic device. 

The stcreological principles for assessment of volume from 2-dimcnsional 

information are based on the assumption that the tissue sections are true 2-dimensional 

sections and hence have no thickness whatsoever. A histological slide with a certain 

thickness results in too large projection of opaque, and too small estimation of translucent 

stmctures, the Holmes effect (116, 447). When estimating mean volume of a structure by 

stercological means, several basic conditions must be met. The particles must all be of 

similar shape and may vary only in size, the shape must be known, and the shape must be 

such that a random plane can intersect each particle only once. In addition, there must be 

random orientation of the particles in the section plane and an even dispersion of particles 

must be present to such an extent that represcntative samples can be defined. The 

glomcrulus is an in'cgular spheroid or oblatc cllipsoid and is not randomly orientcd in space 

(2, 115). Differenccs in shape are small however, since the equatorial diameter is 

approximately 5% larger than the polar diameter. The elimination of this geometrical 

aberration is not possible in biopsy specimens (83). If the range of diameters of glomeruli 

in a tissue section or biopsy are small, the sample size is usually sufficient to be 

representative. However, when as in renal disease a widening of the range in diameters 

occurs or a new population of different sized glomeruli emerges, then the problem of 

representatively becomes very important (83). 

The smaller a profile is on cross-section, the greater the likelihood of being missed. 

Thus, often the profile size distribution is incomplete in the smallest size region, and may 

be corrected by extrapolation of the distribution pattern toward zero. Stereological methods 

therefore (end to overestimate mean particle size, unless corrected. Such cOITcction can be 

done by applying the distribution curves provided by Elias e/ al. (lIS, 116). Briefly, the 

investigator has to construct a histogram for the size distribution of observed sectional 

circles and fit it in one of the curves. Then, the size distribution of spheres can be assessed. 

In a randomly dispersed population of spheres of varying normally distributed size, the 

chance of being cut in the plane of counting is proportional to size. The degree of 

overestimation of the true diameter depends on the standard deviation of the distribution 

pattern of the sizes. Thus a conection factor is needed. Vadous computer assisted methods 

for V G estimation are cun-ently available and correct for this cnor. 

After these considerations, the next step is to ascel1ain random tissue sampling and 

the estimation of the sample size. This is a rather complex stereological theoretical problem 

(444,446). For practical purposes it is accepted to find the number of samples needed by 
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calculating cumulative means of the measured surfaces or volumes. \Ve experienced that 

after approximately 40 to 60 counts, the variability was leveled off. Sample size required 

for each animal in each experimental group was evaluated by this method, either by manual 

point counting (Figure) or with a computer assisted planimelly method. 
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Real mean (solid line) vs. cumulative mean (dotted line) for estimation of sample size 

and glomerular tuft volume in an indivi,dual animal by manual point counting. 

The method used in this thesis for assessment of V G was originally described by 

Weibel and Gomez for the measurement of constant shape particles (446). In this approach 

measurement of a surface is translated into a volume through using a dimensionless shape 

coefficient ~: 

(I) 

B is defined by the dimensionless relationship between the particle volume v and its mean 

cross-sectional area a : 
v~~' a (2) 

Thus values for ~ depend on the particle shape, and for a sphere is equal to 1.38. 

Stercoiogical techniques are useful tools in assessing glomerular volume when 

various criteria are met. 111C method employed in the-cul1'ent study is bascd on assumptions 

for shape and size distribution, Since we determined sample size for the individual rats, 

corrected for possible size-distribution elTors, used thin plastic sections, and assessed mean 

glomerular volume through the full thickness of the renal cortex, bias was most likely 

limited. 
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4.3 Glomerular Permselectivity 

The nOlmal glomerular capiJIaty wall provides an effective permsclcctive barrier to 

plasma proteins with very little resistance to the filtration of water and small solutes. Study 

of these pcrmselectivity characteristics is usually done by assessing the filtration of a 

marker molecule and calculating its fractional clearance. The fractional clearance is defined 

as the urinary clearance of a solute divided by the GFR. If the tcst molecule is not 

reabsorbed Of secreted its fractional clearance will equal its Bowman's space-ta-plasma 
ratio. This ratio, tenned sieving coefficient (0) is calculated as 0 = CalCA, where CB is the 

average concentration of the solute in Bowman's space and CA is its concentration in 

systemic plasma, assumed to be representative of afferent arteriolar plasma. 

Effective molecular radius, molecular configuration, and charge have been 

established as determinants of the permeability of the normal glomerular capillary wall to 

macromolecules (200, 251, 318). Since intrinsic plasma proteins are heterogeneous in 

regard to these variables and reabsorption of filtered proteins by the tubules is difficult to 

accurately estimate or predict, exogenous polymers have been developed in which these 

parameters can be individually studied in a quantitative fashion. Applied agents include 

dextran, polyvinylpyrrolidone, polyethylene glycol, horseradish peroxidase, and Ficoll. 

These markers have been used in numerous experiments to estimate the size-selectivity of 

the filtration banier. This is generally done by studying Ule fractional clearance of a marker 

over a wide range of different molecular sizes. As an estimate of molecular size, the 

Stokes-Einstein molecular radius (fs) is used which is a measure of frictional interactions 

between the polymer and the solvent. The value fOf rs represents the radius of a 

hypothetical sphere that would have the same diffusion coefficient in bulk solution as the 

actual test macromolecule. It does not correlate directly with real dimensions of the 

molecule, but provides a basis for comparing results and offers the advantage of allowing 

data to be interpreted more readily in tenns of apparent membrane pore radii. 

Dextran molecules, frequently used to assess glomerular permselectivity, have 

characteristics which result in too high fractional filtration by the glomeruli and thus in 

under estimation of the tme size-selectivity of the filtration membrane (315, 367). Diffusion 

studies of dextrans have indicated that these polymers in solution behave as random coils, 

enabHng them to pcnneate in an end-on fashion through membranes by virtue of their shape 

and deformability (46, 87). This process is called reptation, and is probably responsible for 

the high 0 for neutral dextrans. Ficoll and horseradish peroxidase molecules are globular 

spheres and behave more ideally as test agents. Oliver ef al. recently showed that the 

fractional clearance of Ficoll in nonnal euvolemic Munich-Wistar rats over a wide range of 

molecular sizes (rs: 19 - 65 A.) is less than that for uncharged dextran (315). For rs > 30 

A., 0 for dextran was approximately 10 times that for Ficoll. TIle values of 0 for Ficoll 
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approximated previously reported values for uncharged horseradish peroxidase (367). 

Since there is poor understanding of the mechanistic effects of molecular configuration on 

macromolecular filtration (251). the use of FicoU. a molecule with a nearly spherical rigid 

configuration bypasses these current shortcomings. Tubular handling is inert giving this 

molecule an advantage as compared to horseradish peroxidase. Furthermore, horseradish 

peroxidase is not available over a broad spectrum of molecular sizes as is FicoU. Although 
e for PicoU at rs = 35 A. the approximate size of albumin. was much smaUer than the 

corresponding value for dextran, it was still about 30 times greater than the typical values 

of the filtrate-to-plasma ratio reported for serum albumin in the rat (315). This agrees with 

the concept that in addition to size-selectivity. charge-selectivity plays an important role in 

the prevention of albuminuria. The charge results from fixed glomerular anionic sites, 

which have been demonstrated by light and electron microscopy using cationic probes and 

biochemically in isolated glomerular basement membranes (441). Charge-selectivity as a 

determinant for molecular filtration has been established by studies with charged tracer 

molecules (42. 44. 72. 96. 286. 319). Such studies indicated that for any given molecular 

size the passage of the anionic deIivative was reduced and that of the cationic derivative 

was enhanced relative to that of uncharged molecules (42. 96. 251. 366. 441). Charged 

derivatives of Picoll are not yet available to directly compare the role of charge-selectivity 

with macromolecules having more desirable sieving characteIistics. 

Next to the characteristics of the test molecules, intrinsic properties of the 

glomerular filtration barrier and hemodynamic variables such as plasma flow rate and 

glomerular pressure detelmine penn selectivity as well. Mathematical models of glomerular 

macromolecule sieving describe relationships between quantities that are measurable in 

clearance and micropuncture experiments, and membrane parameters that determine the 

functional properties of the glomemlar barrier. The pioneeIing theoretical and experimental 

work which lay the foundation for modeling restricted transport in pores was done by 

Pappenheimer. Renkin. and Borrero in thc 1950's (325. 326. 361). The application of 

these eady models was somewhat limited in respect to glomerular filtration because the 

intra- and extravascular spaces were each assumed to be well mixed reservoirs. Chang, 

Robertson, Brenner and Deen subsequently developed cross-flow filtration models in 

which the dependence of molecular transport on afferent artedolar plasma flow rate and on 

the gradients of concentration, flux, and osmotic pressure in the capillary tuft where 

considered (73. 93). In the simplest of these models. the isoporous solid-sphere model. the 

glomerular capillary wall is assumed to be perforated by tight cylindrical pores. Cross-flow 

filtration is assumed to be conducted through these pores of radius rp and length I. Renal 

plasma flow is parallel to the inner surface of the wall. Filtration is governed by opposing 

hydraulic (8 P) and osmotic (Mt) pressure differences. resulting ill the net flux of both 
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solvent (Jv) and solute (Is) into Bowman's space. For a mathematical description of the 

model the reader is refen-ed to Chang ef al. (73). This model predicts a sharp cutoff of 0 at 

rs;:; roo Typical values for 1'0 are 45 ~ 50 A in the rat. However, small but significant 

filtration of macromolecules with r, ~ 60 A occurs (91). Development of heteroporous 

models by Deen and coworkers has resulted in two somewhat different approaches to solve 

the cutoff problem. These are a continuous lognormal distribution of pore sizes and the so

called isoporous-plus-shunt distribution, which postulates a small number of infinitely

sized pores in parallel with the isoporous membrane. Both of these models require two 

para-meters to describe membrane size-selectivity, as opposed to the one-parameter 

isoporous membrane. Finally, the lognormal~plus-shunt model, a logical extension of the 

previous two, assumes a small number of infinitely large pores in conjunction with a 

lognormal distribution. This model uses three parameters for its description. A full 

description of the vatious models of glomelular permselectivity is presented by Oliver et al. 

(315). 

Sieving data and the theoretical models described above allow the intrinsic 

selectivity of the glomerular filtration banier to be described in terms of specific membrane 

propel1ies. The assumption that this harrier is functionally equivalent to a single membrane 

perforated by a population of cylindrical pores, allows expression of the size~selectivity in 
tCIms of an effective pore radius (1'0). If Kf is known from measurements of glomerular 

pressures and flow rates or alternatively Kp from whole kidney functional and systemic 
parameters, this radius can be estimated from the value of E> measured for any uncharged 

macromolecule of known fS' With this method, effective pore radii of glomerular capillaries 

in normal rats have been reported ranging from 46 to 54 A (44, 74, 90, 185, 303, 461-

463). The existence of effective pore radii of about 50 A fails to explain the extent to which 

larger molecules appear in the filtrate. To account for this, a small fraction of the filtrate 

passes through large, nonselective pores or "shunts" as indicated above in the various 

models with a shunt parameter (91). The shunt is expressed as a quantity, OlD, relating to 

the fraction of the filtrate passing through the shunts. This has been reported to average 

about I x 10. 4 in normal rats (461-463). Using the newer lognormal and lognormal-plus

shunt models, two parameters, u and s, appear, replacing 1'0. The probability density 

function has its maximum at a pore radius r==u. whereas the breadth of the distribution is 

determined by s (315). 

The various determinants of glomerular filtration affect the sieving of 
macromolecules (251, 354, 355). For example, an increase in QA results in a decrease in 0 

(95). However, this is only true when the glomerular network is assumed to be composed 

of identical capillary loops. In reality, the tuft consists of capillaries of varying length. 

Correction for this results in a decrease of the effect of QA on 0 (355). Since there is a 
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diffusive component to the flux of a given solute, increasing SNGFR results in lowering of 
0. However, even at constant SNGFR, 0 may vary as a result of alterations in SNFF. 

This is explained by the fact that high SNFF causes increases in the concentration of the 

solute in the more distal segments of the capillaries. With increasing 11 P, the 0 decrcases. 

11lis effect is most notable for the smaller sized molecules « 36 A). Decreasing the length 

of the capilJaries causes modest elevations in e. The effects of 1tA on e arc essentially the 

inverse of those for AP. An increase in Kf results in increased e, independent on 

molecular size or network structure. Overall, increased capillary length decreases e, and 

thus a heterogeneous network requires smaller pore radii to achieve a given e. TIle above 

mentioned models, all based on identical capillaries in parallel, therefore tend to 

overestimate the pore_ radii calculated from sieving data. In most models, this error is 

negligible. However, the shunt parameter, (00. is constantly overestimated by 

approximately 28% (355). Further details on the interaction between permselectivity and 

hemodynamics is provided in Chapter 9, in the Section: Theoretical Considerations. 

Processing of infonnation dcdved from sieving data for neutral macromolecules has 

been suggested as a means to estimate glomerular pressures. In particular, in some 

experimental models and in humans, where direct measurement of glomemlar pressure by 

micropuncture is impossible, such efforts have been made (18, 69, 70,104,105, 140-142, 

147,237-240,279,281,332,430,431). In the isoporous model it is required that at least 

two quantities, ro and either Kf (or KF for whole kidney data) or 11 P, be derived from the 

sieving data. This assumes of course, that glomerular plasma flow rate and either systemic 

protein concentration or oncotic pressure have been measured, in addition to GFR and 

fractional clearances. Generally, the more information that is extracted from the sieving 

data, the more severe are the requirements for accuracy in both the data and theory. There 

have only been very few attempts to compare directly measurcd values of AP with those 

inferred from sieving data. Chang et al. (70,74) compared direct and estimated pressure 

data obtained in Munich-Wistar rats. The value of 11 P inferred from the sieving data was 

generally less than tllat measured directly. 11ms, these indirect estimates do not appear to be 

highly reliable. Recent uses of dextran sieving data to assess renal hemodynamics in 

humans have focused largely on estimating directional changes in I1P (69, 147, 279, 281, 

332). However, an extcnsive study directly comparing measured and estimated pressures 

and applying newer models of glomerular permselectivity is needed to establish the 

reliability of such indirect techniques. In Chapter 9 we studied data for dextran sieving and 

glomerular hemodynamics in various rat models obtained from the literature. In addition, 

we analyzed the results on Ficoll sieving in FHH rats in an attempt to infer I1P. 
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PART III: 

EXPERIMENTS 





Chapter 5: Experiment 1 

Adapted from: 

JOURNAL of the AMERICAN SOCIETY of NEPHROLOGY, 3: 1775-1782, 1993. 

PATHOGENESIS OF GLOMERULAR INJURY IN THE FAWN-HOODED RAT: 

EARLY GLOMERULAR CAPILLARY HYPERTENSION PREDICTS 

GLOMERULAR SCLEROSIS 

Jacob L. Simons i ,3. Abraham P. Provoost3. Sharon Andersonl , 

Julia L. Troyl, Helmut G. Rennke2, Deborah J. Sandstrom2, 

and Barry M. Brennerl 

Renal Division and Departments of Medicine1 and Pathology2. 

Brigham and Women's Hospital, 

The Harvard Center for The Study of Kidney Diseases 
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AnSTRACT 

Fawn-hooded (PH) rats spontaneously develop focal and segmental glomeralar sclerosis 

(FSGS), systemic hypertension and proteinuria (UpV) at a young age. Micropuncture 

and morphological studies were perfonned in two inbred strains of FH rats, FHH and 

FHL, with different susceptibilities to develop chronic renal failure (CRF). FHH rats 

have higher values for systolic blood pressure and Up V and more rapid development of 

FSGS and subsequent CRF as compared to genetically closely related FHL rats. FHH 

and FHL strains and a Wistar control strain, \V AG, were matched for age and were 

studied at 16 weeks. FHH, FHL and WAG-old (W AG-O) strains were matched for 

body weight (bw), the last group studied at 22 weeks. WAG were also matched for bw 

to a young group of FHH rats (FHH-Y), and these were studied at eight weeks. In 

comparison with WAG and W AG-O rats, FHH and FHH-Y rats exhibited an increase in 

mean glomerular capillary hydraulic pressure (PGD (WAG, 52 ± 1 mm Hg; W AG-O, 

47 ± 2 mm Hg; FHH, 60 ± 2 mm Hg; FHH-Y, 65 ± I mm Hg), whereas values in FHL 

animals were intermediate (56 ± 2 mm Hg), No significant differences in mean 

glomerular volume (Vol were found among groups. Moderate FSGS developed in 

FHH and FHH-Y rats, with values for older FHH rats being significantly greater than 

those for WAG, W AG-O and FHL animals. Thus, the genetically determined sensitivity 

to develop proteinuria, FSGS. and CRF in FH rats con'elated with early evidence of 

glomerular capillary hypertension. By contrast, glomerular hypertrophy was not 

associated with and not a prerequisite for early glomerular injury in FH rats. 

For many years, experimental animal models have been studied to elucidate the potential 

mechanisms causing the progression of renal disease to end-stage chronic renal failure 

(CRF). In humans, focal and segmental glomerulosclerosis (FSGS) is usually present at 

the end-stage as is hypertension and non selective proteinuria (365). Animal models 

described include surgical removal and/or infarction of renal tissue with or without 

superimposed hypertension and difference in dietary protein content (112, 179), 

administration of drags or toxins (9), and induction of a diabetic state (466). In contrast to 

these induced models, FSGS develops spontaneously in certain rat strains, reflecting a 

genetic predisposition (114). The fawn-hooded (FH) rat constitutes such a hereditary 

model. These rats develop FSGS spontaneously, together with systemic hypertension and 

proteinuria (UpV) at a young age (222, 228). Systemic hypertension and proteinuria 

increase further with age, and the progression of sclerosis results in premature death from 

end-stage renal failure (228). ll1is rat strain therefore constitutes an unique model, because 
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it may resemble intrinsi.c human kidney disease more closely than the various models of 

induced renal injury mentioned above. 

We previously reported that FH rats exhibit whole kidney hyperfiltration 

accompanied by nonnal effective renal plasma flow (ERPF) and normal total number of 

glomeruli (209). These findings suggested the presence of single-nephron (SN) 

hyperfiltration and. because of the non-elevated renal plasma flow rate (RPF) and high 

filtration fraction (FF). elevated mean glomerular capillary hydraulic pressure (PGc) as the 

predominant cause of the hyperfiitration (209). Maneuvers known to decrease PGC in other 

animal models, such as low protein diet (179) or angiotensin II converting enzyme 

inhibition (ACEI) (8). minimi7.e glomerular sclerosis and proteinuria and also prolong renal 

survival in FH rats (207. 449). On the other hand. maneuvers known to further inerease 

PGC. such as uninephrectomy (92. 108) or high protein diet (179). accelerate the 

development of proteinuria and renal failure in FH rats (207. 208). These findings further 

support the hypothesis that PGC is elevated in FH rats. 

In this study, we assessed glomerular hemodynamics in FH rats and related the 

findings to the development of early proteinuria and FSGS. This was performed in 

combination with renal morphologic studies. Two separate inbred strains of FH rats (341) 

with different susceptibilities to development of FSGS were used. 

MATERIALS AND METHODS 

Information on the different animal strains used in this experiment is provided in 

Chapters 2.1 and 3.1. Thirty-nine male rats were used in five experimental groups. Briefly. 

we used two groups of FHH rats of different ages together with one group of FHL rats and 

two groups of normotensive control Wistar (WAG) rats. Groups FHH. FHL. and WAG 

were matched for age. FHH. FHL. and WAG-Old fW AG-O) animals were matched for 

body weight (bw). as were WAG and FHH-Young (FHH-Y) rats. 

Beginning at the age of 12 weeks. SBPtc and 24h Up V were monitored in groups 

FHH. PHI.. and WAG. and at age 7 and 21 weeks in groups FHH-Y and WAG-O. 

respectively. Glomerular hemodynamic and morphologic studies were perfonned at age 16 

weeks in FHH. PHI.. and WAG animals and at age 8 and 22 weeks in groups FHH-Y and 

W AG-O. respectively. 

Details on animal preparation, and microcirculatory, analytic. and renal histological 

studies is provided in Part II of this thesis. 

Values were compared by one-way analysis of variance with the Scheffe's F-test 

for multiple comparison. Statistical significance was defined as P < 0.05. All values 

represent mean ± SE. 

53 



RESULTS 

Functional Studies 

Figures 1 and 2 summarize the values for SBPet and UpV. Moderate systemic 

hypertension was present in both FHH groups. Values for SBPtc in FHH-Y and FHH 

groups were significantly higher than in FHL rats and both groups of WAG rats. 

Significant proteinuria was present in young FHH rats as compared to both WAG groups. 

In older FHH rats, the level of proteinuria was further increased, the value being 

significantly higher than in all other groups. 
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Figure I SBP in the awake condition (SBPte). Values are mean ± SE. (circle) P < 0.05 

vs. WAG, (square) P < 0.05 vs. WAG-O and (triangle) P < 0.05 vs. FHL. Moderate 

systemic hypertension of similar level is present in FHH-Y and FHH rat groups. FHL 

and Wistar rats are nonnotensive. 

Systemic and Renal Hemodynamic Parameters 
Mean values for systemic and renal hemodynamic parameters are summarized in 

Table 1. Despite numerically higher values for MAP in all FH rat groups as compared to 

Wistar rats, differences during anesthesia were no longer statistically significant. Hct lVas 

similar in all groups. High values for whole kidney GFR were found in FHH and FHH-Y 
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rats, but only those in FHH animals were significantly higher than those in WAG rats. On 

the single-nephron (SN) level, GPR was significantly higher in FHH and FHH-Y animals 

than in WAG rats. FHL and WAG-O animals exhibited intermediate values for SNGFR. 

SNFF was also highest in FHH and FHH-Y rats, but only values for FHH-Y rats were 

significantly highcr as compared with those for WAG rats. Values for CA and CSF were 

identical in all groups, whereas CE and consequently 1tE were significantly higher in FHH 

rats as compared with W AG-O rats. 
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Figure 2. Urinary protein excretion (Up V) during 24 hour collection. Values are mean ± 

SE. (square) P < 0.05 vs. WAG, (circle) P < 0.05 vs. W AG-O and (triangle) P < 0.05 

vs. FHL. FHH-Y rats exhibited significantly more proteinuria than either WAG group. 

In older FHH rats, the level of proteinuria was further increased, the value being 

significantly higher compared to all other groups. 

Despite less evident systemic hypertension during anesthesia, measurements of 
Poc revealed the presence of glomerular capillalY hypertension in both FHH and FHH-Y 

animals (Figure 3). Values for Poc in FHH-Y rats were on average 5 mm Hg higher than 

pressures observed in FHH rats; however, this difference was not statistically significant. 
As a 'cohsequelice of the increased POc, A P was elevated in FHH and FHH-Y rats. A P 
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values for FHH rats were on average 12 mm Hg higher than values in W AG-O rats 

m~tched for bw. A similar mean elevation of 13 mmHg was found in FHH-Y rats 

compared with body weight·matched WAG rats. 11 P values for FHL rats were on average 

7 mm Hg higher than those for W AG·O rats. This value is intermediate compared with that 

for FHH and W AG-O animals. 

Efferent arteriolar pressures tended to he lower in FHH and FHH-Y rats, but only 

values in FHH-Y rats were significantly lower compared to FHL, WAG, and W AG·O rats. 

Values for Kf, QA, and RA did not differ among groups, with the exception of the 

significantly higher QA in FHL rats compared with that in age-matched WAG ratS. Values 

for RE in FHH rats were twice those found in W AG·O rats and were also higher compared 

with those in FHL rats. Values for RE in FHH· Y rats were also increased significantly as 

compared with those in FHL and W AG·O rats but were only numerically higher compared 

to body weight-matched WAG rats. 
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Figure 3 Mean glomerular capillary hydraulic pressure (PGd. Values are mean ± SE. 

(square) P < 0.05 vs. WAG, (circle) P < 0.05 vs. WAG·O, (triangle) P < 0.05 vs. 

FHL. Values for PGC were elevated in FHH rats of all ages and were significantly 

higher than those for both WAG groups. FHL rats exhibited slightly increased values 

for Poc, which were only significantly higher as compared to WAG rats matched for 

body weight. 
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Tabk I, MAP Hct GFR SNGFR SNFF 

GrouE n mmHs % mVmin nVmin 

WAG 8 120±3 44±1 1.19±0.06 47±1 0.29±0.02 

WAG-O 7 116±2 47±1 1.37±0.06 52±2 0.26±0.03 

FHH-Y 8 125±3 44±1 1.41±0.09 63±3 0.36±0.01 

FHH 8 1 23±3 44±1 1.57±0.08 60±4 0.34±0.03 

FHL 8 128+2 45+1 1.50+0.08 55+2 0.30+0.01 

WAG vs. W AG-O NS NS NS NS NS 
WAG vs. FHH-Y NS NS NS * NS 
WAG vs. FHH NS NS • * NS 
WAG vs. FHL NS NS NS NS NS 
WAG-O vs. FHH-Y NS NS NS NS * 
W AG-O vs. FHH NS NS NS NS NS 
W AG-O vs. FHL NS NS NS NS NS 
FHH-Y vs. FHH NS NS NS NS NS 
FHH-Y vs. FHL NS NS NS NS NS 
FHH vs. FHL NS NS NS NS NS 

CA CE CSF 1tA 1tE 1tSF PSF Poc PT AP 
- - - - - - - - Lidl - - - - - - - - - - - - - - - - - - - - - - - - mm Hg - - - - - - - - - - - - - - - -

5.2±0.1 7.4±0.2 5.2±0.1 16±1 28±1 16±1 36±1 52±1 13±1 39±1 

5.0±0.2 6.8±0.3 4.7±0.3 15±1 25±2 14±1 34±1 47±2 1l±1 36±1 

5.1±0.1 7.9±0.2 5.2±0.1 16±1 32±1 16±1 49±1 65±1 13±1 52±2 

5.4±0.2 8.2±0.3 5.5±0.2 18±1 34±2 18±1 43±1 60±2 12±1 48±2 

5.4+0.2 7.5+0.3 5.4+0.2 17+1 29+2 18+1 39+1 56+2 13+1 43+2 

NS NS NS NS NS NS NS NS NS NS 

NS NS NS NS NS NS * • NS * 
NS NS NS NS NS NS * * NS • 
NS NS NS NS NS NS NS NS NS NS 
NS NS NS NS NS NS * * NS * 
NS • NS NS * NS • * NS * 
NS NS NS NS NS NS NS * NS NS 
NS NS NS NS NS NS * NS NS NS 

NS NS NS NS NS NS * • NS * 
NS NS NS NS NS NS NS NS NS NS 
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CQntingatiQn Tabl~ 1, 

PE Kf OA RA RE 

mmHs nll(s·mm H~) nUmin - - - 101O·d~n·s·cm-5 - - -

16±1 0.04S±0.003 160±9 1.93±0.15 1.23±0.OS 

16±1 0.066±0.0 11 20S±24 1.56±0.20 0.77±0.09 

12±1 0.036±0.001 ISO±12 l.54±0.1O l.70±0.12 

14±1 0.045±0.004 IS2±14 1.66±0.21 l.54±0.IS 

15+1 0.053+0.010 2OO+S 1.59+0.0S 1.0S+0.07 

NS NS NS NS NS 

* NS NS NS NS 

NS NS NS NS NS 

NS NS • NS NS 

* NS NS NS • 
NS NS NS NS * 
NS NS NS NS NS 

NS NS NS NS NS 

* NS NS NS * 
NS NS NS NS * 

Values are mean ± SE. * P < 0.05 between pairs; NS, P ;" 0.05 between pairs. MAP, 

mean arterial pressure; CA and CEo afferent and efferent arteriolar protein concentration; 

CSP. afferent arteriolar protein concentration during stop-flow measurement; 1tA. 

afferent arteriolar oncotic pressure; 1tE. efferent arteriolar oncotic pressure; 1tSF. afferent 

arteriolar oncotic pressure during stop flow measurement; PSFI mean stop-flow - -pressure; PGC. mean glomerular capiHary hydraulic pressure; PT, mean intralubular 

hydraulic pressure; "P, mean glomerular transcapillary hydraulic pressure difference; 

PE, mean efferent artcriolar hydraulic pressure; K[, glomerular capillary ultrafiltration 

coefficient; QA. glomerular capillary plasma flow rate; RA. afferent arteriolar resistance; 

REI efferent arteriolar resistance. 
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Morphologic Parameters 

Data for morphologic studies are presented in Table 2. Kidney weight was 

significantly higher in FHH and FHL rats as compared with that in WAG rats of similar 

age. However, when compared with that in W AG-O rats of similar weight, no significant 

difference was found. The heart weight reflected the level of awake systolic blood pressure 

in the various strains and was greatest in FHH and FHL rats. Values for V G were not 

significantly different among groups (Figure 4) and remained in the nonnal range (236). 

The percentages of glomeruli affected by sclerosis were highest in FHH and FHH-Y 

animals, but only values in FHH rats were significantly higher than those in both groups of 

WAG and FHL rats. 

T~hk 2 M0!Eholo~ic 2arameters. 

body kidney heart 

age weight weight weight Va FSGS 

GrouE n wk --- - -- - --g-- ---- - --- 1()6l1m3 % 

WAG 8 16 282±5 2.75±0.08 0.82±0.02 l.39±0.07 0.2±0.1 

WAG-O 7 22 340±3 3. 14±O.1O 0.95±0.02 1.58±0.03 0.3±0.2 

FHH-Y 8 8 253±9 3.21±0.1O 0.96±0.03 1.62±0.04 4.1±1.0 

FHH 8 16 322±5 3.64±0.19 1.23±0.09 1.65±0.07 5.5±2.1 

FHL 8 16 327+14 3.45+0.14 1.14+0.04 1.55+0.07 1.4+0.3 

WAG vs. WAG-O * NS NS NS NS 

WAG VS. FHH-Y NS NS NS NS NS 

WAGvs. FHH * * • NS * 
WAGvs. FHL • * * NS NS 

W AG-O vs. FHH-Y • NS NS NS NS 

W AG-O vs. FHH NS NS * NS * 
W AG-O vs. FHL NS NS NS NS NS 

FHH-Y vs. FHH * NS * NS NS 

FHH-Y vs. FHL * NS NS NS NS 

FHH vs. FHL NS NS NS NS * 
Values are mean + SE. *. P < 0.05 between 2airs;.NS. P;" 0.05 between Eairs. 
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Figure 4. Average glomerular tuft volume (V Gl. Values are mean ± SE. No significant 

differences in glomerular volume were found among groups. 

DISCUSSION 

In this study, we have examined glomerular hemodynamics as well as renal 

morphology in two strains of FH rats with different susceptibilities to develop systemic 

hypertension, proteinuria, FSGS, and subsequent CRF. The FHH strain is characterized 

by high values forSBP, SNGFR, Poc, RE, and proteinuria. TIlese parameters were found 

to define susceptibility to progressive glomerular sclerosis, because they were not 

abnormally elevated in control WAG and W AG-O rats. Values were intermediate in the 

FHL strain, as were degrees of glomerular sclerosis and proteinuria. Values for glomerular 

volume were similar in all groups and remained far below those reported in rats with 

diabetes and remnant kidneys (236), thereby failing to support a pathophysiologic role for 

hypertrophy in the pathogenesis of FSGS in FHH rats. Because rats were studied before 

the development of severe sclerosis, we fecI confident that we did not underestimate the 

true value of hypertrophy as a consequence of retraction and scatTing. 

As in human essential hypertension, the precise cause of the spontaneous 

development of systemic hypertension in FH rats is not well understood. It has been 
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reported that FH rats have low plasma and intrarenal renin (145, 257), low urinary 

kallikrein excretion and renal kallikrein content (145), increased urinary output of 

dopamine. norepinephrine and homovanillic acid (258), altered urinary eicosanoid 

excretion (211), and altered volume homeostasis (340). 

Because of absence of surface glomemli in FH rats, PGC can not be evaluated by 

direct techniques and the indirect stop· flow technique had to be used. Debate regarding the 

equality of the Pac values estimated by the two approaches has been extensive. Data 

obtained from indirect stop-flow technique may slightly overestimate values obtained by 

direct measurement. The differences between stop-flow and free-flow measurements are 

due to a TGF response to the blockade of the flow in the loop of Henle. However, 

differences are usually small and present only in approximately one half of the studies 

(251). Activation of the TGF induccd by changes in the loop of Henle flow resulted in 
- - -

parallel changes in directly measured Pac and PSF, confirming that differences in PsP do 

reflect differences in PGC (62). However, it could be argued that the significantly higher 

PSF values in FHH and FHH-Y rats when compared with values in weight- and age

matched WAG controls, are only present under stop-flow conditions. Without fluid 

delivery, there is complete suppression of the TGF and PGC and PSF reach maximal 

values. The observed difference could disappear under free-flow conditions if the TGF 

system were more active in FHH than in WAG rats. A comparison of the TOF response 

between both strains is needed to settle this argument. 
A number of studies have used the stop-flow technique in strains of rats that do not 

have surface glomeruli (251), among them another hypCI1cnsive strain, the spontaneously 

hypertensive rat (SHR). Comparison of SHR with the normotensive Wistar-Kyoto (WKY) 

rat revealed no significant differences in Pac between these strains (16, 100). Thus, the 

SHR differs from the FHH with regard to the regulation of their glomerular 

hemodynamics. The presence of a normal PGC in SHR might explain the finding that, in 

contrast to mildly hypertensive FH rats, SHR with a markedly higher blood pressure level 

do not develop proteinuria and renal lesions at young age (122). The glomeruli in young 

SHR rats appear to be protected from high SBP by afferent vasoconstriction. Howcver, 

when uninephrectomy is performed (108) or older SHR are studied (377), afferent vascular 

tone decreases, PGC rises, and progressive FSGS and CRF ensue. 

The glomemlar capil1ary hypertension present in FHH rats results from increased 

efferent arteriolar resistance in the absence of increased afferent vascular tone. The 

moderate systemic hypertension is thus transmitted into the glomerular capillaries and 

because of the high RE, the pressure is retained in this network. The differences in SBP 

measured between animal groups in the awake condition were largely dissipated under 

anesthesia during the micropuncture experiments. It is therefore likely that PGC values are 
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even higher in non anesthetized PH animals. Evidence for a fundamental role of glomerular 

capillary hypertension in the progression of renal disease has been established in various 

other animal models (8, 9, 108, 112, 179, 466). This study suggests that this 

hemodynamic maladaptation also contributes to the development of FSGS in PHH rats. 

Only a few studies in rats with spontaneous development of proteinuria and FSGS, 

which may represent human progressive renal disease more closely than intervention 

models, have been reported. Remuzzi and coworkers recently described the spontaneous 

development of proteinuria, FSGS, and hypertension in the male MW-Fromter rat (358). 

Pac was elevated, suggesting that it may have again been the main factor responsible for 

these pathological changes. Selective reduction of this pressure by converting enzyme 

inhibition resulted in protection against glomerular damage, restoration of glomerular 

permselectivity, and increased hydraulic membrane permeability (358). Brandis and 

colleagues suggested that, in rats of the Milan normotensive strain (MNS), proteinuria and 

FSGS occur as a consequence of alterations in intrarenal hemodynamics. in particular 

elevation of PGC (50). Genetically similar animals of the Milan hypertensive strain (MHS) 

are protected from glomerular capillary hypertension and consequent glomemlosclerosis, 

possibly because of thickening of the interlobular arteties, which increases RA and thereby 

prevents the transmission of systemic hypertension into the glomeruli. 

Kreisberg and Karnovsky first described the spontaneous occurrence of FSGS in 

FH rats (222). Affected glomeruli were randomly distributed in the renal cortex, with no 

preferential localization to the juxtamedullary area. The earliest morphologic changes were 

noted at the age of 6 months and consisted of extensive changes in glomerular epithelium, 

including foot process fusion, vacuolization, bleb formation, and focal detachment from the 

glomerular basement membrane. The degree of epithelial cell damage and loss of 

glomerular polyanion correlated with the amount of proteinuria observed. Antibody

mediated injury was not present. These authors concluded that epithelial cell damage 

initiates a cascade of glomerular damage and proteinuria. eventually resulting in FSGS. The 

importance of an intact podocyte population for the maintenance of glomerular function was 

emphasized by Fries and coworkers (132). In a model of progressive glomerulosclerosis 

induced by adriamycin and renal ablation, the degree of FSGS and proteinuria was to a 

great extent directly related to epithelial cell injury and density. Kriz and coworkers 

suggested that glomerular capillary hypertension may cause distention of capillary loops 

when the system responsible for the creation of counteracting wall tension fails (223). The 

resulting capillary dilation is then thought to reduce tlle relative density of visceral epithelial 

cells. According to this formulation, epithelial cells eventually fail and the resulting 

denuded portion of glomerular basement membrane creates an area for increased protein 

convection, which results in further glomerular damage and eventually glomerulosclerosis. 
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Because in the FHH rat we find that elevated glomemlar hydraulic pressure predicts the 

subsequent development of FSGS whereas significant increase of the glomerular tuft 

volume does not, epithelial cell damage must result from factors other than simple 

stretching of podocytes over an expanded glomemlar tuft area. 

In conclusion, this study establishes the presence of glomerular capillary 

hypertension, hyperfiltration and exaggerated post-glomerular resistance as early 

occurrences in FHH rats. Furthermore, we were able to demonstrate that these adaptations 

predict the genetically determined propensity to develop proteinuria, FSGS, and CRF. 

FHH and FHL rat strains thus constitute a new model for progressive CRF caused by 

glomerular hypertension, the latter attributable directly to enhanced efferent arteriolar 

resistance. The basis for this early postglomclUiar vascular abnormality, whether structural, 

functional, or both, and whether genetically prcdetelmined, meIits further study. 
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AnSTRACT 

Fawn-hooded (PH) rats with congenital proteinuria and systemic and glomerular 

hypertension are very susceptible to renal damage at a young age. In this study, the 

effects of unilateral nephrectomy (NX) on the function and structure of the remaining 

kidney in the FHH substrain were assessed. A long-term study was performed to 

dctcnnine the changes in systemic blood pressure, renal function, and proteinUlia duting 

the development of chronic renal failure in NX FHH and two-kidney (2K) FHH rats. 

Renal micropuncture and morphologic studies were performed at four weeks after 

surgery. The long-term study showed that, after NX, systolic blood pressure did not 

differ significantly from that of 2K FHH rats. After NX, there was compensatory 

hyperfiltration, at about 70% of the 2K level, that could be maintained for 12 weeks 

only. The subsequent fall in GFR was preceded by severe proteinuria. The mean 

survival time of NX FHH rats was only 35 weeks. Micropuncture studies showed that 

the high mean glomerular capillary hydraulic pressure (PGd of 2K FHH rats was 

furUler elevated after NX. The glomerular capillary ultrafiltration coefficient (Kf) did not 

differ significantly between NX FHH and 2K FHH rats. The weight of the remaining 

kidney and the mean glomerular tuft volume (V c,) in NX FHH were, on average, 36 

and 31 % greater than in 2K rats. The results indicate that the FHH rat is extremely 

vulnerable to the adverse renal effects of NX. A comparison of the hemodynamic and 

structural data of this study with those reported for other rat strains indicated that the 

severe glomerular hypertension. but not the degree of glomerular hypertrophy, underlies 

the high susceptibility to renal damage in NX FHH rats. 

The rate of development of chronic renal failure (CRF) in renal ablation models varies 

directly with the amount of excised andlor infarcted kidney tissue (166, 206) and with the 

corresponding maladaptive increase in mean glomerular capillary hydraulic pressure (PGd 

(ll, 51, 108, 112, 179). In general, after a variable period of compensatory glomerular 

hyperfiltration, nephron loss results in progressive focal and segmental glomerular 

sclerosis (FSGS) and CRF. However, marked differences have been described in the 

susceptibility of different rat strains to the development of 10ng-tClID sequelae after ablation 

(ISS, 339, 440, 451), suggesting that genetic factors also influence the rate of progression 

of CRF in such models. 

The fawn-hooded (FH) rat exhibits a remarkable susceptibility to develop FSGS 

spontaneously at a young age (222, 228). This is associated with moderate systemic 
hypertension (228, 231), increased proteinuria (UpV) (209, 210, 222, 228, '231), 
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glomerular hypertension (404) and glomerular hyperfiItration (209. 210). FSGS and 

proteinuria progress, and eventually, animals die as a result of end stage renal disease 

(ESRD) (210. 228). We recently detected the spontaneous occurrence of glomerular 

capillary hypertension and hyperfiItration in two inbred substrains of FH rats and were able 

to predict ule development of FSGS according to the level of Poc (404). Excessive efferent 

arteriolar resistance in association with elevated systemic blood pressure proved to be 

responsible for the observed glomerular capillary hypertension. For inbreeding, FH rats 

were selected on the basis of differences in values for awake systolic blood pressure 

(SBPtc) (341). Rats with the highest values for SBPtc were designated FHH. and those 

with lowest were designated FHL. FHH rats were shown to have higher values for Up V. 

Poco and single-nephron (SN) and whole kidney GFR and more rapid development of 

FSGS and CRF than FHL animals (210. 341. 404). 

The purpose of this study was to assess the effects of unilateral nephrectomy (NX) 

on the structure and function of the remaining kidney of the FHH substrain. A long-term 

study was done to determine the changes in renal function, proteinuria, and systemic blood 

pressure during the development of CRF in both NX and two-kidney (2K) FHH rats. At 

four weeks after surgery. renal micropuncture studies were also perfonned to ascertain the 

magnitude of changes in glomerular hemodynamics induced by the NX state. Morphologic 

studies were done in kidney tissue from rats used for these microcirculatory studies. 

MATERIALS AND METHODS 

Animal preparation, and functional. micropuncture, analytical and morphologic 

studies were done as described previously in Part II of this thesis. 

For long-term experimentation. twenty-eight weight matched male FHH rats were 

operated on at the age of four to five weeks (2K. n = 14; NX. n = 14). After surgery. body 

weight (bw) and SBPtc were monitored every two weeks. GFR and ERPF were 

detelmined as Ule plasma clearance of [SICrJ-EDTA and [12SI1-iodohippurate. respectively. 

and were determined every six weeks. The method for estimation of GFR and ERPF in 

awake animals is further detailed in Chapter 3.3. 

All data arc given as means ± SE. A t test was applied to detect differences between 

the mean values of 2K and NX rats in the long-term, the microcirculatory, and the 

morphologic studies. Statistical significance was detined as P < 0.05. 

RESULTS 

Long-term Studies 

SBPtc increased in both 2K and NX rats. but no significant differences were found 

between groups at any time point (Figure I). 
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Figure 1. Long-telm changes in the SBPtc of 2K and NX FHH rats. Open circles, 2K 

rats; closed circles, NX rats. Mean ± SE. No significant differences between 2K and 

NX rats. 

Initially, values for GFR and ERPF in NX animals showed a compensatory rise of 

40% and 60%, respectively, as compared with single-kidney values in 2K rats (Figure 2). 

However, from weeks 12 onwards, GFR and ERPF showed a rapid decline, and 

eventually all NX animals died as a result of end-stage renal failure. Mean survival time 

was 35 ± 7 weeks (median, 34 weeks) post-NX. 

NX initially resulted in slightly higher values for Per and Pur compared with those 

found in 2K rats (Table I). Values for Per and Pur increased steadily from week 12 

onwards in the NX animals, whereas values for these parameters remained unaltered in 2K 

rats during tile complete follow-up period. 

In NX rats, the declines in GFR and ERPF were accompanied by a marked increase 

in UpV (Figure 3). Proteinuria was also present in 2K rats, but to a much lower degree. 

Because of the marked reduction in GFR of NX rats after week 24, there was a slight 

decrease in the level of proteinuria. 
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Figure 2. Long-tcnn changes in ERPF (A) and GFR (B) of 2K and NX FHH rats. Open 

circles, 2K rats; closed circles, NX rats. Mean + SE. * P < 0.01 vs. 2K rats. 
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Figure 3 Long-tenn changes in Up V of 2K and NX FHH rats. Open circles. 2K rats; 

closed circles. NX rats. Mean ± SE. • P < 0.01 vs. 2K rats. 

T~bl~ 1. Body weight. pcr• and Pur in the long-term study. 

Body weight Pur Per 
- - - - - - - - - - g - - - - - - - - - - ---mmol/L--- - - - J.lmol/L - - -

wk 2K NX 2K NX 2K NX 

6 252±4 (14) 237±5 (14) 4.9±0.1 6.5±0.2 33±1 39±1 

12 297±4 (14) 280±4 (14) 4.0±0.2 5.1±0.2 42±2 50±4 

24 348±4 (14) 319±5 (1/13) 5.0±0.2 12.0±IA 35±2 55±4 

36 373+5 (14) 322+6 (7n) 5.5+0.2 26.5+5.3 40+1 144+28 

Values are mean ± SE. Values in parentheses, number of rats; values in parentheses with 
shilling construction, number of rats dead due to CRF/number of rats measured. 

Throughout the study. the data for body weight. pur. and Per of NX rats were 

significantly different from those of 2K rats. 
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Micropuncture Studies 

Results are summarized in Table 2. One week before the acute micropuncture 
study, UpV was elevated in NX as compared with 2K animals, averaging 65 ± 13 and 26 

± 3 mg124h, respectively (P < 0.05). Values for SBPe and mean arterial pressure (MAP) 

were not statistically different, and SBPe values for both groups were comparable to values 
.' 

Tabk 2 Summa~ data of micro~uncture stud~. 

Group UpV SBPe MAP Hct SNGFR SNFF CA 

n mli24h - - mm H~ -- % - nVmin- lidl 

2K 8 26±3 I 59±4 122±4 44±1 62.6±2.8 0.34±0.01 5.2±0.1 

NX 7 65+13' 160+4 130+3 45+1 92.1 +6.4' 0.31+0.01 5.2+0.1 

Continuation Table 2. 

CE CSF 7tA 7tE 7tSF PSF PGC PT ~P 

- - - - lidl - - - - - - - - - - - - - - - Inm H~ - - - - - - - - - - -

7.9±0.2 5.2±0.1 16±1 31±1 16±1 45±1 62±1 13±1 49±1 

7.5+0.2 5.1+0.1 16+1 29+2 16+1 51+1' 67+1' 1l±1* 56+1' 

PE Kf <2A RA RE RT 

nlls.mm H~ nVmin - - - - 101O·d~n·s.cm-5 - - -

13±1 0.041±0.002 182±9 l.50±0.1l 1.51±0.1O 3.01±0.19 

12+1 0.045+0.003 300+19' 0.94+0.10' 0.97+0.05' 1.92+0.14* 

Values are means ± SE. • P < 0.05 vs. 2K rats. n, number of rats; MAP, mean arterial 

blood pressure; Hct, hematocrit; CA and CE, afferent and efferent arteriolar protein 

concentration; eSF. afferent arteriolar protein concentration during stop-flow 

measurement; 1tA and 1tE. afferent and efferent arteriolar oncotic pressure; 1tSF. afferent 

arteriolar protein oncotic pressure dUling stop-flow measurement; PT. mean intratubular 

hydraulic pressure; PE, mean efferent arteriolar hydraulic pressure; RT, sum of RA and 

RE. See text for definitions of other abbreviations. 

for SBPtc found in the long-term study. SNGRF increased approximately 47% and FF 

tended to decrease, as a consequence of NX. No significant differences were found for - - -
CA, CE, and CSF among groups. PSF, PGC, and ~p were high in 2K rats, averaging 45 ± 

0.8,62 ± 1.0 and 49 ± 1.2 mm Hg, respectively. NX caused a significant further increase 

in these parameters, averaging 51 ± 1.3, 67 ± 1.4 and 56 ± 1.5 mm Hg, respectively (P < 
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0.05). Filtration pressure disequilibrium (where 1tE < Ll P) was present in all rats studied, 

and unique values for the glomerular capillary ultrafiltration coefficient (Kf) were 

calculated. Kf averaged 0.041 ± 0.002 and 0.045 ± 0.003 (nil (s·mm Hg) for 2K and NX 

groups, respectively. and were not statistically different. Values for initial QA in NX rats 

increased by approximately 65% compared with that in 2K rats. Despite a significant 

decrease in values for RA and RE (36 . 37%), the abnormal balance between afferent and 

efferent arteriolar resistance's, already present in 2K FHH rats (404), was not altered as a 

consequence of NX. 

Renal Morphology 

Results arc summarized in Table 3. Left kidney weight and mean glomerular tuft 

volume in NX rats were, on average, 36 and 31% greater, respectively. than in 2K rats (P 

< 0.05). Values for FSGS were only numerically higher in NX rats at age 12 weeks. 

IlI.!lliL1. Summary of morphologic parameters. 

Group bw left kw total kw 

n 

2K 8 
NX 7 

•• u. u. u •• u g .• u •• u •• u •• 

278±8 1.73±0.1O 3.43±0.20 

262+8 2.35+0.07* 2.35+0.07* 

Vo FSGS 

106 Jlm3 % 

1.64±0.04 3.8±0.7 

2.15+0.11* 10.1+2.9 

Values are ± SE. * P < 0.05 vs, 2K rats. n, number of rats; bw, body weight; kw, 

kidney weight; Va. mean glomerular tuft volume; FSGS, focal and segmental 

glomerular sclerosis. 

DISCUSSION 

This study demonstrates the remarkable susceptibility of the remaining kidney in 

NX FHH rats to progress rapidly to end-stage renal failure. The mean survival time post

NX of 35 weeks in these animals is approximately onc third of that observed in a 
normotensive strain (WAG) submitted to NX (342). A stable GFR post·NX in WAG rats 

is present for 48 weeks, but this period of stability is reduced to only 12 weeks in FHH 

rats. A rate of decline in GFR could not be estimated for individual rats in this study, 

because more frequent measurements are required for such calculations. However, the 

changes in the mean GFR in NX FHH rats indicate a rate of decline of approximately 0.7 

mUrnin per 12·week period, about three times faster than reported by us in NX WAG 

(342). The amount of proteinuria post·NX was also much higher in FHH than in WAG 

animals. In NX FHH, the highest value for UpV, more than 400 mg/day, was obtained at 
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24 weeks post-NX, whereas the maximum value for UpV in NX WAG was 250 mg/day at 

72 weeks post-NX (342). In accord with previous studies, NX did not increase blood 

pressure. However, at four weeks post-NX. the glomerular hemodynamics. already altered 

in 2K FHH rats with a normal number of nephrons (341), became further abnormal. The 

average increase in SNGFR in NX FHH animals of 47% was comparable to the increase in 

total GFR found in the long-term study group. The" P was increased on average by 7 mm 

Hg, to 56 ± 1.5 mm Hg. Values found for Kf were similar in both 2K and NX groups. 

The V G can be used as a rough indicator of glomerular tuft area available for filtration. 

Because V G increased and Kf remained the same after NX, pore parameters defining 

molecular membrane conductivity, must have been altered. A decrease in pore density 
andlor an increase in pore length could explain thc unaltered Kf. Values for RA and RE 

decreased proportionally as a consequence of NX. Therefore, the anomalous balance 

between preglomerular and postglomerular resistance, present in 2K FHH animals, 

remained unmodified. 

Various mechanisms of glomemiar adaptation to initial injury have been proposed 

as important in the cause and/or mediation of progressive CRF. Brenner and coworkers 

have postulated that intraglomerular circulatory adaptation to nephron loss and/or injury, 

notably an increase in PGC. is the main driving force for continllous glomerular damage 

(51). This hypothesis has been confirmed in numerous experimental studies of renal 

ablation (II, 51, 179) as well as in other experimental models. In these models, Pac is 

increased from the onset of the disease, and maneuvers that lower PGC protect the kidney 

from FSGS. Recently, the congenital occurrence of glomerular capillary hypertension in 

PH rats was found to predict the subsequent development of increased UpV, FSGS, and 

CRF. Therefore. even if an animal has a nonnal number of nephrons, giomemiar capillary 

hypertension can be present and this inborn glomerular hypertensive state can lead to 

progressive CRF (404). In recent years, others have surmised that growth promoters cause 

glomerular hypertrophy and mesangial matrix accumulation (127, 219) and may playa role 

in the progressive destruction of glomerular ultrastructure and function. Finally, an altered 

permeability of the glomerular capillary membrane to macromolecules has been postulated 

to contribute to glomerulosclerosis (360). 

In this study, we did not compare FHH animals with a strain that is less susceptible 

to develop FSGS and CRF. Previous studies have established variability among rat strains 

in susceptibility to develop FSGS (108, 155, 451). However, none of these studies 

assessed both glomemlar hemodynamics and morphologic parameters. We are aware that 

comparison with data reported from other laboratories might be speCUlative. Nevertheless, 
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we will do so in order to reveal potential differences in the responses of FHH and other 

less-susceptible rat strains to NX. 

At four weeks post-NX, FHH rats developed a marked degree of glomerular 

capillary hypertension. The Pac value of 67 mm Hg in these animals is much higher than 

those reported for NX Munieh-Wistar (MW) rats (92, 112, 179) or Wistar Kyoto (WKY) 

rats (108), which range from 50 to 55 mm Hg. Both strains are not very susceptible to the 

development of renal damage in the remaining kidney post-NX (108,132,178,451). The 

level of glomerular hypertension in NX FHH, however, is comparable to that reported for 

MW rats with remnant kidneys (II, 132, 179), in which renal damage typically progresses 

rapidly. 

At four weeks post-NX, the degree of hyperfiltration at the whole kidney level in 

NX FHH amounted to about 140% of the single-kidney value in 2K rats. The magnitude of 

the compensatory increase in FHH rats is therefore not substantially different from the 

increase reported for many other rat strains (92, 108, 155,451) that are less susceptible to 

FSGS and CRF post-NX than are FHH rats. Consequently, the magnitude of the relative 

increase in GFR post~NX can not explain the differences in susceptibility to renal damage. 

However, the absolute level of glomerular hyperfiltration post-NX may be higher in FHH 

than in other strains. The value found in this study, 92 ± 6 nVmin (Table 2), is indeed 

much higher than usually reported for NX rats of other strains (92, 108, 112). Similarly, a 

QA value of 300 ± 19 nVmin for NX FHH (Table 2) is higher than that reported for other 

strains. Like the values for Pac, those for SNGFR and QA determined in NX FHH are 

closer to those reported for glomeruli remaining after thrce~fourths or five-sixths 

nephrectomy in MW rats (II, 132) than to those ofNX MW rats (92, 112). 

The magnitude of weight change of the remaining kidney at four weeks post-NX in 

FHH is comparable with values previously reported for WAG rats (344). The 40% average 

increase in kidney weight is similar to valoes reported in other strains (92, 155, 451). 

Therefore, whole kidney hypertrophy does not explain the increased susceptibility of the 

FHH strain to develop renal damage post-NX. On the glomerular level, increases in both 
- -
V G and absolute values for V G post-NX in FHH were similar to those reported in other 

strains post-NX (155, 451). Thus, glomerular hypertrophy appears to be unimportant 

when accounting for differences in susceptibility between strains. 

The question still remains unsolved whether compensatory glomerular growth 

promoters or hemodynamic alterations cause glomerular volume to increase post-NX. 

Hemodynamic adaptation occurs immediately post-NX, as demonstrated by the increase in 

both whole kidney (344, 402) and SN GFR (402) even before the increase in kidney 

weight is apparent. Furtilennore, an early specific growth response of glomeruli is doubtful 

because the gene expression of growth-related proteins and extracellular matrix constituents 
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was unaltered in isolated glomeruli during the first week post-NX (300). However, 

because gene expression in total renal cortex was increased in a specific time-related 

fashion, this study confirmed carlier findings that renal growth post-NX consists 

predominantly of hypertrophy of renal tubules, rather than of glomeruli (429). Finally, a 

morphologic study indicated that the glomerular lesions induced by NX, i.e., the foonation 

of irregular and giant capillary loops, were not the result of normal Of compensatory 

growth but were secondary to failure of the mesangium (299). An increased wall tension, 

caused by hemodynamic changes. may initiate and maintain this capillary expansion. It may 

be of note tI,.t a 31 % increase in Y G, as induced by NX in this study, can be explained by 

just a 10% increase in capillary diameter. 

Comparison of the hemodynamic and structural changes of various rat strains after 

NX strongly suggests the conclusion that the high susceptibility to develop renal damage in 

the NX FHH rat compared with other strains is defined by the level of glomerular 

hypertension, hyperfiltration, and hyperperfusion. but not the degree of increase in 

glomerular size. TIle question remains whether these persistent adaptive hemodynamic 

changes in NX FHH account solely for the high susceptibility, or whether there is an 

additional role for altered permeability to macromolecules in the progressive renal damage. 

An increased penneability due to changes in size selective and charge selective properties of 

the glomerular capillary wall has been reported following NX (66) and extreme ablation of 

renal mass (319). Proteinuria is a prominent feature in FHH rats. It is unclear whether this 

is solely the result of the elevated glomerular filtration pressure, flow, and filtration present 

in these animals, or whether alterations in size selective andlor charge selective properties 

of the glomerular wall andlor altered tubular handling of proteins are contributory. 

Substrains of FH rats with differences in UpY also differ in rate of renal deterioration 

(210). The highest values for UpY and Pee were coincident in FHH animals, whereas in 

FHL rats, the lowest values for these parameters were linked (404). In FHH animals, the 

increased proteinuria is almost exclusively due to increased urinary albumin excretion (A.P. 

Provoost, unpublished observation). This excludes a prominent role for an impaired 

tubular handling of filtered proteins and might indicate a specific alteration in charge

selective properties of the filtration barrier. Studies of the permeability of the capillary wall 

of FHH rats to macromolecules are needed to determine a role for size selectivity andlor 

charge selectivity defects in the glomeruli of FHH rats. Preliminary data from such a study 

indicate that 2K FHH rats have higher fractional clearances of polydisperse Ficoll, with a 

Stokes radius less than 50 A, than those reported for MW rats (313, 315). In NX FHH, 

there was no further change in size selectivity in the 20 to 40 A range, suggesting that the 
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more pronounced albuminuria post-NX results.from additional defects in charge selectivity 
(313). 

Systemic hypertension in spontaneously hypertensive rats (SHR) is much higher 

than in FHH animals at a similar age. The hypertension in SHR is not transmitted in the 

glomerular capillary network, and FSGS and renal failure are not early findings in this rat 

strain. However, when renal mass is reduced, the RA decreases in SHR and allows the 

transmission of systemic hypertension into the glomerular capillary network (108). 

Subsequent renal damage, as evidenced by significant proteinuria, was present at age 23 

week in NX SHR rats, at 18 weeks post-NX (108). Dworkin and Feiner used the WKY rat 

as a control strain for the SHR. The WKY is resistant to renal damage during aging, even 

post-NX. Pac in NX WKY animals remains at a level similar to that in 2K SHR rats 

(108). In the study presented here, we found that 2K FHH rats with relatively mild 

systemic hypertension have elevated values for Pac. and NX causes a further increase in 

this parameter. An abnonnal balance in RA and RE is present in intact FHH rats and is not 

altered by NX. Renal vascular regulation of glomerular filtration might be genetically 

determined and thereby predispose to renal failure if Pac or A P is excessive. Recent 
studies in humans have identified genetic factors as rut important independent risk factor for 

the development of ESRD, secondary to hypcrtension and diabetes (123, 417). The 

different animal strains available for renal pathophysiologic studies in reference to FSGS 

and CRF may allow uS to identify such genetic determinants, as has been the case in rats 

with congenital hypertension (192). 

In conclusion, after NX, the FHH rat rapidly develops renal damage and this 

damage correlates with adaptive increases in glomerular pressure, plasma flow, and 

filtration rate, as well as in the size of the glomerulus. In our view, the hemodynamic 

changes, rather than the structural adaptation of the glomeruli. appear to underlie the high 

susceptibility to develop renal damage after NX in FHH rats compared as with other rat 

strains. 
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AnSTRACT 

The fawn-hooded rat constitutes a spontaneous model for chronic renal failure with early 
systemic and glomerular hypertension. proteinuria (UpY) and high susceptibility to 

development of focal and segmental glomerular sclerosis (FSGS). It has becn argued 

that uninephrectomy (NX) accelerates the development of glomerular injury by 

aggravation of glomerular hypertension and by an independent effect to promote 

glomerular enlargement. The present study was performed to further delineate the 

importance of these parameters for the development of FSGS. At the age of eight weeks 

male rats were NX and randomly assigned to either control (CON). enalapril (ENA) or 

NW-nitro L-arginine methyl ester (NAME) treatment. In all groups glomerular 

hemodynamic studies were performed four weeks post-NX. Systemic blood pressure 

mld UpY were monitored for 4 to 12 weeks post-NX. Kidneys were then prepared for 

morphologic study. ENA treatment achieved control of both systemic and glomerular 

hypertension, maintenance of glomerular hyperfiltration and hyperperfusion, increased 
ultrafiltration coefficient (Kf). and long-term protection against UpY and FSGS. NAME 

rats showed aggravation of both systemic and glomerular hypertension. decreased renal 
perfusion and filtration with reduced Kr. and high filtration fraction. The incidence of 

FSGS in NAME and CON groups was similar at 8 and 12 wecks post-NX. 

respectively. Glomerular enlargement was present in CON and ENA rats, but did not 

correlate with injury, while glomerular tuft size was lowest in NAME rats, which 

displayed prominent glomerular injury. Systemic blood pressure cOlTelated strongly with 

glomerular capi1lary pressure. We conclude that systemic and glomemlar hypertension 
govern the development of Up V and FSGS. Renal protection with converting enzyme 

inhibition is achieved by controHing glomemlar hypertension in this highly susceptible 

model. 

Nephron function loss. from any cause. is followed by compensatory glomerular 

hemodynamic and structural adaptations. Over time these changes are believed to be 

maladaptive and result in further deterioration of renal excretory function (51). In rat 

models of renal injury associated with permanent nephron loss. high glomerular capillary 

hydraulic pressure was found to constitute a major dtiving force for continuous glomerular 

injury with resulting focal and segmental glomerular sclerosis (FSGS) and progressive 

chronic renal failure (CRF) (II. 137. 179). Amelioration of the glomerular hypertensive 

state resulted in long term protection against glomerular injury (II. 107). even when initial 

glomerular damage has already occurred (276). The beneficial effect of angiotensin I 
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converting enzyme inhibitors (ACEI) to achieve renal protection in these studies has been 

attributed to the specific property of this class of drug to reduce glomerular capillary 

hypertension (11, 107,276). This hemodynamic theory on progressive renal disease has 

been reviewed recently (306). 

It has been proposed that glomerular hypertrophy, expressed as an increase in 

glomerular tuft size in response to renal injury or ablation predisposes to further glomerular 

malfunction over the long-term. This may occur as a result of increased glomerular 

capillary diameter with subsequent altered wall tension, according to the Laplace law. or 

from glomerular pressure effects on glomerular cell subpopulations or matrix (85, 289, 

459). 

The fawn-hooded (FH) rat is a spontaneous model for CRF, as these animals 

develop the major stigmata of renal disease early in life. These include moderate systemic 
hypertension, proteinuria (UpY) and FSGS (222, 341). Sclerosis and UpY progress and 

animals eventually die due to uremia at a relatively young age. In previous studies we 

detected the early occurrence of glomerular capillary hypertension and hyperfiltration in 

these animals, and were able to predict the developmcnt of FSGS according to the level of 

glomerular capillary hydraulic pressure (PGd in two inbrcd substrains of FH rats (404). 

For inbreeding, these rats were selected based upon difference in awake tail~cuff systolic 
blood pressure (SBPtcJ level. Rats with highest values for SBPtc were designated FHH, 

and those with lowest, FHL. FHH rats also exhibit the highest values for Up Y, PGC, and 

fastest development of FSGS and CRF, as compared to FHL (341, 404). In the current 

study we focused our interest on this FHH substrain. 

We previously reported on the marked acceleration of the development of 

proteinuria and CRF in FHH rats after uninephrcctomy (NX). The high susceptibility of 

FHH rats to NX was thought to be relatcd to further increases in PGC (405). In that study, 

a specific role for changes in glomerular capillary tuft size as an independent risk factor for 

accelerated CRF could not be fully assessed. In the present study we further investigated 

and delineated the pathophysiological properties of glomerular hemodynamic and 

morphologic changes in progressive CRF. We therefore modulated systemic blood 

pressure (BP) in NX FHH rats with the use of either ACE! or nitric oxide (NO) synthase 

inhibition. Administration of ACEI in experimental models of renal disease generally 

results in lowering of systemic BP and PGC, and protection from renal damage (11, 107, 

276). On the other hand, NO synthase inhibition induces systemic and glomerular 

hypertension with subsequent FSGS (28, 135). With the use of these pharmacological 

interventions we modulated systemic BP and studied renal hemodynamics. function and 

morphology. 
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MATERIALS AND METHODS 

Forty-nine male FHH rats entered the study and were NX at eight weeks of age, 

and were then randomly assigned to one of three groups. Control (CON) rats were 

untreated. A second group received enalapdl (ENA) (Merck Sharp & Dohme, West Point, 

Pennsylvania, USA) 250 mg/liter and a third group NW -nitro L-arginine methyl ester 

(NAME) (Sigma Chemical Co., St. Louis, Missoud, USA) 50 mg/liter, both administered 

in the drinking water. Half the rats in each group underwent whole kidney and glomerolar 

micropuncture hemodynamic studies four weeks post-NX. The remainder of each group 

was followed for long-term functional and morphologic assessment up to 12 weeks. 

Preliminary studies revealed that NAME rats would not survive for these 12 weeks, and 

accordingly were sacdficed earlier, at eight weeks post-NX. Rats were fed ad libitllm with 

standard rat chow (24% protein) and received tap water with added drogs as indicated up to 

the time of micropuncture experiment or kidney perfusion. 

For the long-term functional and histopathological studies, body weight (bw), 

awake systolic blood pressure (SBPte), and urinary protein excretion (UpY) were 

determined before NX and every four weeks thereafter to time of kidney perfusion. Animal 

preparation, and functional, micropuncture, analytical, and morphological studies were 

done as previously described in Chapter 3. The amount of protein excreted in the urine 

relative to the OFR (mg/liter) was calculated as: (UpY)/(OFR·1.44). The 24 hour UpY, 

detennined a few days before the micropuncture study was used in these calculations. 
Values were compared by one way analysis of variance with the Scheffe's F-test 

for multiple comparisons. Statistical significance was defined as P < 0.05. All values 

represent means ± SEM. Linear regression analysis was perfonned for correlation between 

PGC and MAP, bodl obtained at the time of micropuncture. 

RESULTS 

Functional Studies 

Long-term values for SBPte and UpY are summadzed in Figures 1 and 2. Before 

NX all animals showed similar levels for both SBPtc and Up Y. After NX and initiation of 

therapy, control animals exhibited a moderate increase in SBPtc over time, which was 

similar to that previously found in intact 2K FHH rats at corresponding ages (341. 405). 

ENA treated animals exhibited control of systemic hypertension over the duration of the 

study, with values for SBPte in the normotensive range. Animals in the NAME group 

exhibited further elevation of SBPtc, with values of approximately 200 mm Hg. 

As shown in Figure 2, proteinuria was increased in both CON and NAME groups, 

whereas ENA animals showed minimal Up Y throughout the duration of the study. Up Y in 
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these ENA rats was also lower than that generally observed in two-kidney FHH rats at 

similar ages (341). 
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Fieure 1: Systolic blood pressure (SBPtc) in awake rats over long-term. Symbols are: 

cireles, CON (n = 7); triangles tip down, ENA (n = 9); triangles tip up, NAME (n = 7). 

• P < 0.05 vs. CON; P < 0.05 vs. NAME. 
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Figure 2: Urinary protein excretion (Up V) over long-term. Symbols are: circles, CON 

(n ~ 7); triangles tip down, ENA (n ~ 9); triangles tip up, NAME (n ~ 7). 

* P < 0.05 vs. CON; P < 0.05 vs. NAME. 

Systemic and Renal Hemodynamic Parameters 

Values for systemic and renal hemodynamic parameters at four weeks -post-NX are 
summarized in Tables I and 2. Compared to CON rats, values for SBPtc, SBPe, and MAP 

were reduced to normotensive levels in ENA treated rats, while they were further increased 

in the NAME group (Table 1). Hct was significantly higher in NAME treated rats as 

compared to the other groups. Despite the differences in BP between CON and ENA 

treated rats, GFR, ERPF, and ERBF were not significantly different. On the other hand, 

the severely hypertensive NAME rats showed a significant decrease in GFR, ERPF, and 

ERBF resulting in a marked increase in FF as compared to CON and ENA. Compared to 

CON rats, UpV and UpV/GFR were reduced in ENA rats. NAME treated animals 

exhibited a similar level of UpV as CON rats, but when corrected for GFR, protein 

excretion was significantly increased (Table 1). 
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Table I Summary whole body and kidney function parameters in rats used for 

micro~uncture studies at 4 weeks ~ost-NX. 

SBPtc SBPe MAP Hct GFR ERPF 

n - - - - - - - mm H~ - - - - - - - % - - - - - mVmin - - - - -

CON 9 I 69±3 161±3 I 29±2 4S±1 1.98±0.12 6.89±0.31 

ENA 8 120±4a 118±2a 96±3a 45±1 1.86±0.18 6.42±0.SI 

NAME 9 219+6ab 199+6ab 168+6ab SO+ lab 1.0S+0.14ab 3.0S+0.66ab 

Continuation Table 1. 

FF ERBF RVR UpV UpV/GFR 

mlfmin mill Hg/(mVmin) mg/24h mgll 

0.29±0.02 12.68±0.S 1O.4±O.S 57±11 20.1±3.7 

0.29±0.01 11.6±1.0 8.6±0.6 18±2a 7.0±0.7 

0.38+0.02ab S.9+1.1ab 36.0+S.9ab 52+7b 41.3+8.7ab 

Values are means ± SEM. Abbreviations: SBPtc, awake systolic blood pressure 

measured by tail-cuff; SBPe , direct systolic blood pressure during micropuncture 

experiment; MAP, mean arterial pressure during micropuncture experiment; HCl, 

hematocrit; OFR, glomerular filtration rate; ERPF, effective renal plasma flow rate; FF, 

filtration fraction; ERBF, effective renal blood flow rate; RVR, whole kidney renal 

vascular resistance; UpV, urinary protein excretion during 24 hours; UpY IOFR, protein 

excretion corrected for the amount of glomerular filtrate. 

a P < O.OS vs. CON 

b P < O.OS vs. ENA. 

The differences in whole kidney hemodynamics were also present at the single

nephron level (Table 2). The levels of SNGFR, QA, and SNFF were not significantly 

different between CON and ENA treated rats. Values for CA and CE and thus 7tA and 7tE 

were also comparable. Compared to the high hydraulic pressures obtained in CON rats, 
- - -

ENA treatment resulted in a significant reduction of PSF. PGC and .6.P. Absolute values 

for Poc in the ENA rats were comparable with those reported for normal euvolcmic two

kidney Munich-Wistar (MW) rats, as determined with direct and indirect stop-flow 

techniques. and for other rat strains measured with stop-flow only (251). In contrast, 

NAME rats showed significantly lower levels of SNGFR and QA, and an increase in 

SNFF as compared to CON and ENA rats. However, NAME rats had markedly increased - - -
values for PSF, Poc and LIP. Values for Poc in ENA rats were on average 12 mm Hg 
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lower than in CON rats, while these values in NAME rats were on average 14 mm Hg 

higher than in the CON animals. Values for RA, RE and RT were only numerically lower in 

ENA animals as compared to CON rats. Values for RT were increased, with RA and RE 

increased proportionally, in NAME rats as compared to CON and ENA rats. 

Table 2. Summary glomerular hemodynamics at 4 weeks post-NX. 

SNGFR SNFF CA CE 

n nVmin ---m!iml--- - - - mm H~ - - -

CON 9 89.6±5.3 0.30±0.01 5.2±0.1 7.5±0.2 16±1 

ENA 8 87.1±5.1 0.29±0.01 5.6±0.1 7.8±0.2 18±1 

NAME 9 65.9+5.8ab 0.38+0.02ab 5.3+0.1 8.7+0.3a 17+1 

CQn1in:YaliQn Tjlble 2 

PSF PGC PT t.P PE Kf 

- - - - - - - - - - mm HS - - - - - - - - - - nll(sec·mm H~) 

51±1 67±1 II±I 56±1 13±1 0.044±0.002 

37±J3 55±la 12±1 44±la 14±1 0.076±0.003a 

64+2ab 81 +2ab 11+1 70+2ab 1O+1"b 0.026+0.002ab 

Continuation Table 2. 

- - - - - - - - - - - - x 101O·dyn.sec·cm-S -- - - - - - - - - - -

0.94±0.08 

0.62±0.06 

2.35+0.45ao 

0.98±0.16 

0.74±0.07 

2.37+0.35ab 

1.92±0.12 

1.35±011 

4.71+0.77ab 

29±1 

31±1 

37+2a 

QA 

nVmin 

296±17 

304±22 

181+24ab 

All values are means ± SEM. Abbreviations are: SNGFR, single-nephron glomerular 

filtration rate; SNFF, single-nephron filtration fraction; CA, afferent arteriolar protein 

concentration; CEo efferent artcriolar protein concentration; 7tA. afferent arteriolar oncotic 

pressure; 7tE. cfferent arteriolar oncotic pressure; PSF, mean stop-flow pressure; Pac. - -
mean glomerular capillary hydraulic pressure; PT, mean tubular hydraulic pressure; t.P, 

mean glomerular transcapillary hydraulic pressure difference; PE, mean efferent 
arteriolar hydraulic pressure; Kf, glomerular capillary ultrafiltration coefficient; QA, 

initial glomerular capillary plasma flow rate; RA, afferent arteriolar resistance; RE, 

efferent arteriolar resistance; RT, total arteriolar resistance (RA + RE). 

a P < 0.05 vs. CON 

b P < 0.05 vs. ENA 
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As depicted in Figure 3, a highly significant linear correlation was found between 

MAP and Pac (n = 26, r2 = 0.827, P < 0.001). The regression equation: 

Pac = 0.33 . MAP + 25.0 

indicates that for each mm Hg increase in MAP, Pac increases by 0.33 mm Hg. 
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Figure 3: Correlation between mean glomerular capillary pressure (Poe) and mean 

arterial pressure (MAP) at the time of micropuncture. Symbols are: circles, CON; 

triangles tip down, ENA; triangles tip up, NAME. 

Filtration pressure disequilibrium (1tElAP < I) was present in all experimental 

animals and permitted calculation of unique values for Kf. It is clear that in ENA treated 

rats, with a reduced Pac, a high SNGFR could only be maintained by a significant 

increase in Kf as compared to CON rats. In contrast, NAME treatment resulted in a marked 

reduction in Kf. 
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Morphology 

Micrographs of representative glomeruli from each of the three treatment groups arc 

given in Figure 4. Glomeruli from CON (Figure 4A, B) and NAME (Figure 4E, F) at 12 

and 8 weeks post-NX, respectively, show the typical features of FSGS with segmental 

mesangial expansion, tuft adhesions, and sclerosis. In contrast, glomeruli from ENA 

treated rats still show normal glomerular morphology (Figure 4C, D) at 12 weeks post

NX. 

The morphometric data arc summarized in Table 3. Values for body weight (bw) 

were similar in CON and ENA groups at 12 weeks post-NX, and higher than those for 

NAME rats at eight weeks post-NX. Values for left kidney weight (LKW) were highest in 

CON rats, whereas values for LKW in ENA and NAME groups were comparable. 

Glomerular tuft size measurements revealed similar values for V G in CON and ENA 

groups, although those values far exceed V G values in normal two-kidney FHH rats at 

comparable age (404, 405). Va was significantly lower in NAME rats at eight weeks post

NX compared to CON or ENA at 12 weeks post-NX. Values for Vain NAME rats arc 

very similar to those reported earlier in normal two-kidney FHH rats studied 4 weeks after 

sham operation at age 12 weeks, and in intact2K FHH rats at age 8 and 16 weeks (404, 

405). Nevertheless, NAME rats had a similar incidence of FSGS as CON rats studied at 12 

weeks post-NX. ENA rats at 12 weeks post-NX showed minimal FSGS, with global 

preservation of the glomerular architecture, as in young two-kidney FHH rats [13]. 

Table 3. Summary of morphologic parameters. 

Bod~ wt Left kw Va FSGS 

n --------g-------- 1Q6 mm3 % 

CON 7 352±6 2.90±0.1l 2.52±0.12 55.5±7.8 

ENA 9 338±12 2.22±0.11· 2A4±0.12 2.1±OA· 

NAME 7 232+15·b 2.23+0.16" 1.76+0.I1·b 59.1+5.9b 

Parameters were estimated at 8 weeks post-NX in NAME rats and at 12 weeks post-NX 

in CON and ENA rats. All values are means ± SEM. Abbreviations are: kw, kidney 

weight; V G. mean glomerular tuft volume; FSGS, percentage of glomeruli with focal 

and segmental glomerular sclerosis. " P < 0.05 vs. CON, b P < 0.05 vs. ENA. 
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Figure 4 A-F: Representative light micrographs at low and high power magnification of 

glomeruli in kidneys taken from CON (A. B). and ENA (C. D) rats. at 12 weeks after 

unilateral nephrectomy. and from NAME (E. F) rats at 8 weeks post-NX. Plastic 

sections. 2 11m thick were stained with Toluidine Blue. The magnification is 120x [or A. 

C and E. and 350x for B. D and F. 
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DISCUSSION 

The results of the present study indicate that intraglomcrular capillary pressure is an 

important factor in the origin of glomerular injury and sclerosis in this strain. In NX FHH. 

with high levels of glomerular hyperfiltration and hypertension in addition to glomerular 

enlargement, we observed that treatment with ACEI prevented the rise of PGC but not in 

glomerular size and abolished the development of renal damage. In contrast. NAME 
- -

treatment which lowered values for SNGFR and V G but caused a further elevation in PGC, 

did not reduce glomerular damage. On the contrary, FSGS 8 weeks after NX in NAME 

rats was as severe as 12 weeks after NX in control animals. The values for Pac in ENA 

rats were even lower than those reported by us for young adult two-kidney FHH rats 

which develop severe proteinuria and early glomerular sclerosis (404), and were similar to 

values found for normal Munich-\Vistar (MW) rats and other strains (251). Furthcnnore, 

animal models with high resistance to progressive glomerular injury such as the young 

two-kidney spontaneously hypertcnsive rat (SHR) and the uninephrectomized Wistar

Kyoto (WKY) rat, have comparable levels for Pac as the ENA group in the current study 

(108). 

Induction of a remnant kidney state (5/6 nephrectomy) or simple NX causes a rise 

in Pac, SNGFR and Va and results in proteinuria and accelerated glomerular injury (179, 

405). Glomerular size increases more than threefold after 5/6 nephrectomy (236). Recently, 

we reported the short- and long-term events occurring aftcr NX in FHH rats (405). We 

found that both glomcrular hemodynamic alterations and glomerular enlargement were 

associated with the accelerated development of glomerular injury. Similar glomelUlar size 

changes after NX in random-bred fawn-hooded rats were reported by Westenend et al. 

(450). Another study by these investigators revealed that ACE! therapy in intact adult rats 

of this random-bred fawn-hooded strain arrested the progression of glomerular injury and 

systemic hypertension. Although V G increased in both control and ACEI treated animals 

over the 7 months follow-up period, such changes were without pathogenic significance in 

ACEI treated rats (449). Microcirculatory studies were not performcd in these two-kidney 

animals, but whole kidney vasodilatation and reduced urinary protein excretion were noted 

in ACEI treated rats. Thus, it is likely that ACEl treatment not only reduced systemic blood 

pressure, but reduced Pac as well. 

Yoshida et al. (459) suggested that glomerular growth is an independent Iisk factor 

for progressive glomerular injUIy, and that the protective effect of ACE! is mainly due to its 

effect to limit glomerular enlargement. This hypothesis is not supported by our data. 

Glomerular growth, present in intact random-bred (449) and NX FHH (current study) 

fawn-hooded rats treated with ACEl, did not result in glomerular damage. Shrinkage of 

glomeruli in CON rats in the present study is unlikely, since values for V G in this group at 
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12 weeks after NX were slightly higher than the observed value in 12 weeks old NX FHH 

at four weeks aftcr ablation (405). A difference in glomerular size between control and 

ACEI treated animals with reduced renal mass has been reported rarely. In Table 4 data arc 

summarized from several other renal ablation studies in which glomerular hemodynamic 

and morphologic responses to extrinsic modulation of angiotensin II (Ang II) activity on 

progressive glomerular sclerosis were assessed. When Ang II formation is chronically 

inhibited with ACEl or when its receptors are blocked in such models, glomerular hyper-

Table 4. Effects of chronic angiotensin II modulation on glomerular hemodynamics and 

structure after renal ablation. 

SNGFR Pc;c Kf Vc; FSGS 

Model: + Modulation: nl/min mm Hg nV(scc.mm IIg) 106~un3 % 

Ang II inhibition; Ref: 

NPX-MW 93±8 69±2 0.05±0.01 2.1±0.1 21±3 II 

NPX-MW + ACEl 82±7 54±Ja 0.09±0.02a 1.71.O.la 6±2a .. 
NPX-MW I 82±37 65±2 0.12±0.03 2.0±0.1 18 !O7 

NPX-MW + ACEl 211±17 54±3a O.26±0.04a 2.0±0.2 9 

NPX-MW 118±4 65±1 0.08±0.OI 4.0±0.2 41±3 234 

NPX-MW + ACE! 112±6 54±2a 0.14±0.03a 3.6±0.2 9±la 

NPX-MW + LOS 107±6 56±2a O.II±O.OI 3.8±0.2 9±la 

NX-DM-MW 91±7 60±1 0.07±0.01 2.3±0.1 20±3 12 

NX-DM-MW + ACEl 90±10 49±2a 0.15±0.04a 2.4±0.3 5±1' 

NX-FHH 90±5 67±1 0.04±0.01 2.5±0.1 56±8 * 
NX-FHH + ACEl 87±5 55±la 0.08±0.0Ia 2.4±0.1 2±la * 

Ang II activation: 

NX-MW 76±6 56±3 0.08±0.01 2.4±0.2 l±l 289 

NX-MW + AnSII 72+10 69+6a 0.05+0.01a 2.2+0.2 18+1oa 

Summary of measurcments of single-nephron glomerular filtration rate (SNGFR), 

ultrafiltration coefficicnt (Kr), mean glomerular capillary hydraulic pressure (PGcl. 

mean glomerular tuft volume (V G), and glomerular injury (FSGS) in studies assessing 

the effects of angiotensin II modulation in renal ablation models. All values are means ± 

SEM, except (289) providing means ± SD. Abbreviations: NX. unincphrcctomy; NPX, 

remnant aftcr 5/6 nephrectomy; MW, Munich-Wistar; FHH, fawn-hooded; ACE!, 

chronic angiotensin I converting enzyme inhibition; Ang II, chronic angiotensin II 

infusion; LOS, chronic angiotensin II receptor blockade with losartan; DM, diabetes 

mellitus (streptozotocin); *, this study. a P <0.05 vs. untreated. 
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tension is controlled while glomerular hyperfiltration and enlargement are usually 

unaffected (11, 12,234,276). Invariably, animals arc protected for glomerular injury and 

proteinuria. In contrast, when Ang II activity is increased by chronic infusion, Pac, 

proteinuria and FSGS are furUler elevated (289) despite no additional change in glomerular 

size. 

The value for V G found in NAME treated rats was similar to those previously 

reported for intact FHH rats at comparable ages (404, 405), and smaller than the mean 

value seen in NX rats followed for four weeks (405). The incidence of FSGS in NAME 

rats eight weeks after NX was similar to that of CON rats after 12 weeks of follow-up. 

This probably reflects faster progression of glomerular damage in NAME animals. Thus, 

while glomemlar size in NAME treated rats was limited, glomemlar injury developed early. 

Of note in this respect is the possibility that the higher Poc in NAME rats may have offset 

any limitation in glomerular size. Therefore, our data indicate that, although a role for 

glomerular size changes in progressive glomerular injury in NX FHH rats cannot be 

completely excluded, the data do indicate that glomerular hypertrophy alone in the absence 

of glomerular hypertension does not confer risk. 

The importance of glomerular hypertension as the driving force for proteinuria in 

experimental renal disease has been established in several experiments (328, 463). 

Hyperfiltration and hyperperfusion are maintained in ACEI treated animals (Table 4), 

indicating that such alterations do not lead to glomerular injlllY in the absence of glomemlar 
hypertension. The data on Kf in Table 4 and NAME treated rats in the current study also 

provide further evidence that increased hydraulic permeability is associated with 

preservation of glomerular structure and function over the long-term. Furthermore, this 

finding supports the observation that rat strains which respond to renal mass reduction with 

an increase in Kf, while maintaining a normal Puc, are protected against progressive 

glomerular injury. The WKY rat is an example of such a response. Ithas been reported that 

the NX (108) and remnant WKY (39) show compensatory increases in SNGFR, which are 

mainly due to an increase in Kr, since Puc remains at a normal leveL Both models of renal 

ablation in WKY rats are remarkably resistant to development of FSGS (39, 108). 

Although still debated, Ang II is thought to act preferentially on the contraction of 

the post-glomerular vessels in nonnal circumstances (40,186, 191). These Ang II actions 

on the glomerular circulation tend to become more apparent when renal mass is reduced 

(328). However, in chronic ACEI treated MW rats with reduced renal mass, a reduction of 

both RA and RE has been described (II, 107), whereas in chronic Ang II infusion, both 

resistances are enhanced (289). Also in ACEI treated rats in our present study, arteriolar 

resistances in pre- and postglomel1llar vessels tended to be lower, but no selective decrease 
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of RE was found. We think that the reduction of RA may represent the autoregulatory 

response to the faH in systemic BP, through a myogenic reflex, in order to maintain 

glomemlar filtration (20). Thus the selective action of Ang II on RE could not be identified 

in this NX animal model. This possibility is supported by the observation that in response 

to a non-pressor dose of Ang II administered via the renal artery, RA fails to increase, but 

RE and Poc do (189). Furthermore, when systemic BP is kept unaltered during acute Ang 

II antagonist infusion, RE and Pac are selectively reduced (470). It is obvious, however, 

that we cannot exclude other mechanisms such as a structural change in the resistance 

vessels over long-term. The contractile properties of the mesangium are affected by Ang n, 
and thus may regulate Kf in vivo (40, 186,289,463). Since the reduction of both RA and 

RE was only numerical with ACEI, but Kf was greatly increased, it is suggested tl,at ACE! 

and thus Ang II in FHH rats act on Kf to regulate glomerular ultrafiltration. In addition. the 

current observations do not exclude the possibility that actions of ACEI are not limited to 

effects on Ang II alone, but also relate to effects on other vasoactive substances (470). 

Animals treated with the NO synthase blocker exhibited high systemic BP, heavy 

proteinuria, further elevation of the ultrafiltration pressure with decreased Kf. and high 

incidence of FSGS after only eight weeks of treatment. Glomerular filtration and perfusion 

were diminished and SNFF increased. Total RVR was increased threefold, and 

proportional increases in RA and RE were observed. These observations accord well with 

previous reports in both 2K (28, 135) and remnant MW rats (134). Finally, hematocrit was 

increased in NAME-treated rats, which may have contributed to the further elevation of 

systemic and glomerular pressures, vascular resistances and concomitant glomerulnr injury 

(137). 

We observed that treatment with ACEI in NX FHH rats prevented the development 

of heavy proteinuria. which is otherwise present in two-kidney FHH rats at comparable 

ages and, in the current study, in NX CON and NAME rats. The total proteinuria in NAME 

treated rats did not increase above values found in controls. However, the reduction in 
GFR may explain the lower UpV. Indeed, when proteinuria is corrected for GFR, one 

observes a greatly elevated protein excretion in NAME-treated rats. Thus hydraulic 

permeability is diminished, while the permeability for protein is increased. Preliminary 

studies on the glomerular pennselectivity indicated that the proteinmia resulted mainly from 

changes in charge selectivity. Amelioration of glomerular hypertension corrected U,is defect 

and abolished proteimllia (313). 

During the acute hemodynamic studies, MAP and Poc were closely correlated. For 

each 10 mm Hg increase in MAP, Poe increased by 3.3 mm Hg (Figure 3). This is in 

contrast to values found in two-kidney MW rats and NX SHR rats, in which a 10 mm Hg 

systemic BP change led to Poc changes of 0.5 mm Hg (329) and 1.0 mm Hg (109, lll), 
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respectively. TItis may indicate that in NX FHH rats the mechanism to maintain constancy 

at PGC is less effective, exposing the glomerular capillaries directly to systemic BP 

variations. It remains to be determined, however, whether observed Pac differences 

among groups are to some extent due to suppression of the tubuloglomerular feedback 

during stop-flow conditions or due to aitered autoregulation as a conscquence ofNX (329). 

Various reports suggest that the endothelial NO synthase system and the renin-angiotensin 

system interact as regulators of the glomerular microcirculation (311, 348). Therefore, the 

NAME and ENA treated groups in our study might represent the extremes of a continuum 

of activity of these two systems combined. Any disturbance of the delicate balance in the 

regulation of glomerular ultrafiltration might result in glomerular malfunction. 

Taken together, we demonstrated the importance of glomerular hemodynamic 

aiterations for the development of FSGS, progressive proteinUlia, and CRF in this highly 

susceptible NX FHH model. By use of two different modulators of systemic BP and 

consequently Pac. we observed a strong association with glomerular pressure and 

glomerular injury. Data on V G in the current study indicated that glomeruli in rats treated 

with ACE! responded to NX with enlargement of the glomerular tuft, but this process did 

not result in glomerular injury. Rats trcated with NAME had a lower V G, but showed a 

high incidence of sclerosis after a follow-up of only eight weeks. These observations 
indicate that changes in glomerular tuft size arc poorly associated with the formation of 
FSGS in this model. Since the two-kidney FHH rat develops FSGS and uremia early in 

life, the 12 week follow-up after NX can be interpreted as a significant time in the life span 

of a rat from this strain. We therefore believe that with the use of this model in the current 

study, we allowed all measured pathophysiological mechanisms to be fully expressed. Our 

results strongly suggest that the high intraglomerular pressure is the predominant cause of 

proteinuria and FSGS in the NX FHH rat. 
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AnSTRACT 

Previous studies of glomerular penn selectivity have indicated that both size selectivity 

and charge selectivity changes playa role in the pathogenesis of proteinuria. In this 

study, we measured Picoll sieving coefficients, hemodynamic parameters, and urinary 

protein excretion rates in the FHH strain of fawn-hooded rats. These animals 

spontaneously develop systemic and glomerular hypertension, proteinuria, and focal and 

segmental glomerulosclerosis at a relatively young age. Three groups ofFHH rats were 

studied: two-kidney controls (2K), untreated uninephrectomized rats (CON-NX), and 

uninephrectomized rats treated with the angiotensin I converting enzyme inhibitor 

cnalapril (ENA-NX). CON-NX rats had higher glomerular transcapillary pressures 

(" P) and higher urinary excretion rates of both total protein (UpV) and albumin (Ua V) 

than did the 2K rats, whereas treatment with enalapril prevented both glomerular 

hypertension and the increased proteinuria. Ficoll sieving coefficients were significantly 

higher in both groups ofNX rats compared to 2K rats only for Stokes-Einstein radii (rs) 

;;:: 46 A. Fits of sieving data to pore models showed a small increase in the number of 

large, nonselective pores in NX, which was not prevented by enalapril treatment. Total 

clearances of Ficoll with rs = 36 A (the size of albumin) in the CON-NX and ENA-NX 

groups were unchanged compared to 2K animals. In contrast, UaV in CON-NX rats 
was more than six times that of the 2K and ENA-NX rats. Across groups, Up V, Ua V, 

and the ratio (UaV)/(UpV) all correlated strongly with "'P. The change in pore-size 

disttibution did not significantly contribute to the rise in Va V; therefore, the primary 

cause of albuminuria appears to have been a reduction in the charge barrier to 

macromolecular filtration. These findings suggest that increased albuminuria in NX 

fawn-hooded rats results from a specific defect in glomerular charge selectivity, rather 

than size selectivity, induced by chronic glomerular hypertension, and that enalapril 

ameliorates albuminuria by preserving glomerular charge-selectivity. 

Proteinuria is one of the defining features of chronic renal failure. In both experimental and 

clinical studies of chronic renal failure, proteinuria has been associated with a loss in the 

ability of the glomerulus to restrict filtration on the basis of glomerular size (91, 251). 

Investigators have shown this usually by measuring the sieving coefficient (filtrate-to
plasma concentration ratio, 0) of neutral dextran covering a wide range of molecular radii 

and using the results to infer the effective pore radius or pore-size distribution of the 

glomerular capillary wall. A frequent finding in protcinuric states is that the sieving 

coefficients of the largest dextran molecules, those with Stokes-Einstein radius (rs) > 50 
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A, are selectively elevated. This suggests that an increase in the number of large, less 

restrictive pores augments filtration of proteins. The normal glomerular filtration barrier 
also exhibits charge-selective properties: anionic macromolecules have lower values of e 
than do neutral macromolecules of equivalent size and configuration, and values of e for 

neutral macromolecules are lower than those for comparable polycations (156, 251, 269). 

In several animal models of chronic renal disease, the sieving coefficients of anionic 

macromolecules are increased compared with that of controls, whereas those of cationic 
macromolecules are decreased (251), such that there is less difference in e among 

molecules of varying charge. Recently, loss of glomerular charge-selectivity has been 

found to partially explain proteinuria in nephrotic humans (156). 

In a recent study (315) we concluded that effective pore sizes calculated from 

dextran sieving coefficients are overestimates of the true sizes. The transport properties of 

dextran, a flexible, linear polymer of D-glucopyranosc, deviate considerably from those of 

neutral, solid sphere (46, 87), the theoretical ideal on which the mathematical models for 

filtration have been based. As evidence of this, dextran sieving coefficients at rs = 30 A are 

approximately seven times that of neutral horseradish peroxidase (HRP), a globular protein 

of equivalent size (367). It is thus problematic, using data from dextran studies, for one to 

quantitatively correlate levels of proteinuria to specific changes in pore size. FieoH, an 

uncharged cross-linked copolymer of sucrose and epichlorohydrin, is postulated to be a 

better probe molecule for determining pore size (315). Like dextran, FicoU is neither 

secretcd nor reabsorbed by the renal tubulcs, and therefore its sieving coefficient is equal to 

its fractional clearance (Le., the ratio of its clearance to that of inulin) (45). Its physical 

properties are consistent with the solid-sphere assumptions of the theoretical model (45, 

46, 87), and FicoH sieving coefficients arc similar to those of neutral globular proteins of 

the same molecular size (315). Ficoll sieving coefficients are much lower than those for 

dextran (45, 315), indicating that the glomerular filtration barrier is more size restrictive 

than has been previously believed. 

In this study, we report on FicoU sieving measurements performed in the FHH 

substrain of fawn-hooded rats. These animals are genetically predisposed to developing 

systemic and glomerular hypel1ellsion, proteinuria, and focal glomerulosclerosis at a young 

age (222, 338, 404) and as such may be a more suitable model of human chronic renal 

failure than experimental models of induced kidney disease. Unilateral nephrectomy of 

FHH rats results in a further increase of the transmural hydraulic pressure difference (11 P), 

which accelerates the progression of renal disease (403, 405). Concomitant with the rise in 

A P, elevations were observed in whole kidney and single-nephron plasma flows and 

whole kidney and single-nephron glomerular filtration rates (SNGFR), but these changes 
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were without pathological significance (403, 405). Proteinuria and glomerulosclerosis can 

be prevented in nephrectomized rats by treatment with enalapril, an angiotensin I converting 

enzyme inhibitor (ACEI) (403). In an attempt to further elucidate the mechanism of 

enhanced protein excretion in FHH rats, we assessed glomerular pennselectivHy in intact 

and uninephrectomized (NX) animals, and studied the effect of enalapri! treatment on 

glomerular pennsclectivity in NX rats. 

MATERIALS AND METHODS 

Male FHH rats were bred at tile animal facilities of the Erasmus University Medical 

School, Rotterdam, The Netherlands. After weaning they were shipped to the Laboratory 

of Kidney and Electrolyte Physiology at Brigham and Women's Hospital, Boston, 

Massachusetts, USA, where the animal studies were performed. Further details on animal 

characteristics arc provided in Chapters 2.1 and 3.1. A total of 30 rats were studied. At 

eight weeks of age. aU rats underwent either right nephrectomy or a sham operation. All 

micropuncture and sieving studies were pcrfonncd at 12 weeks of age. 

The animals were randomly divided into three groups. The first group (2K, n = 13) 

consisted of normal two-kidney control animals which underwent the sham operation. 

After the operation, they resumed a diet of ad libitum standard rat chow (Wayne Rodent 

Blox; Allied Mills, Chicago, Illinois, USA) with free access to water. Five of these animals 

underwent sieving studies only, without micropuncture or measurement of urinary protein 

excretion; four underwent both micropuncture and sieving studies, without measurement of 

protein excretion; the remaining four underwent micropuncture and measurement of protein 

excretion, without sieving studies. 

A second group of animals (CON-NX, n = 9) underwent NX and remained on the 

standard diet and drinking water. The third group of rats (ENA-NX, n = 8) also underwent 

NX, but after surgery were given a water supply containing 250 mg/L enalapril (Merck, 

Sharp & Dohme, West Point, Pennsylvania, USA) in addition to the standard diet. 

Micropuncture, sieving studies, and measurements of total urinary protein (Up V) were 

perfonned on all rats in the NX groups. 

Protocols for nephrectomy, functional studies, whole kidney and glomerular 

hemodynamic assessment, and sample analysis are provided in Chapter 3. 

RESULTS 

Hemodynamic Data 

The mean values and standard errors of various systemic and whole kidney 

quantities, as well as single-nephron pressures and flows, are shown for each group in 

Table I. The results for the 2K group were not substantially different from those reported 
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in earlier studies with this strain of rats (404). The hemodynamic data for the NX groups 

have been discussed previously (403, 405). Briefly, untreated NX resulted in adaptive 

hyperperfusion and hyperfiltration in the remaining kidney, as values for whole kidney or 

single-nephron plasma flows, whole kidney or nephron GFR, the Kf, and liP were all 

significantly elevated (P < 0.05) in the CON-NX group compared to 2K rats. Filtration 

fraction (whole kidney or single-nephron) was not different among groups. Treatment of 

NX rats with enalapril (ENA-NX group) lowered systemic arterial pressure and liP, 

although hyperperfusion and hyperfiltration were present to the same extent as in the 

untreated, NX group. The high filtration rates in the ENA-NX rats, where liP was even 

lower than in the 2K group, resulted from a marked increase in K[. There was a modest 

difference in CA between CON-NX and ENA-NX rats, whieh was most likely due to 

chance. This difference had a negligible effect on the calculation of pore-size parameters. 

Illllkl.. H d a emoaynamlc resu ts. 

2K CON-NX ENA-NX 

(n= 13) (n = 9) (n = 8) 

Body weight, g 272±8 26S±7 260±8 

MAP,mm Hg 123±2(E) I 29±2(E) 96±3(KC) 

Hematocrit 43.3±0.7 4S.3±0.S 44.S±0.6 

GFR, mUminikidney 1.24±0.04(CE) 1.98±0.12(K) 1.86±0.18(K) 

RPF, mUminikidney 4.94±0.IS(CE) 6.89±0.31 (K) 6.42±0.SI (K) 

FF 0.2S±0.01 0.28±0.01 0.29±0.01 

SNGFR, nUmin 53.3±2.9(CE)' 85.6±5.5(K) 87.3±5.0(K) 

QA,nUmin 171±1l (CE)* 296±17(K) 304±2(K) 

SNFF 0.32±0.0I' 0.30±0.01 0.29±0.01 

CA, gldl 5.3±0.1 5.2±0.1 (E) S.6±0.1 (C) 

liP, mm Hg 48.7±1.0(CE)' 55.9±1.2(KE) 43.6±1.2(KC) 

Kf, nUmin/mm Hg 2.08+0.11 (CE)' 2.66+0.l3(KE) 4.57+0.20(KC) 

Values are means ± SE; n, no. of experiments (*n = 8). MAP, mean arterial pressure; 

GFR, glomerular filtration rate; RPF, renal plasma flow; FF, filtration fraction; 

SNGFR, single-nephron GFR; QA, glomerular plasma flow rate; SNFF, single-nephron 

FF; CA. plasma protein concentration; AP, transmural hydraulic pressure difference; 
Kf, ultrafiltration coefficient. Groups: 2K, 2-kidney controls; CON-NX, untreated 

uninephrectomized rats; ENA-NX, enalapril-trcatcd uninephrectomized rats. 

Superscripted letters indicate P < 0.05: K, vs. 2K; C, vs. CON-NX; E, vs. ENA-NX. 
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Ficoll Fractional Clearances 

Ficoll sieving coefficients for each group are shown in Table 2 and Figure 1. 

Values were measured over the range rs = 20 - 70 A , with (') approximately equal to 0.7 -

0.9 at rs = 20 A and (') approximately equal to 104 - 10-3 at rs = 70 A . The variances in 

e for each group were shown to be unequal by statistical analysis, violating a requirement 

for ANDV A (220). A logarithmic transformation of the data satisfied this criterion, and 

therefore one-way ANDV A was performed on the values of log (') to determine 

significance. No statistical differences were seen between groups for the smaller Ficoll 

radii, rs < 42 A. For rs ;" 42 A, values of (') for the CDN-NX group were signifteantly 

higher (P < 0.05) than those for the 2K group, by factors of approximately 5 to 13. 

Sieving coefficients for the ENA-NX rats lay between those of the other two groups for rs 

;" 42 A and were significantly larger (P < 0.05) than the 2K values for rs;" 46A. There 

was no statistical difference in 0 between the CON-NX and ENA-NX groups at any value 

of rs. 

Pore-size Parameters 

Membrane pore-size parameters were fitted to the sieving data of Table 2 using the 

single-nephron hemodynamic data of Table 1. The results for the isoporous-plus-shuIlt, 

lognormal, and lognormal-plus-shunt models are shown in Table 3. For each group of 

rats, the lognormal-plus-shunt model gave the best fit to the sieving data, as indicated by 

the lowest value of X2. The isoporous-plus-shunt and lognormal models were 

approximately equivalent. The better performance of the lognormal-plus-shunt model is 

consistent with previous results from Munich-Wistar rats, although in that case the 

lognormal model was clearly superior to the isoporous-plus-shunt model (315). The 

improvement in X2 by the lognormal-plus-shunt model over either of the two-parameters 

models was highly significant for all three of the present groups (p < 0.00 I), as judged by 

an F-test comparison (295). The best-fit sieving curves computed using the lognormal

plus-shunt model are shown in Figure 1. 
For any given model there were mostly minor differences among the pore-size 

parameters computed for the three groups of rats. In the isoporous-plus-shunt model, ro 

was nearly constant, ranging between 47 and 49 A among the groups. The shunt 

parameter roo was increased by morc than an order of magnitude in the CON-NX group 

compared with the 2K group, from 1.5 x 10.4 to 3.2 x 10-3. The ENA-NX group had a 

smaller but still substantial increase in roo, to 9.7 x 10-4. For the lognormal and lognormal

plus-shunt models, the pore-size distribntions are most easily eompaJ'ed by calcnlation of r* 

(l %) (352). This is the pore size such that 1 % of the filtrate passes through the pores with r 

> r*. It indicates the relative prominence of larger pores in the distribution: the larger the 
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Ta bl 2 F II ., r" . e , lCO slcvmg eoe ttclcnts. 

rs 2K CON-NX ENA-NX 

(A) (n = 9) (n = 9) (n = 8) 

20 8.5IxlO-'±9.04xlO-2 7.36xlO-'±7 _04xlO-2 9.34xlO-'±9.00x 10-2 

22 7 .74xlO-'±8.09x 10-2 6.73xl 0-'±5.97x 10-2 8.59x 1O-'±8.37xlO-2 

24 6.51x 1O-'±7.02xlO-2 5.61x 1O-'±4.89xlO-2 7.40xlO-'±7.13xlO-2 

26 5.03xlO-'±5.28xlO-2 4.47xI0-'±3.48xlO-2 5.91 x 1O-'±5.60x 10-2 

28 3.60x 10-' ±3.32xlO-2 3.37xlO-' ±2.32xlO-2 4.39xlO-'±4.34xlO-2 

30 2.7IxlO-'±3.75xI0-2 2.47xlO-'±1.76xlO-2 3.08xlO-'±3.25xlO-2 

32 1.70xlO-'±1.76xlO-2 1.76xlO-'±1.23xlO-2 2.16xlO-'±2.25xlO-2 

34 1.07xlO-'±1.25x 10-2 1.23xlO-'±1.18xI0-2 1.44xlO-'±1.53xlO-2 

36 7.02xlO-2±8.15xlO-3 8.78xI0-2±1.0 Ixl 0-2 9.55xI0-2±1.13xlO-2 

38 4.24xlO-2±4.95xlO-3 6. lOx 1O-2±8.45x 10-3 6.36xlO-2±8.16xlO-3 

40 2.59xlO-2±3.6Ix 10-3 4.19x 1O-2±7 .36x 10-3 4.20x I 0-2±6.09x I 0-3 

42 1.57xI0-2±2.44x 10-3(C) 3.06xlO-2±6.12x 1O-3(K) 2.78xlO-2±4.55xlO-3 

44 9.5IxI0-3±1.60xlO-3(C) 2.22x I 0-2±5.12xlO-3(K) 1.87xlO-2±3.25xlO-3 

46 5.64x 1O-3±1.04x 1O-3(CE) 1.64xIO-2±4.34x 1O-3(K) 1.3IxlO-2±2.53xlO-3(K) 

48 3.49x I 0-3±6.85x IO-4(CE) 1.24x I 0-2±3.69x 1O-3(K) 9.39x 10-2±2.08xIO-3(K) 

50 2.29x I 0-3±4. 73x I 0-4(CE) 9.79x I 0-3±3.23x IO-3(K) 7 .15xlO-3±1. 75x 1O-3(K) 

52 I.5Ix I 0-3±3.37x IO·4(CE) 7 .97x 10-3±2.96xlO-3(K) 5.48x I 0-3±I.46x 1O-3(K) 

54 I.03xIO-3±2.46xIO-4(CE) 6.59x 10-3±2.7IxlO-3(K) 4.28x 1O-3±1.22x 1O-3(K) 

56 7 .46x 1O-4±1.93xlO·4(CE) 5.52x 1O-3±2.47x 1O-3(K) 3.3IxlO-3±9.88xlO-4(K) 

58 5.46xIO-4±I.44xIO-4(CE) 4.67x 10-3±2.23xlO-3(K) 2.68x 10-3±8.67xlO-4(K) 

60 4.0IxIO-4±9.84xIO-5(CE) 4.00x 10-3±2.03xIO-3(K) 2.l9x I 0-3±7 .60x 1O-4(K) 

62 3.09xlO-4±7.28xlO-5(CE) 3.43xlO-3±I.86xlO-3(K) I.80xl 0-3±6.46x 1O-4(K) 

64 2.48xIO-4±5.67xIO-5(CE) 3.00xIO-3±1.70xIO-3(K) 1.49x 10-3±5.45xlO-4(K) 

66 2.04x I 0-4±4.19x 10-5(CE) 2.65xIO-3±1.54xIO-3(K) 1.24xIO-3±4.74xIO-4(K) 

68 1.72xlO-4±3.I IxlO-5(CE) 2.32x 1O-3±1.39x 1O-3(K) 1.05xIO-3±4.23xIO-4(K) 

70 1.50x 1O-4+2.59xI 0-5(CE) 2.03xlO-3+ 1.25xIO-3(K) 8.92xIO·4+3.7IxIO·4(K) 

Values are means ± SE. fs. Stokes~Einstein radius. 

Superscrip'ed letters indicate P < 0.05: K, vs. 2K; C, vs. CON-NX; E, vs. ENA-NX. 
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Figure 1. Sieving coefficients (0) for FicoU in fawn-hooded rats as a function of 

Stokes-Einstein radius (rs). The symbols and error bars are measured values ± SE. The 

curves were calculated from lognormal-plus-shunt model. See Materials and Methods 

for complete description of groups. + P < 0.05 for CON-NX vs. 2K; * P < 0.05 for 

both CON-NX and ENA-NX vs. 2K. 

value of r* (1 %), the greater the contribution of the large pores to transport through the 

filtration barrier. (The method for calculation of r* for the lognormal-plus-shunt model is 

discussed in Section 3.6.4) As shown in Table 3, the values of r* (1%) for CON-NX and 

ENA-NX were nearly equal for a given model (62 - 63 A for the lognormal model, 60 - 61 

A for the lognormal-plus-shunt model) and were approximately 3 - 4 A larger than the 

100 



respective r* (1%) values for 2K rats. In summary, the pore-size distributions calculated 

for the NX groups were roughly equivalent, and indicated a small increase in the number of 

large, non selective pores compared to the 2K group. 

Table 3 Membrane-pore parameters. 

2K CON-NX ENA-NX 

Model: Parameter: (n = 9) (n = 9) (n = 8) 

Isoporous ro, A 47.1±0.5 48.0±0.3 49.1±0.4 

plus shunt 0l0, .10-3 0.148±0.030 3.18±0.58 0.970±0.190 
X2 153 37.6 79.4 

Lognonnal u, A 30.7±1.7 28.5±1.1 36.0±2.1 

s 1.23±0.02 1.27±0.02 1.20±0.01 

r*(I%), A 59.0 62.4 62.8 

X2 157 36.1 100 

Lognonnal u, A 34.2±0.9 30.6±0.6 38.6±1.2 

plusshunt s 1.19±0.01 1.24±0.09 1.16±0.02 
roo, 10-3 0.134±0.0 16 2.54±0.31 0.854±0.163 

r*(I%), A 57.0 61.0 60.0 
X2 44.6 9.86 47.8 

Values for pore-size parameters arc best-fit values ± SE. ro, radius of pore; r* (1%), 
pore size such that 1 % of filtrate passes through pores with r > r*; roo. fraction of filtrate 

volume that would pass through the shunt at zero colloid osmotic pressure; U J mean pore 

radius. The standard deviation of the pore-size distribution is egual to In(s). 

Urinary Protein Excretion 

Table 4 summarizes the urinary protein excretion data from the three groups. UpV 

was significantly increased in CON-NX rats, to approximately three times the 2K rate 

(40.7 vs. 13.3 mg/24h). Enalapril treatment of NX rats prevented the increase in UpV, 

which in the ENA-NX rats remained at the level seen in 2K animals. As shown in Table 4 
and illustrated also in Figure 2, the source of the variation in UpV among groups was the 

variation in Ua V. The excretion of nonalbumin proteins remained essentially constant, so 
that the ratio of albumin to total protein excretion, (UaV)/(UpV), increased with UpV. 

Studies in various other nonproteinuric rat species have reported values of 6 - 13% for this 

ratio (136). In the 2K rats, this ratio was much higher, i.e., 32%. For CON-NX rats 
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(VaV)/(VpV) was double the 2K value, and for ENA-NX rats this ratio was less than half 

the 2K value. although the latter difference did not achieve significance. 
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Figure 2 Total rates of urinary protein excretion (VpV) for the three groups of fawn

hooded rats, measured as albumin (VaV) or nonalbumin proteins (VpV - Va V). 

The per-kidney clearance of Ficon of rs = 36 A (corresponding to the size of 

albumin) is shown as 036·GFR in Table 4. Although the VaVwas increased in only the 

CON-NX group, the per-kidney clearance of this size of Ficon was elevated in both CON· 

NX and ENA-NX rats. The rise in 036·GFR was entirely attributable to the increase in 

GFR, as 036 did not vary significantly among groups. The total clearance of 36 A FicoU, 

equal to 036·GFR for the NX animals and twice this value for the 2K animals, was the 

same for aU groups. Thus changes in size selectivity evidently played no role in the increase 

in VaV seen in the CON-NX rats. By exclusion, this implies that the pIimary mechanism 

for albuminuria was reduced charge barrier. A similar increase in total Ficoll clearance was 

seen in ENA-NX rats in the absence of a rise in UaY. Thus treatment with enalapril 

prevented tIle increase in Va V but had no effect on the filtration of Ficon molecules of the 

same molecular radius as albumin. Again. this implies that albuminuria did not result from 

changes in sir..e selectivity. 
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111e extents of the con'clations of urinary protein excretion rates with whole kidney 

or singJe-nephron hemodynamic parameters, based on the combincd data from all three 
groups, are shown in Table 5. Both Up V and Ua V were strongly and positively correlated 

with;" P (P < 0.000 I). The fraction of albumin in the excreted urine, (Ua V)/(Up V), also 

was highly correlated WiOl ;"P (P < 0.0001); (Ua V)/(UpV) was inversely correlated with 

Kf, It is noteworthy that neither of the protein excretion ratcs correlated significantly with 

GFR. For all molecular sizes studied, the whole kidney clearance of FicoU (0·GFR; not 

shown) correlated with GFR (as expected) and RPF, but not with ;"P, Kf, UpV, or UaV. 

Thus, as already notcd, there was a dissociation between the rate of Ficon excretion and 

value of Ua V. 

Table 4 U nnary protcm excretion rates. 

2K CON-NX ENA-NX 

(n = 4) (n = 9) (n = 8) 

UpV, mg/24h 13.3±0.6(C) 40.7±6.9(KE) 12.0±1.8(C) 

UaV, mg/24h 4.2±0.8(C) 27.3±6.2(KE) 1.9±1.0(C) 

(Ua V)/(Up V) 0.32±0.06(C) 0.63±0.05(KE)* 0.13±0.05(C) 

036·GFR, 

mVminikidney 0.086+0.01O(CE)# 0.174+0.024(K) 0.176+0.024(K) 

Values are means ± SE; n, no, of expcriments (* n = 8, # n = 9), UpV, urinary excretion 

of total protein~ DaV, urinary excretion of albumin; 836,GFR, per-kidney clearance of 

Ficoll of rs = 36 A.. P < 0.05: K, vs. 2K; C, vs. CON-NX; E, vs. ENA-NX. 

Table 5. Pearson coefficients for correlation of urinary protein excretion rates with renal 

h d emoatnamlC arruneters. 

UpV UaV (Ua V)/(Up V) 

GFR 0.364 0.245 - 0.029 

SNGFR 0.068 0.055 - 0.044 

RPF 0.150 0.045 - 0.054 

CJA 0.333 0.266 0.020 

FF 0.495* 0.420 0.050 

SNFF 0.140 0.127 0.083 

;"P 0.827* 0.812* 0.750' 

Kf - 0.351 - 0.398 - 0.626* 

* P < 0.05. 
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DISCUSSION 

The present study reports for the first time on the size-selective properties of the 

glomerular filtration barrier in fawn-hooded rats. These animals arc prone to develop 

proteinuria and glomerular injury early in their life, and the removal of one kidney greatly 

accelerates these events. Although caution must be taken in comparing sieving data from 

different rat strains, it is interesting to note that in the three breeds of rats in which PicoH 

sieving studies have been performed [FHH, Munich-Wistar (315), and 12-month-old 

Sprague Dawley (357)], substantial differences in 0 for control rats with intact kidneys arc 

observed only for small-size to moderate-size molecules. Over the range fS = 20 - 42 A, 
FieoH sieving coefficients for the present 2K FHH group were 3 - 10 times larger than 

values we have previously reported for normal Munich-Wistar rats (315) and 

approximately three times larger than those reported by Remuzzi et al. (357) for aged 

Sprague-Dawley rats. In contrast, for rs > 58 A the 2K values are 0.3 to 0.6 times the 

Munich-Wistar values and in good agreement with the Sprague-Dawley results. It appears 

then that, for molecules the size of albumin or smaller, but not for very large molecules, the 

glomerular capillary wall of fawn-hooded rats exhibits less size-selectivity than that of the 

other two strains. The values of the pore-size parameters computed for the three strains are 

consistent with this conclusion. On the basis of previous work, there is reason to believe 

that 2K-FHH rats also suffer from impaired charge selectivity. Kreisberg and Karnovsky 

(222) performed structural studies in six mOllth old fawn-hooded rats and desclibed a focal 

loss of glomerular polyanion. This loss oceun'cd through all layers of the filtration barlier 

and in some areas even before epithelial foot process fusion was evident. The amount of 

proteinuria correlated with the degree of loss of ftxed negative charge. 

The present results suggest that NX induces a loss of size selectivity in the filtration 

barrier, but only for very large molecules. This defect is evidenced by the "tail" of the 

sieving curve at large [s. for the CON-NX rats relative to the 2K group. Trcatment of NX 
rats with enalapril prevented the tise in DpV and DaV but had no signiftcant effect on the 

sieving curve. The defect in size selectivity was not an important determinant of Va V. 

because the clearance of FicoH at rs ;:::: 36 A was not affected. The sieving coefficients of 

Ficoll, unlike those of dextran, correspond closely to those of neutral globular proteins and 

to theoretical predictions for neutral solid spheres. It follows that Ficoll sieving curves and 

pore parameters based on Ficoll data lend themselves to more quantitative interprctation of 

the mcchanisms of proteinmla. Thus the specific increase in albuminuria in the absence of 

changes in the total excretion rate of 36 A Ficoll strongly suggests an impainnent of charge 

selectivity, in accord with the aforementioned structural results (222). An alternative 

explanation, which we regard as less likely, is that Ule increased albuminuria following NX 

was caused by a decrease in albumin reabsorption by the renal tubules, rather than by an 
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increase in albumin filtration at the glomerulus. In this case, it would be necessary to 

postulate that the effect of enalapril was to prevent the decreased tubular reabsorption. 

Ficoll is apparently spherical, whereas albumin has been described as a prolate 

ellipsoid with major and minor axes of approximately 140 and 40 A, respectively (384). 

By definition, the Stokes-Einstein radius of albumin rs = 36 A, describes the diffusion 

behavior of albumin in bulk solution. It is possible, however, that the ellipsoidal shape of 

the molecule might cause its transport behavior in membrane pores to resemble that of a 

sphere of some other size, which brings into question the comparison of albumin with a 

Ficoll of 36 A radius. One important factor controlling transmembrane transport rates is the 
partition coefficient (<1», the ratio of the intrapore concentration of the molecule to that in 

bulk solution, at equilibrium (91, 251). Accordingly, we calculated <I> for a neutral ellipsoid 

of the aforementioned dimensions in a cylindrical pore of 50 A radius, as described by 
Limbach ef al. (67). The resulting value of <I> = 0.0577 is the same as that for a neutral 

sphere of 38 A radius. Thus, although values of the hemodynamic hindrance factors that 

also affect transport in pores have not been determined for ellipsoids, it seems likely that 

the effective radius of albumin in glomerular membrane pores is in the 36 - 38 A. range, or 

not appreciably different from the Stokes-Einstein value. Even if the effective radius of 

albumin were as large as 38 A, our conclusions would be unaffected, because the changes 
in 0 for Picoll were not statistically significant at any radius below 42 A. 

In the FHH rats a marked positive correlation was observed between AP and UaV 

(Table 5). Thus hemodynamic factors might be responsible for the observed alteration in 

glomerular pcrmselectivity and loss of glomerular charge. The mechanism by which 

glomerular hypertension might be translated into an alteration of the structure and function 

of the glomerular barrier is not established. A hypothesis based on the concept of a 

physically compressed charge ban'ier does not explain the augmented Va V. Modeling the 

filtration barrier as a single equivalent membrane (95), transmural compression of the 

capillary wall would decrease the effective membrane thickness. If this could be done 

without altering the pore-size distribution, then the decreased thickness would reduce the 

resistance to transport of neutral macromolecules, but it would increase the effective 

membrane charge density and thereby increase the overall resistance to transport of 

polyanions. Thus transmural passage of albumin would be predicted to be reduced rather 

than increased by simple compression of the capillary wall. Consequently, we infer that 

there is actual loss of effective charges on the filtration barrier by as yet unknown process. 

One may speculate that imposed stretch on the glomerular cells changes gene expression for 

various signaling and structural proteins, as has been observed in cultured glomerular cells 

(373). 
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Daniels et al. (84) recently reported on the relative contribution of cells and the 
glomerular basement membrane to the overall permeability properties of the glomerulus. 

For larger dextrans, the cel1ular elements were the major determinants of size selectivity, 

whereas for smaller dextrans, including those the size of albumin, the presence of native 
glomerular cells had relatively little effect on 0. Application of this finding to the FHH 

sieving data implies that the defect in sieving for larger molecules after NX may result from 

a cellular defect. Furthermore, the sieving defect seen in all three groups of FHH rats for 

molecules in the 20 - 40 A range (compared to Munich-Wistar rats) may rellect damage to 

the glomerular basement membrane. Further studies are necessary to confirm these 

hypotheses. 

The experimental model of renal ablation has commonly been used to examine the 

interaction of renal hemodynamics with size selectivity and charge selectivity, but a 

comprehensive picture of the mechanisms has yet to emerge. Olson et al. (319) measured 

the sieving of neutral dextran, anionic dextran sulfate, and neutral, anionic, and cationic 

forms of horseradish peroxidase (HRP) in Munich-Wistar rats that had undergone 15/!6 

nephrectomy. Neutral HRP sieving coefficients and dextran sieving coefficients for rs:::; 16 
- 60 A were not significantly different from controls. Values of 0 were increased for the 

anionic HRP and for dextran sulfate (an anionic fonn of dextran), while those for cationic 

HRP were decreased. These results imply a specific impairment of charge selectivity rather 

than si7..e selectivity in response to renal ablation, in concurrence with the results reported 

here. More recently, Mayer ef at. (269) measured dextran sieving curves in 5/6 

nephrectomized Munich-Wistar rats along with the fractional clearance of a 18-11. dextran 

sulfate. The reduction in nephron number led to increased UpV but increased 0 only for 

large (rs > 55 A) neutral dextran and for the dextran sulfate. Again, these data imply that a 

size-selective defect is limited to larger radii and that an alteration in charge selectivity is the 

primary mechanism for proteinuria in rats subjected to renal ablation. In contrast, Yoshioka 

ef at. (463) studied neutral dextran and dextran sulfate clearances in 5/6 nephrectomized 

Munich-Wistar rats and found a more significant effect on medium-sized molecules, with e 
for rs > 36 A significantly larger than in 2K controls. Their results indicate a somewhat 

greater role for the loss of size selectivity in the inducement of proteinuria by partial 

nephrectomy than do the results of the present study or those of Olsen ef at. (319) or Mayer 

ef at. (269). 

In other experimental models of kidney disease, changes in size selectivity appear to 

be important determinants of proteinuria. For example, in a recent Ficoll sieving study, 
Remuzzi ef at. (357) found tIl at streptozotocin-induced diabetes caused increases in 0 from 

28 - 60 A that were of the same order of magnitude as the rise in Up V. Thus the change in 
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size selectivity could account for much of the increase in protein excretion. Similarly, the 
same investigators found significant elevations in e of dextran from 26 - 64 A in 

proteinuric MWF/Ztm rats (358). Ua V was not measured in those studies, and exogenous 

charged tracers were not employed, so that it is not known whether or not there were also 

alterations in charge selectivity. 

Modulation of the renin-angiotensin system is recognized as an important method of 

preventing proteinuria in a number of different rat models (13, 269, 357, 358). The two 

principal means of counteracting the renin-angiotensin system are with ACEI and with 

specific angiotensin II (Ang II) receptor antagonists. In the present study we found that 

treatment of NX rats with enalapril (an ACE!) did not significantly affect the size-selective 

defect present for the largest PicoH molecules. An increase in Ua V was not seen in the 

ENA-NX group, however, indicating that a defect in charge selectivity was prevented by 

the ACEI. In contrast, Remuzzi et al. (358), in MWF/Ztm rats, found that enalapril reduced 

the sieving coefficients of neutral dextran at all molecular sizes studied. Both the disease 

model and the macromolecular tracer were different from the present study, which could 

explain in part the more significant effect of enalapril on size selectivity in the study by 

Remuzzi et al. (358). 

Recent studies indicate that ACEIs and Ang II antagonists have different effects on 

glomerular pcrmselectivity. The ACEIs not only inhibit conversion of Ang I, but also aff""t 

other important vasoactive peptides, snch as bradykinin, which arc hydrolyzed by 

converting enzyme. Hntchison and Webster (184) demonstrated that enalapdl treatment of 

rats with Heymann nephritis reduced UaV, whereas treatment with the Ang II receptor 

antagonist losartan did not. In a study of puromycin aminonucleoside nephrosis, Tanaka et 

al. (415) showed that enalapril, and not an Ang II inhibitor, reduced proteinuria during the 

first four weeks of nephrosis, and that this antiproteinuric effect could be partially reversed 

by bradykinin antagonists. These results suggest that enalapril may have a more substantial 

effect on charge selectivity than do Ang II inhibitors. Only two studies to date have directly 

examined the effect of Ang II inhibitors on size selectivity. Mayer et al. (269) found that 

treatment of 516 nephrectomized rats Witll MK954 (losartan) decreased liP and UpVand 

restored the size selectivity as measured with neutral dextran but did not restore the lost 

charge selectivity as measured with dextran sulfate. Similarly, Remuzzi et al. (357) found 

that treatment of diabetic rats with losartan prevented loss of size selectivity, as assessed 

with PicoB. Direct comparisons of ACEI and Ang II inhibition effects on permseleclivity, 

using similar groups of animals and the same test macromolecules, would be helpful in 

clarifying the different effects of tllese agents. 
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In this study we assumed that, in the absence of observable changes in size 

selectivity at a molecular radius of 36 A, the ratio of albumin to total protein in the urine 

was a measure of the effectiveness of the glomerular barrier to polyanions. In a similar 

fashion, Di Mario and coworkers (263) have proposed the use of the ratio of anionic 
immunoglobulin (IgG4) excretion to total IgG excretion as a clinical indicator of charge 

selectivity. Caution is needed in the use of such indicators, because protein excretion will 

be influenced by any factors which affect the tubular reabsorption of proteins. A rigorous 
detennination of charge selectivity would require measurement of the sieving coefficient of 

a charged molecule that, like Ficoll and unlike proteins, undergoes no secretion or 

reabsorption by the tubules. In the past, dextran sulfate has been used as an anionic tracer. 

However, the nonideal molecular configuration causes the same inherent difficulties in the 

quantitative interpretation of sieving data for dextran sulfate as with dextran. Additionally, 

dextran sulfate has recently been shown to bind to albumin (156, 269), and this must be 

accounted for in any sieving calculations. Given the marc ideal characteristics of Ficoll for 

sieving studies, the development of a charged derivative of FicoH is desirable. 

In summary, the intact FHH rat appears to have a defect in size selectivity in 
comparison with the normal Munich-Wistar rat. The increase in Ua V in the FHH rat after 

NX was found not to be due to an additional defect in size selectivity. ll1is suggests that 

the increased albuminuria was due to a loss of charge selectivity. Reduction of AP by 

enalapril treatment prevented the increased albuminuria. but did not prevent increases in the 

sieving coefficients for uncharged FieoH molecules larger than albumin. Thus. the specific 

effect of enalapril on glomerular barrier function in these animals appears to have been to 

preserve its charge selectivity. Further studies are necessary to define the mechanisms by 

which high glomerular capillary pressure alters the functional properties of the glomerular 

capillary wall. 
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ABSTRACT 

Direct in vivo determination of glomerular capillary hydraulic pressure in humans has 

thus far been impossible. Estimation of filtration pressure from sieving data has been of 

interest. However, a systematic evaluation of these calculated estimates with direct 

measured pressure has not been done. Here we report the outcome of comparisons 

between fitted and measured pressures made retrospectively from nine reported studies 

in the rat in which both fractional clearances of neutral dextrans were obtained and 

transcapillary hydraulic pressure (A P) was measured by micropuncture. In addition, 

data were analyzed from 25 fawn-hooded rats that had underwent different treatments 

and had undergone Ficoll sieving studies and micropuncture glomerular pressure 

measurements. Despite the use of more sophisticated models of glomerular perm

selectivity and the use of individual and group data, the results indicated that fitted 

pressures almost uniformly underestimated the actual measured values. Estimation of the 

change in A P between groups was often incorrect. Therefore, it is highly questionable - -
whether estimation of A P, or directional changes in AP, from sieving data obtained in 

humans will be a reliable method. 

Numerous experimental studies in rats have shown that elevated glomerular capillary 

hydraulic pressure (PGc) or transcapillary hydraulic pressure (ll 'P) is associated with a 

progression of glomerular damage. The models are described in Section 1.3 of this thesis 

and include renal ablation and infarction (II, 13, 137, 138, 179,276,319), desoxycortieo

sterone-saIt hypertension (112), streptozolOcin-induced diabetes mellitus (464, 466), 

unilaterally nephrectomized spontaneously hypertensive rats (108), and the 2-kidney and 

uninephrectomized fawn-hooded rat (403-405). In all these models II P is elevated along 

with the single-nephron glomerular fiItration rate (SNGFR). Therapy in these animals - -
which selectively reduces PGC and liP without reducing single-nephron hyperfiltration, 

such as with treatment with an angiotensin I converting enzyme inhibitor (ACEf), slows the 

progression of glomerular sclerosis. Acute and chronic elevations in A P are associated 
WiU, proteinuria (UpV) (43, 461, 462). 

In humans, P GC and liP are not known. A method for obtaining values of PGC or 

liP, or at least determining changes in these values, is required to fully evaluate the 

importance of U,e hemodynamic basis of renal damage and the results of therapeutic trials in 

humans. The estimation of filtration pressure from sieving curve data has been of interest 

for some time. Early attempts (18, 140, 141, 238, 240, 431) were based on the 

Pappenheimer-Renkin mathematical model (325, 326) and suffer from its limitations 
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(discussed in Chapter 4.3). Estimatcd values for t.P range from 9 to 30 mm Hg in these 

various early studies. The differences in the fits principally reflect variations in the method 

used to calculate the hindnmce factors. These estimates were all based on sieving data from 

dogs and humans, without direct pressure measurements with which to compare (142, 

237). 

Chang (70), in a retrospective study, used the pore model to fit filtration pressures 

to dextran sieving litemture data for Munich-Wistar rats (71, 74). His fit values for t.P 

were consistently lower than the experimental values by 2 to 9 mm Hg, with corresponding 
higher ultrafiltration coefficient (Kf) values and lower pore size (ro) values than reported 

originally. The range of t.P measured in these studies (34 - 40 mm Hg) was not wide. 

More recently. Chan et al. have used dextran sieving data to estimate AP in a clinical study 

of dietary protein effects (69). Employing the isoporous model, they obtained values for 

control subjects of t. P = 34 mm Hg and 38 mm Hg in the pre- and postprandial periods, 

respectively. 

In this chapter we will discuss the theoretical basis for estimating A P from sieving 

data, followed by a comprehensive review of fitting isoporous-model pressures to available 

dextran experimental data. \Ve then examine pressure fitting using recent data with greater 

ranges in measured filtration pressures, a more optimal exogenous tracer, and newer 

heteroporous models. The fawn-hooded rat study, presented in Chapters 7 and 8, is one of 

the few experiments to date in which both micropuncture and sieving measurements were 

perfonned and in which substantial alterations in A P were achieved. As such, it provides 

an important new source of data with several advantages pertaining to pressure estimation. 

Ficoll sieving data were used which are better suited to the theoretical model than that for 

dextran (315). Through better calibration with Ficoll standards the molecular sizes were 

more accurately determined than had been previously and a larger range of rs was used. 

The animal protocols resulted in a wider range of AP than usually reported. Finally, newer 

and more realistic heteroporous models were employed. 

THEORETICAL CONSIDERATIONS 

Any method whieh attempts to detel111ine changes in A P from sieving curves must 

distinguish between those effects due to alterations in permselectivity and those from 

alterations in hemodynamics. The situation of most interest for deriving pressures is that of 

t. P changes at constant SNGFR, since this corresponds to the clinical case where the 

information on 110w rates such as GFR and RPF is at hand while t. P and Kf are 

unknown. 
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Figure 1 compares the effects of changes in ro to those of changes in Il P at 

constant SNGFR using the isoporous model. As would be expected, a increase in ro is 

accompanied by a rise in 0 at all values of rs. The effect is more noticeable at larger sizes. 

A rise in A P increases the net solute clearance but increases GFR to an even greater 

degree, and therefore the fractional clearance decreases. Decreasing plasma osmotic 

pressure has essentially a similar effect. In contrast to a change in ro, the sieving 

coefficients for large molecules are all less sensitive to pressure then those for small 

molecules. Good agreement with this prediction is shown by the findings of Gassee et al. 

(141), where at comparable renal flow ratcs, sieving curves wcre generally lower in dogs 

with higher mean arterial blood pressures, but the curves merged at large solute radius. 

As pointed out by DuBois and Stoupel (105), the sieving curves are stccper--the 

membrane showing greater pennselectivity--at lower pressures, where the diffusive forces 

playa more important role. For large solutes, the sieving curves are relatively independent 

of pressure, a consequence of convection-domination. Qualitatively, it can therefore be 

appreciated that permselcctivity changes have different effects than hemodynamic changes. 

The questions remains whether the sensitivity of the measurements or of the models is 

sufficient to allow il P to be inferred. 

CALCULA nONS FROM PUBLISHED STUDIES 

We retrospectively applied the isoporous, solid-sphere model (Chapter 3.6) to all 

expelimental studies in the rat where both fractional clearances of neutral dextran were 

obtained and ilP was measured by micropuncture (44, 71, 74,185,286,461-463). These 

results arc summarized in Table 1. Each of the cases shown involves paired groups of 

animals; one group serves as a baseline or control group and the other is a group in which 

some sort of intervention was made. Using the mathematical model, best-fit values of Il P 

(along with ro) were calculated f!'Om the data as described in Chapter 3.6.5 and compared 

to those actually measured. Similarly to Chang (70), fitted values generally underestimatc 

the actual ones. TIle more central clinical issue of measuring changes in A P is shown in 

Table 1 for the paired groups. The correct direction is calculated in six of the nine cases, 

but the magnitude of the change is generally lower than measured. The mathematical 

analysis failed to correspond to the actual results in three cases, for no apparent reason. In 

summary, while the theory gives reasonable agreement with the data, it is questionable 

whether the conventional model is a clinically reliable means of estimating AP, or 

directional changes in il P. 
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Table 1 Comparison of measured and fitted A P and of measured and fitted changes in 

AP from pub1ished fractional clearance data for dextran in rats using the isoporous 

solid-sphere model. 

AP (mm Hg) measured! 

~ measured diff. calculated diff. calculated Ref: 

I. nOlmal hydropenia 34.0 33.8 1.01 (44) 

h~droeenia + An~ II 43.0 9.0 45.6 11.8 0.94 

2. NSN hydropenia 39.0 29.0 1.34 (71) 

NSN +PVE 40.0 1.0 30.3 1.3 1.32 

3. normal hydropenia 34.0 32.0 1.06 (74) 

normal + PVE 38.0 4.0 27.0 -5.0 1.41 
~"~"~"~--' ... ., .... _--_ .•.•.•... - ~." .. -.-.-~ 

4. normal euvolemia 33.9 21.9 1.55 (185) 

normal + histamine 39.5 5.6 23.5 1.6 1.68 

5. normal control 39.9 30.7 1.30 (286) 

_ ...... " .. __ . diabet".~ ........ __ .. 21)_~~.5..:.~ ..... __ 30 .. 8 ............... J)._I_ ... ..!.:.!..2 ___ .......... 
6. ummal euvolemia 33.0 36.8 0.90 (461) 

Honnal + Rve 42.0 9.0 39.5 2.7 1.06 

7. PHN baseline 40.0 42.5 0.94 (462) 

PHN + A~.~ II 52.0 12.0 45.6 3.1 1.14 

8. PHN baseline 42.0 49.0 0.85 (462) 

PHN + acet~lcholine 35.0 -7.0 50.2 0.8 0.70 

9. NPX 51.9 41.5 1.25 (463) 

NPX + veraEamil 34.0 -17.9 35.5 -6.0 0.96 

Abbreviations are: diff., calculated difference; NPX, renal ablation; NSN, nephrotoxic 

serum nephritis; PVE, plasma volume expansion; PHN, passive Heymann nephritis; 

RVe, renal vein constriction; AnS II, angiotensin II. 
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FITTING O~' L'>P TO FAWN-HoODED RAT DATA 

Methods are described in Chapter 3,6. For the data fitting, the results presented in 

Chapter 8 for two-kidney FHH rats (2K), uninephrcctomized FHH rats (CON-NX) and 

uninephrectomized FHH rats treated with enalapril (ENA-NX) were used, In addition, 

permseiectivHy studies were done in uninephrcctomized FHH rats treated with a NO 

synthase inhibitor (NW -nitro L-arginine methyl ester, Sigma Chemical Co., St. Louis, 

Missouri, USA: 50 mglL, NAME-NX). Sieving data and hemodynamic parameters of 

these NAME-NX rats are presented in Table 2 and 3, respectively. Figure 2 shows the 
sieving coefficients (8) for PieoH in NAME~NX rats as a function of Stokes-Einstein 

radius (rs) calculated using tllC lognormal-plus-shunt model. In total 25 animals were used 

for fitting calculations (2K, n = 4; CON-NX, n = 9; ENA-NX, n = 8; and NAME-NX, n = 
4), Both micropuncture and sieving studies were pcrfonned in each individual animal. 

Table 2 Ficoll sieving coefficients for NAME-NX rats (n = 4). 

rs (A) r, (A) 

20 8.43xlO·1±5.83x 10.2 46 1.72xlO·2±7.47xlO·3 

22 7.93xlO·1±6.72xlO·2 48 1.25x 1O.2±5.93x 10.3 

24 6.77xlO·1±4.57xlO·2 50 8.94x 1O.3±4.62x 10.3 

26 5.55x 1O.1±4.05x 10.2 52 6.76xlO·3±3.72xlO·3 

28 4.30xlO·1±3.75xlO·2 54 5.12x 1O.3±2.96x 10.3 

30 3.18x 1O.1±2.65x 10.2 56 4.15xlO·3±2.48xlO·3 

32 2.19xlO·1±2.72xlO-2 58 3.48xlO·3±2.18x 10.3 

34 1.56xlO·1±2.37x 10.2 60 2.82xlO·3±1.85x 10.3 

36 1.08xlO·1±2.08xlO·2 62 2.22x 1O.3±1.50xlO·3 

38 7.32xlO·2±1.83xlO·2 64 1.83xlO·3±1.26xlO·3 

40 4.95xlO·2±1.48xlO·2 66 1.59xlO·3±1.12xlO·3 

42 3.39xlO-2±1.22xlO·2 68 l.38xlO·3±9.95x 10.4 

44 2.34xlO·2+9.29x 10.3 70 1.19x 10.3+8. 72x 10.4 

All values are given as mean ± standard error. Values for NAME-NX rats were not 

significantly different from all other groups presented in Chapter 8. This was most likely 

due to the low number of examined animals in the NAME group and the relatively high 

values for the standard en'ors for the studies in these rats. 
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Table 3. Hemad namic arameters for NAME-NX rats (n - 4). 

body weight, g 263±12 

MAP, mm Hg 160±4(KCE) 

hematocrit 47 .O±l.l (K) 

GFR, ml/minlkidney 1.47±0.09 

RPF, ml/minlkidney 4.54±1.09(C) 

FF 0.35±0.04(K) 

SNGFR, nl/min 76.5±6.1 

QA, nl/min 208±40 

SNFF O.38±0.01(KCE) 

CA, gldl 5.4±0.1 

AP, mm Hg 64.6±3.3(KCE) 

Kf, nl/min/mm Hg 1.94+0.07(E) 

All values are given as mean ± standard CITOr. Supersctiptcd letters indicate P < 0.05: K, 

vs. 2K; C, vs. CON-NX; E, vs. ENA-NX. Chapter 8 provides data other rat groups. 

To demonstrate the equivalence of using single-nephron versus whole kidney 

parameters in pressure fits, the four sets of experimental group data were fitted using both 

the single-nephron and whole kidney hemodynamic data of Table 3. The results are shown 

in Table 4. Little difference is seen between the results from single-nephron versus whole 

kidney parameters. Fitted A P unifonnly underestimated measured values by a considerable 

amount. None of the models predicted that A P for the NAME-NX was substantially higher 

than the other groups. The isoporous-plus-shunt model gave results closer to those 

measured, and it correctly demonstrated that pressure in the CON-NX and NAME-NX 

groups were higher than the 2K and ENA-NX values. Even though they provided better 

overall fits to the sieving coefficients, the lognormal and lognormal-plus-shunt fits 

indicated that the pressure in the ENA-NX and NAME-NX groups were either higher than 

or similar to those of 2K and CON-NX. 

Finally, pressures were fitted to the sieving data of each of the 25 rats and 

compared to the actual micropuncture value. The results for the various glomerular 
permselectivity models are shown in Figures 3, 4 and 5. Again fitted AP tended to 

underestimate measured A P. For the isoporous-plus-shunt model, the difference between 

the filled and measured pressures averaged -13.6 mm Hg, with a range of +6.7 to -61.4 

mm Hg. For the lognormal model, the average was -21.2 mm Hg, with a range of -8.3 to 

-36.7 mm H, and for the lognormal-plus-shunt model the average was -16.0 mm Hg with a 
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range of +52.4 to -38.1 mm Hg. None of the correlations bctween fitted and measured A P 

wcre significant (P = 0.733 for the isoporous-plus-shunt; P = 0.103 for the lognormal; P = 
0.312 for the lognormal-plus-shunt). 

Table 4. Fits of pore parameters plus A P to group-averaged sieving coefficients. 

Qrmm;. 2K NX ENA NAME 

APmeasured (mm Hg) 48.6±1.2 

Model' WK SN = 
Iso- ro (A) 46.9 46.8 

porous roo (10·4) 1.07 1.05 

+ shunt APfit (mm Hg) 35.8 37.0 

Log- u (A) 29.7 29.8 

nonnal s 1.26 1.26 

APfit (mm Hg) 27.2 28.7 

Log- u (A) 34.1 35.4 

nonnal s 1.21 1.19 

+ shunt roo (10-4) 0.314 0.415 

APfit (mm Hg) 27.6 29.7 

55.9±1.2 

WK SN 

47.7 47.8 

27.4 27.3 

44.8 45.2 

26.6 26.0 

1.33 1.34 

29.1 28.8 

31.9 27.6 

1.25 1.31 

13.8 4.48 

35.2 28.4 

43.6±1.2 

WK SN 

48.6 48.7 

7.18 7.23 

37.0 36.9 

32.5 32.5 

1.26 1.26 

31.4 31.2 

35.8 34.5 

1.20 1.22 

0.905 0.891 

31.1 30.9 

64.6±3.3 

WK SN 

49.0 48.7 

9.43 8.69 

38.5 40.8 

33.4 33.9 

1.25 1.24 

32.1 35.6 

34.2 35.6 

1.23 1.22 

1.13 1.31 

31.7 35.6 

Abbreviations: WK, whole kidney hemodynamic parameters; SN, single-nephron 

hemodynamic parameters. 

In summary. the results from attempts to fit filtration pressure to sieving data were 

not encouraging. Neither the use of newer heteroporous models nor fitting of the individual 

sieving data instead of group means improves the ability of the present models of 

glomerular permsclectivity to infer glomerular hydraulic pressures. It is not clear whether 

this failure is intrinsic to the model or to the experimental accuracy of the sieving 

coefficients and hemodynamic data. Further evaluation of the model and the sensitivity of 
pressure fitting to experimental variance in e is necessary to determine whether estimation 

of AP from sieving coefficients is viable. The worst-case scenario is that e is not 

sufficiently sensitive to changes in AP to allow for fitting. A more optimistic possibility is 

that the present mathcmatical model is simply not advanced enough to enable accurate 

estimation of ,.. P . 
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Microcirculatory studies in fawn-hooded (FH) rats have shown a derangement in the 

glomerular capillary hydraulic pressure (PGc), which was associated with subsequent 

glomerular injury and scan'ing (404). Removal of one kidney (NX) in FH rats of the FHH 

substrain resulted in a pronounced acceleration of the progression of chronic renal failure 

(CRF) to end-stage renal disease (ESRD). Elevated PGC was the most significant 

determinant in this process and values of this parameter were further increased after NX 

(405). Modulation of this hemodynamic key factor in NX FHH rats was subsequently 

assessed (403). Those studies revealed that increase of PGC resuIting from the 

administration of a NO synthase inhibitor was associated with early FSGS and uremic 

death. Conversely, animals treated with the angiotensin I converting enzyme inhibitor 

(ACEI) enalapril had normal values of PGC and exhibited long term protection for 

proteinuria and CRF. Subsequently, pcnnselectivity studies with the tracer macromolecule 

Ficoll were done (316). FHH rats with 2 kidneys (2K) appeared to have an intrinsic 

sieving defect in the range of albumin size (36 A) molecules, rendering the restriction of 

these molecules more dependent upon anionic charges in the filtration membrane. After 

NX, an additional perm selectivity defect for large size molecules (> 40 A) was 

demonstrated. Lowering of PGC in NX FHH rats by ACE! therapy did not alter the size

selectivity defects. Indirect evidence for loss of anionic charges after NX due to high Per 

was also presented. Together, the permselectivity data suggested that FHH rats of the 

various above mentioned groups have specific defects of the glomerular filtration ban"ier 

which are perhaps visible on ultrastructural examination. Recently, Daniels et al. showed 

that relative large size macromolecules (> 40 A) are mainly restricted by cellular elements 

of the filtration membrane, whereas perm selectivity for smaller molecules (20 - 40 A) 
including albumin is more dependent upon the acellular matrix (84). Cells added to the 

GBM do not greatly improve the pennselectivity of the barrier for these small moleenles. 

Interpretation of onr sieving data in view of these hypotheses suggested that the defect for 

large size molecules which appears after NX is the consequence of cellular injury, whereas 

the intrinsic abnormality in 2K FHH rats is related with a matrix disarray (316). Initial 

screening studies of the ultrastructure of FHH rat glomeruli were done to allow a better 

understanding of these mechanisms and possibly test the suggestions as inferred from the 

work of Daniels et al. Electron microscopic studies have been done in several FH rats 

strains, but not in FHH rats. The reports on those other strains are discussed in Chapter 

2.2. The current initial studies therefore also served to possibly identify and compare 

observations in FHH rats with those of its ancestors. 
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MATERIALS AND METHODS 

Fawn-hooded rats of the FHH substrain were used. A single 22 week old WAG rat 

with 2 kidneys (2K). part of the study presented in Chapter 5. was added for control. Two 

young 2K FHH rats were studied. representative for a young FHH rat group also 

presented in Chapter 5. These rats were 6 to 7 weeks old and had proteinuria in the 25 

mgl24h range. Two untreated uninephreetomized (NX) FHH rats were assessed. One of 

these was NX at age 4 weeks and sacrificed 2 weeks later. Hemodynamic or other 

parameters were not obtained in this rat. Tissue from this animal served to illustrate and 

highlight the early glomerular changes in young FHH rats as a consequence of NX. The 

other NX FHH rat was NX at age 8 weeks and studied 12 weeks later at age 20 weeks. 

This older animal served to study the effects of NX (Chapter 6). and as control for the 

pharmacologically treated NX FHH rats (NX-CON) (Chapter 7). The treated rats consisted 

of one FHH rat NX at age 8 weeks and then treated for 12 weeks with ACE! (enalapril 

(ENA): 250 mg/L; Merck Sharp & Dohme. West Point. PAl. and one FHH rat NX at age 8 

weeks and started on a NO synthase inhibitor (NW-nitro L-arginine methyl ester (NAME): 

50 mglL; Sigma Chemical Co .• St. Louis. MO) and sacrificed 8 weeks later. An overview 

of the studied animals is presented in Table I together with the results. The reader is 

referred to the various chapters for details on the microcirculatory. permselectivity. and 

light microscopic morphological data. With the exception of the young NX FHH rat 

indicated above, all animals selected for ultrastructural assessment were part of those 

studies and thought to be representative for the vadous groups. Methods for transmission 

electron microscopy are briefly provided in Chapter 3.5. 

RESULTS 

The ultrastructural measurements were summarized by a semiquantitative score in 

Table 1. We would like to stress that these limited studies only served to screen FHH rat 

glomeruli for lesions rather than to count these to allow for correlations. The low number 

of rats may have easily resulted in bias. 

Young FHH rats showed focal fibrin deposition in capillary loop lumina and in the 

subendothelium. Some platelet aggregates. with or without concomitant fibrin deposits 

were present within those lumina or adhered to tlle endothelium. Overlapping of endotllelial 

ceiJs was seen. Podocytes appeared normal with intact foot processes. 

The single 6 week old FHH rat examined 2 weeks after NX showed similar 

changes as the young FHH rats with 2K. However, the early endothelial lesions were morc 

pronounced and in addition damage of the GBM was seen. Changes included platelet and 

fibrin adherent to a generally damaged endothelinm. Endothelial cells were overlapping and 

showed regenerative changes. Splitting of the basement membrane was seen with fibrin 
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deposition within the membrane. Podocytes appeared normal with non-fused foot 

processes. 

Injury of the visceral epithelial cells was seen in rats NX at 8 weeks and studied 12 

weeks later. There was marked effacement or fusion of foot processes, with only focal 

sparing. These screening studies did not reveal platelet aggregation or fibrin deposition, 

and the endothelium did not appear abnormal. Glomeruli of the single NX FHH rat treated 

with ACEI showed some attenuation of the cytoplasm of the podoeytes and some focal 

fusion of foot processes. Lesions of the other constituents of the barrier were not apparent 

in this animal. The tufts of the NX FHH rat treated with NO synthase inhibition revealed 

extensive damage to all layers of the glomerular capillary wall. The endothelium was 

swollen and showed subendothelial "fluffy" areas, but was not associated with fibrin or 

platelet deposition. Extensive foot process fusion was seen together with blebs and 

lysosomes, indicative of severe podocytc damage. 

Table 1. Summary of ultrastructural findings in FHH rats. 

Age bw Group Endo- GBM Podocyte Fibrin Platelets 

wk g thelium 

FHH 7 235 2K + = + 
FHH 6 210 2K + = + + 
FHH 6 148 NX (4) + + = + + 
FHH 20 344 NX (8) (CON) + + = = 

FHH 20 336 NX (8) (ENA) = ± = = 

FHH 16 240 NX (8) (NAME) + + ++ = 

WAG 22 340 2K = = = = 

Values for age and body weight (bw) represent individual values for rats used for 

ultrastructural assessment. NX, uninephrectomy, with value between parentheses 

indicating age in weeks at which NX was done; Score for injury: +, present; ±, mild; 

++. severe; =, unchanged or not observed. 

DISCUSSION 

Fawn-hooded rats have an inborn susceptibility to develop FSGS. In previous 

studies we found that elevated Pac was present in young rats and predicted the subsequent 

development of glomerular injury visible on light microscopy. The current studies showed 

that these young rats have evidence of endothelial cell damage with fibrin and platelet 

aggregation. which was more pronounced early after NX. The rat NX and studied at a later 
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time point showed podocyte injury, which was less severe after ACEI treatment and more 

pronounced after NO synthase inhibition treatment. In the subsequent sections we shall 

discuss several lesions which have been described in other rat models of CRF and might 

perhaps be present and contribute to the progression of CRF in FHH rats as well. 

Limitations of the current study do not allow definite conclusions on the importance of any 

of such changes in respect to specific pathophysiological routes of injury in the FHH rat. 

This study served to identify lesions in the FHH rat and to discuss possible areas of interest 

for future study. 

Glomemli possess a complex hemostasis system with procoagulantl antifibtinolytic 

and anticoagulant/fibrinolytic properties that can act locally on platelet adhesion or 

aggregation, on the plasma-coagulation pathways, and on fibrinolysis (199). Disturbance 

of this delicate balance may contribute to glomerular scarring (468). The precise 

mechanisms through which this may occur are still not well defined. Intragiomerular 

deposition of fibrin resulting from endothelial cell damage has been reported in the process 

of glomerulosclerosis (322). Since high pressures and flows dominate the subsequent 

occurrence of FSGS in young FHH rats, it is conceivable to suggest that this hemodynamic 

burden may cause some sort of endothelial cell damage. Endothelial cell injury and 

activation results in release of tissue procoagulant factor, fibrinolytic inhibitors, platelet 

activating factor, and large multimers of von Wiliebrand factor (vWF) which all promote 

fibrin deposition and platelet aggregation (35). Direct endothelial cell injury could expose 

the GBM which can aggregate platelets (131), or expose O,e thrombogenic subendothelium 

which contains procoagulant tissue factor (35). 

Evidence of endothelial cell damage, GBM exposure, and coagulation activation in 

FHlWjd rats was previously reported by Urizar ef al. (428). These investigators showed 

increased glomerular capillary deposition of vWF and complement (C3) in 2 to 4 month old 

FHlWjd rats. Kuijpers and Gruys noted increased glomerular fibrin deposition in 2 month 

old FH/URL rats (228). Although the platelets of the FH rat lack the storage pool, dense 

granules have been identified in the cytoplasm (414) (current observations). These platelets 

have a defective ATP and serotonin secretion but do aggregate well and generate 

thromboxane (TxA2) upon stimulation with collagen in plasma or whole blood (255). 

Further studies are needed to define the role of fibrin and platelet aggregation in the 

progression of FSGS in FHH rats and the relationship of these aggregates with 

hemodynamic and endothelial abnormalities. In this context, experiments with synthetic 

peptides containing a recognition site for integrins in several adhesive molecules including 

fibronectin, fibrinogen, and vWF are of interest. These peptides can inhibit fibrinogen

platelet binding and platelet aggregation (468). 
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Little is known about the intraglomendar hemostatic properties after renal ablation. 

Ruedin e/ al. recently reported on the effects of NX and subtotal renal ablation (NPX) on 

glomerular fibrin deposition and the activity of the intragiomerular procoagulant and 

fibrinolytic systems (382). Fibrin deposits were only seen after NPX, whereas NX rats 

had no such lesions as assessed by light and immunofluorescence microscopy. 

Procoagulant activity was reduced in both NX and NPX rats and fibrinolytic activity was 

increased in NPX animals only. The latter finding may be due to stimulation by the fibrin 

deposits which were only present in NPX rats. They concluded that the changes in 

glomerular hemostatic properties appear adaptive. Administration of the TxA2 synthase 

inhibitor OKY 1581 did not alter the glomerular hemostatic balance. Similarly, NX in FHH 

rats may alter the intraglomerular hemostatic balance, a process which perhaps requires 

some time to develop its full potency. More studies are needed to confIrm this hypothesis. 

The role of prostaglandins, notably TxA2, in the glomerular aggregation of platelets 

and subsequent sclerosis is somewhat controversial (468). Although glomerular synthesis 

and urinary excretion of TxA2 generally increase after removal of nephrons by infarction 

(25), specific inhibition of the receptor of TxA2 in ablated rats does not protect for 

glomerulosclerosis (468). Protection of remnant glomeruli by TxA2 synthase inhibition 

probably results from lowering of systemic and glomerular hypertension because of 

redirection of endoperoxides toward vasodilatory prostaglandins (468). Young FH rats 

have a high urinary excretion of TxA2 which gradually increases with age and correlates 
with level of proteinuria (UpY) (211). Platelet formation of TxA2 is abnormally high 

(255). The effect of NX on TxA2 excretion and metabolism in FHH rats has not been 

assessed to date, but there is little reason to believe that the effect would be different from 

that in other rat strains. Thus, TxA2 activity probably relates better with glomerular 

hemodynamics than with fibrin and platelet aggregation per se. The abnormal high platelet 

synthesis of TxA2 in FH rats may perhaps influence or contribute to the abnormal 

glomerular hemodynamics, and indirectly through damage of the endothelium and collagen 

exposure by high PGC relate with fibrin deposition and platelet adherence. Further studies 

are required. 

Ficoll sieving studies in FHH rats suggested an inborn permselectivity defect for 

size 20 - 40 A molecules which remains present after NX and additional therapy (316). 

This defect may render the membrane more dependent upon charge to retain albumin. Most 

of the size selectivity of the filtration barrier resides in the cells. The contribution of these 

cellular elements to the overall permselectivity of the glomerulus is most conspicuous at the 

largest molecular radii (84). The defect for 20 - 40A molecules therefore might be the 

consequence of GBM rather than of cellular disturbances. Dextran sieving studies in 

patients with thin membrane nephropathy showed increased fractional clearance of neutral 
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dextran molecules> 42 A despite the absence of significant proteinuria (416). These 

subjects have no known cellular membrane defect and nonnal slit pore counts. The results 

of the experimental work by Daniels e/ al. (84) and the patient study by Thomas e/ al. 

therefore appear to be contradictive in respect to the spectrum of the expected sieving defect 

in the patients. Assumptions of the glomerular hemodynamic status in the patient study may 

have contributed to this. However, study of the sieving curves presented in the paper- by 

Thomas et af, suggests that the defect observed in thin membrane patients in absolute tenus 

is greatest in the smaller molecular spectrum. This is most apparent when comparing the 

curve of patients with the tllin membrane defect with the graph obtained in patients with 

heavy proteinuria due to membranous nephropathy. Additional studies are needed to morc 

clearly define the possible sieving abnormality in FHH rats. Furthermorc, additional 

experiments need to be done in order to allow more optimal linking of sieving data to 

structural data. 

A structural lesion of the GBM was not apparent in our current observations in the 

young 2K FHH rats. TIlis is in contrast to observations by Kuijpers and Gruys, who noted 

thickening and occasional splitting of the GRM in 2 month old 2K FH rats (228). Probably 

due to small animal number and screening of glomeruli only, did we not observe such 

changes in our current study. We did identify splitting of the GRM with deposition of 

fibrin in the defect in the FHH rat NX at age 4 weeks and studied two weeks later. It might 

well be that this procedure uncovered a potential weakness of the matrix, but this 

interpretation remains rather speculative. Additional studies of the GBM in FHH rats are 

required to confirm the above impressions. 

Kreisberg and Karnovsky first described the spontaneous development of FSGS in 

FH rats, and concluded that foot process fusion and epithelial cell injury are important 

changes contributing to the process of glomerular scarring (222). They studied 6 month old 

FH rats. Before foot process damage occurred, loss of anionic charges through all layers of 

the filtration barrier was seen. This loss in charge correlated with the amount of proteinuria, 

which increased over time in a progressive fashion. More recently, Kriz and coworkers 

studied the FHH rat strain (n = 8) at age 24 weeks (personal communication Dr. Provoos!). 

WAG rats (n = 7) served as control. Systemic blood pressure as measured by tail·cuff 

plethysmography was 141 ± 15 vs. 106 ± 6 mm Hg, and albuminuria measured 36.6 ± 
26.1 vs. 1.4 ± 0.5 mglday/IOO g bw for FHH vs. WAG, respectively (all animals with 

2K). At this age glomerular damage was seen in all FHH rats, and varied from mild to 

severe including FSGS. Early lesions consisted of mcsangial expansion and capillary 

ballooning. In more advanced damaged glomeruli the lesions in the podocytes dominated. 

These changes consisted of simplification of foot processes, flattening of podocyte cell 

bodies, pseudocyst I bleb fOImation, and finally detachments of podocytes from the GRM. 
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Presclerotic lesions consisting of local hyalinosis and thrombosis of glomerular capillaries 

were always seen in conjunction with tuft adhesions of Bowman's capsule. These authors 

stated that the early adhesions representing fixation of the tuft to Bowman's capsule is 

effected by parietal glomerular cells which attach to the GBM of naked capillary loops. 

Segmental sclerosis was found to exclusively develop in those adherent tuft regions. 

Mesangial proliferation was locally present but did not appear to contribute decisively to the 

development of sclerosis. 

Podocyte lesions, notably foot process effacement, appeared to relate with level of 

11 P among NX FHH groups. Some focal fusion and attenuation of the cytoplasm was still 

present in the NX FHH rat treated with ACE!. Since glomerular tuft size increased 

similarly in bOtll untreated and ACE! treated NX FHH rats, it is conceivable to believe that 

podocytes in these groups underwent a hypertrophic response. This response has been 

described previously in adriamycin induced nephrosis with (132) and without (441) 

additional renal ablation. It is thought that in these models stretch and hypertrophy of 

podocytes occur in an attempt by these cells to cover the GBM completely after an insult. 

Denudation of the GBM occurs on sites where this attempt has failed. The greater the loss 

of and damage to podocytes, the more apparent the foot process lesions and GBM 

denudation (225, 363, 364). These denuded sites are believed to represent the structural 

defect allowing large (> 40 A.) macromolecules to pass into Bowman's space (84, 201, 

384,441). We found a sieving defect for such large molecules in untreated NX FHH and 

ACE! treated NX FHH rat groups (316). Sieving studies in NX FHH rats treated by NO 

synthase inhibition involved only 4 animals. Data from those rats showed a similar trend 

for a defect in the> 40 A. range, but significance was not reached. Thus, although the 

severity of podocytc injury and foot process fusion varied among groups, a permselective 

lesion was seen in the two groups indicated above, and was probably present in the latter 

mentioned group as well. The sieving defect tended to be less marked in ACEI treated rats 

with lower PGc. but remained present. Therefore, it appears that with the currently used 

tools for the study of pcrmselectivity a graduation in the severity of podocyte injury was 

not possible. As indicated previously, the current findings arc presented only to suggest 

possible routes of injury in FHH rats and do not identify them as such. For example, a link 

between level of Pm: and degree of foot process damage is probably present in this model, 

but morc studies are nceded to confirm this. 

Level of albuminuria paralleled with the level of I1P and as indicated above, with 

the damage to foot processes of the visceral epithelium. Therefore, level of albuminuria 

might indicate the extent of podocyte damage more precisely than loss of permselectivity 

for> 40 A molecules assessed by Fieoll. Olson e/ al. observed a decrement in glomerular 

fixed negative charge reflecting the extent of epithelial cell detachment in NPX Munich· 
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Wistar rats (319). In that study, pe.mselectivity for> 40 A. molecules was reduccd after 

ablation, as has been reported in other similar experiments (269). As indicated above, we 

did not observe a reduction in this size selectivity defect in NX rats treated with ACEI. TIlls 

is in contrast to many other reports on the effects of Ang II modulation on perm selectivity 

after renal ablation (269). It is likely that the tracer used in the current study, FicoU, is 

much morc sensitive to identify a lesion in the filtration barrier. FicoH is a morc ideal 

marker molecule than the frequently used dextrans, since this agent is much more restricted 

by the normal glomerular barrier than dextran (315). Reversely, when a defect is present in 

the barrier it will be signalled by tilis molecule. 

Yoshioka el al. recently showed that acute albuminuria as a consequence of H202 

administration does not result in any ultrastructural defect, notably podocyte lesions were 

not seen in this acute selling (460). These findings suggest that podoeyte foot process 

fusion represents damage in a morc chronic process rather than resulting from acute 

changes in the glomerular milieu. Yoshioka el al. indicated that hemodynamic abelTations 

might have been present during the acute proteinuric phase and possibly related with the 

observed albuminuria. Changes in glomerular pressures and fluxes can alter the convection 

and diffusion of macromolecules. 

Another interesting observation among the vatious groups is the apparent reciprocal 

relationship between the value for Kf and A P. Kf often decreases in rats with more severe 

podocyte injury and albuminuria. Kf is defined as: 

.1\,-= 
2 

fS fO --o-
J 8 11 

where f denotes the fraction of capiIlUly surface area oceupicd by small pores, S the total 

glomerular capillary surface area, 1 the small pore length, 1'0 the pore radius of small pores, 
and 11 the viscosity of the filtrate (462). The value for rO was essentially similar among 

groups as assessed by various membrane models (314, 316). The decrement in Kf in NX 

rats treated by NO synthase inhibition as compared with untreated NX rats therefore must 

have resulted from a loss in total small pore area (fS), or increase in pore length (I), or a 

combination of these. Tuft size, a crude indicator of S was not increased after NX in these 

animals, suggesting that change in pore length and fraction of capillary surface area 

occupied by small pores were the most important determinants. A reverse process must 
have occurred in ACEI treated NX rats. These rats increased Kf as compared to untreated 

NX FHH and 2K FHH animals. The tuft size increase may have contributed to this 

adaptation. Additional information on podocyte slit process dimensions and total surface 
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available for filtration among the animal groups is required to allow a better understanding 

of these preliminary observations. 

This limited study on the uitrastructure of FHH rat glomeruli revealed several 

lesions. The earliest detected damage was seen in the endothelium in 2K young FHH rats, 

which was associated with fibrin and platelet adhesion. Damage to the GBM was seen in 

several rats and more studies are needed to define this apparent lesion. Podocyte damage 

was observed in NX rats, which appeared to reflect degree of albuminuria and the level of 

Poco Decreased sire selectivity for Ficoll molecules> 40 A appeared to be a marker for the 

presence of podocyte injury, but probably not for the degree of injury. These initial 

observations suggest the presence of a possible association between hemodynamic 

aberrations, morphological changes and permselectivity defects. More studies arc required 

to continn these suggestions. 
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PART IV: 

GENERAL DISCUSSION 





IJ SUMMARY 

In this thesis, the fawn-hooded rat, a strain with an inborn predisposition to develop 

glomerular lesions and renal failure early in life. was studied. Details on this strain are 

provided in Chapter 2. The described experiments are a comprehensive assessment of 

different pathways previously associated with glomerulat' obsolescence and renal functional 

deterioration in other experimental models, illustrated in Chapter 1. These include 

hemodynamic and structural routes, and alterations in glomerular pcrmselcctivity for 

macromolecules. The various methods used for these studies were described in Chapter 3. 

m Chapter 4, practical and theoretical aspects of tllese techniques were provided to SUppOlt 

their application and to reveal potenliallimitations. 

In the initial expelimcnt. provided in Chapter 5, the presence of glomerular capillary 

hypertension acting as a driving mechanism for the initiation and continuation of glomerular 

injury was established. We found that elevated mean glomerular capillary hydraulic 

pressure (PGd occurred in young animals, before the development of major structural 

abnormalities in the filtration units. The level of PGC was highest in the fawn-hooded rat 

substrain characterized by the most progressive renal stl1lctural and functional deterioration, 

the FHH strain. In these rats, high efferent arteriolar vascular resistance resulted in the 

capture of systemic hypertension in the glomerular tuft. Afferent vasoconstriction could still 

prevent this from occurring, hut was not present. The measurements of the size of the 

glomerular tuft revealed no differences among studied groups with relatively low values as 

compared to those previously reported for rats after renal ablation or induced diabetes. It 

was concluded that tuft size increases are not required for and not associated with the 

process of FSGS in fawn-hooded rats. Podocyte injury in "intact" fawn-hooded rats with 

two kidneys therefore does not result from stretch over an increased tuft, but more likely 

from increased stresses because of high PGC-

In the subsequent studies, the FHH substrain was selected because of its 

remarkable susceptibility for progressive injury and the most marked hemodynamic 

aberrations. Chapter 6 outlines the effects of uninephrectomy in FHH rats, including renal 

structural and functional adaptations. A profound acceleration of the renal disease was 

noted which was associated with a fmiher elevation of PGC and hyperfiltration. Also the 

glomerular tuft was increased in size. We compared the magnitude of the structural and 

hemodynamic adaptations after NX in FHH rats with those reported in the literature for 

other rat strains. We concluded that the increased hemodynamic stresses were the most 

significant changes. The increased glomerular tuft volume was comparable with the 

response seen in other rat strains, and unlikely to account for the marked differences in the 

rate of progression of glomerular injury. 
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In Chapter 7. the importance of glomerular hemodynamic and glomerular 

hypertrophic responses in CRF were further investigated. Uninephrectomized FHH rats 

were phannacologically treated and three groups with different levels of systemic blood 

pressure were thus created. Mean arterial blood pressure and PGe were closely correlated. 

This illustrated the pOOl' regulatory capacity of FHH rat glomeruli to maintain constancy at 

PGc. thus exposing the capillaries to systemic blood pressure variations. Level of PGe 

among groups predicted the development of subsequent FSGS. Induction of glomerular 

growth by uninephrectomy did not significantly alter the course of this process. A 

summary of studies from the literature was provided to show the chronic effects of 

angiotensin II (Ang II) modulation on glomerular hemodynamics and structure after renal 

ablation. Conduded was that increases in glomerular tuft Si7.e which occur after ablation do 

not lead to progressive glomerular injury. Control of glomerular hypertension is essential to 

maintain renal function over long-tenn. 

In Chapter 8, the pelmseieetivc properties of the glomerular capillary wall of FHH 

rats were assessed. This was done with the tracer Ficoll. previously shown to be an ideal 

molecule for such studies. Two kidney FHH rats exhibited a defect for small to moderate

size molecules (20 - 42 A range). Capillary restriction of albumin in these animals 

therefore depends relatively more on anionic charges in the fthration membrane than on size 

selectivity. Previous studies done by Kreisberg and Karnovsky in a related strain of fawn

hooded rats revealed a decreased density of these chargcs and a correlation between 

severity of loss of charge and the degree of proteinuria. Uninephrectomy in FHH rats 

induced a loss of size selectivity for large molecules and loss of charge selectivity. 

Treatment with an angiotensin I converting enzyme inhibitor (ACEI) repaired the latter 

defect. Analysis of all studied parameters showed a marked positive correlation between 
- -
PGC and albuminuria, suggcsting that high PGC might be responsible for the changes in 

pennselectivity and charge. 

Sieving data obtained in Experiment 8 and in an additional group of uninephrec

tomized FHH rats treated with a NO synthase inhibitor was analyzed in Chapter 9 in an 

attempt to calculate the transcapillary hydraulic pressure. Previously reported experiments 

were also included in these estimations. Various membrane models were used and data 

from FHH rats was processcd for individual rats and for each treatment group. The 

currently available pore models were not advanced enough to allow differentiation between 

effects due to pennselectivity and those from alterations in hemodynamics. TItuS accurate 
- -

estimation of AP or directional changes in !J. P from sieving data is not yet possible. 

Initial ultrastructural studies were done in several FHH rats and presented in 

Chapter 10. The obselved changes as detected by scrccning of glomeruli for lesions were 

summarized and discussed. Areas of interest for future studies were indicated. 
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12 GENERAL DISCUSSION AND CONCLUSIONS 

Glomerular hypertension comprises a potent force in the progression of chronic renal 

disease. Not only well established models of induced chronic renal failure (CRF) such as 

diabetes and ablation nephropathy are characterized by this hemodynamic aberration, but as 

shown in this thesis, the fawn-hooded (FH) rats as well. Before extensive damage is 

present in young FH rats, mean glomerular capillary hydraulic pressure (Pod is high and 
tightly linked with concomit,mt increases in proteinuria (UpY) and albuminuria (UaY), and 

subsequent progressive focal and segmental glomerulosclerosis (FSGS). The high P(,,c is a 

consequence of the transmission of systemic hYPc11cnsion into the glomerular capilJary tuft 

because of abnonnalitics in both the afferent and efferent resistance vessels. Preliminary 

results of a study assessing the NO system in the macula dens a suggest an uprcgulatcd 

activity. Such dysregulation could explain the low inflow resistance. The NO system 

abnormality may be linked or associated with other vasoregulatory abnormalities. An 

important example of this is the recent finding of an immature pattern of renin expression in 
eight week old FHH rats with moderate systemic hypertension (SBPle: 140 ± 3 mm Hg) 

and mild UpY (19 ± 2 mg/24h) (198). Plasma renin concentration was extremely high (95 

± 9.8 vs. 4 - 5 ng AT/ml/h) and renal renin concentration was elevated (6.0 ± 0.4 vs. 1.6 -

1.7 ng ATfmg protein/h) in tilese young FHH rats. Renal renin mRNA was upregulated in 

young FHH rat.~, and the distribution and immunostaining intensity of renin were indicative 

of an immature pattern. These observations further support the conclusion from Experiment 

I on the cause of the spontaneous glomerular hypertension and sclerosis, i.e. an 

exaggerated efferent arteriolar tone due to locally uprcgulated renin in the absence of 

afferent vasoconstriction. Aging of FHH rats is accompanied by a decline in renal and 

plasma renin, whereas renal immunostaining for angiotensin converting enzyme and 
angiotensinogen increase. These changes are accompanied by increments in UpV and 

FSGS. The interaction between the NO system and the renin-angiotensin system (191, 

311) was exemplified in Experiment 3, where the extremes of this interplay were revealed. 

Rats treated with NO synthase inhibition completely lost control over the efferent arteriole 

allowing the renin-angiotensin system to take over. These animals showed high values for 

PGG Animals treated with an angiotensin I converting enzyme inhibitor (ACEI) opened tile 

glomerular resistance vessels probably due to NO domination. 
The dependence of UpV (mainly albuminuria) in FHH rats on the level of systemic 

blood pressure as observed in Experiment 3 (Chapter 7) was recently investigated further 

(346). Four different ACE!'s were used over a 15 week period. Regression analysis at 

various time intervals showed a significant correlation between SBPtc and UpV (r = 0.77 
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to 0.92). Morphologic examination of the kidneys showed that the incidence of FSGS was 
correlated with the final SBPtc and UpY (345). There were no notable alterations in 

glomerular tuft size among groups. When the ACEI's were withdrawn, hypertension and 
UpY returned. A lag period of approximately one week was observed betwcen the new 

level of blood pressure and Up Y. This latter finding may indicate that in addition to the 

direct hemodynamic effect of ACEI, a change occurs in the filtration membrane which 

affects renal protein excretion. This change may well be the charge of the filtration barrier, 

similar as reported in Experiment 4 of this thesis. A study with lisinopril (50 mg/I) in FHH 

rats revealed a similar biphasic response (432). 

The elements of the filtration barrier arc exposed to pressure and fluid fluxes as a 
result of both hemodynamic and oncotie forces. Pressure and flow act in an omnidirectional 

manner and causes various types of stress. Stress is an unidirectional feature, and basically 

four different types arc recognized, i.e. tensile, compressive, shearing, and torsional. 

These stresses eause strain or deformities of the structure (225). It is thought that these 

deformities provide a signal to the various components of the glomemlar capillary wall (80, 
164, 260, 373). Signal processing includes the translation and integration of the 

infonnation into cellular actions. For example, high PGC may result in focal failure of the 

anchorage of podocytes to the OBM (78) or in dimensional changes in the filtration slits 

(225). Mediated partially by integrins and the cytoskeleton, cell stress may lead to altered 

cell positioning (89), apoptosis (383) or other responses (264). The process of vascular 

remodeling is highly dynamic and is dependent upon and outlined by the available tools 

(144). These tools may differ for each individual, and are probably based on its genetic 

arsenal. 
The variation in Kf among rat strains and models for CRF may perhaps serve to 

illustrate the above mentioned concept of the dynamic interaction between structure and 

function. Based on the Starling equation, we can envision the fIltration process as a balance 
between the glomerular capillary ultrafiltration coefficient (Kf) and the net mean local 

ultrafiltration pressure (PUF). Increasing demand for filtration can be met by selectively 

modifying these variables. Rats unable to ideally regulate Kf and PGC, end up with high 

filtration pressures, develop proteinuria and die early. The Table below summarizes 

micropuncture data of euvolemic non-fasted male rats of several strains (24, 251), 

including some of the hemodynamic studies presented in this thesis. The SNOFR may 

reflect the demand for filtration. When values for this parameter are relatively low, filtration 

pressure and Kf can be low as well. Rats with the greatest susceptibility to sclerosis and 
- -

UpY have relatively low values for Kf in combination with a high liP. The PUF is 

separated in PUP-A and PUF-E to give an impression of the magnitude of forces to which 
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the capillaries are exposed over their length. In FHH rats for example, the PUF is not only 

high when blood just enters the glomerular units, but also when it is near the efferent 

arterioles. The whole capillary tufts are thus exposed to high stresses resulting from high 

hydraulic pressures and fluid fluxes. The level of Pac present within a glomerular capillary 

tuft is thought to be constant over the length of the capillary bed and thus independent of 

the site where this pressure is assessed in the network. This also applies to AP. 

Hemod~namic data in euvolemic non-fasted male rats of various strains. 

Pac t.P 1tA 1tE PUF-A PUF-E Kf <2A SNGFR 

- -- - - - -- - mm H~ - -- -- - -- - nll(min·mm HS) - - nVmin --

MW 50 36 19 33 17 3 ;:,. 0.091 154 44 

WKY 51 38 17 24 21 14 0.051 259 52 

SD 55 40 18 32 22 8 0.050 140 42 

FHH-Y 65 52 16 32 36 20 0.036 180 63 

FHH 60 48 18 34 30 14 0.045 182 60 

WAG 52 39 16 28 23 II 0.048 160 47 

PGC,mean glomerular capillary hydraulic pressure as determined with direct puncture in 

Munich-Wistar rats and with the indirect stop-flow technique in the other rat strains; MW 

Munich-Wistar; WKY, Wistar Kyoto; SD, Sprague-Dawley; WAG, Wistar Albino 

Glaxo; t. P, mean transcapillary hydraulic pressure difference; 1tA and 1tE, afferent and 

efferent arteriolar oncotic pressure, respectively; PUF-A and PUF-E , net mean local 
ultrafiltration pressure near the afferent and efferent arteriole, respectively; Kf, 

glomerular capillary ultrafiltration coefficient (Filtration disequilibrium was not present 

in MW rats and only minimal values for Kf are therefore provided, indicated by;:,.); QA, 

initial glomerular plasma flow rate; SNGFR, single-nephron glomerular filtration rate. 

FHH (age 16 weeks) and FHH-Y (age 8 weeks) rats have highest susceptibility for early 

FSGS and CRF among the in the Table presented strains. The other strains do develop 

glomerular lesions but such damage is only observed after a considerable greater time 

span. The WKY rats have a remarkable resistance for FSGS and generally do not exhibit 

chronic renal failure. 

The role for the above mentioned mechanism in progressive glomerular injury, low 

Kf and high PGC, is more easily appreciated in experimental models characterized by loss 

of nephrons by ablation. The model described by Bidani et al., the normotensive remnant 

Wistar Kyoto (WKY) rat, is of particular interest in this respect (39). Most animals of this 

strain remained nonnotensive after 5/6 nephrectomy and showed only a modest elevation in 
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Pac. SNGFR was increased to a similar extent as observed in Munich-Wistar (MW) rats 

after such a procedure (179). Although values for Kf were not reported by Bidani e/ al .• the 

provided hemodynamic parameters suggested a substantial increase h this determinant of 

ultrafiltration. Intact WKY rats have a remarkable resistance to develop FSGS. Even after 

the extensive renal ablation none of the normotensive WKY rats developed giomemiar 

injury. Only those WKY rats which became hypertensive after renal ablation showed 

FSGS. Hemodynamic assessment was not done in these lattcr animals. Dworkin and 

Feiner reported on the effects of uninephrectomy (NX) in WKY rats and the spontaneously 

hypertensive rat (SHR) (108). Compensatory hyperfiltration was observed in both strains 

after NX. WKY achieved this by increasing Kf. whereas SHR rats elevated Pac. Only NX 

SHR rats developed glomerulosclerosis. Electron micrographs were provided, and showed 

epithelial foot process obliteration, thickening of the glomerular basement membrane, and 

swelling of the endotllelial cell cytoplasm and loss of fenestrae in NX SHR only. Increases 

in Kfhave not been reported for MW rats after uninephrectomy or more extensive renal 

ablation (179). Glomerular injury invariably occurs in these animals after removal of 

nephrons. and the sevellty of the overall damage is paralleled by the rise in Pac. 

Celsi et al. provided some additional insight into the hemodynamic response after 
NX. and Kf per se (67). These investigators showed that 20 days after NX of five day old 

Sprague-Dawley (SD) rats, no significant changes in the detenninants of Kf were present. 

The increase in SNGFR resulted from elevated Pac. Sixty days after surgery. estimation 

of the effective hydraulic permeability of the glomerular capillary wall (k) in individual 

glomeruli and the surface area available for filtration per glomerulus (S) showed that NX 

rats had an increased S but a decrement of k. These alterations resulted in an unchanged 
value for Kf. the product of k and S. The authors stated that the significant lower k 

observed eight weeks after NX is probably an early sign of a pathological process in the 

glomerular membrane that leads to early development of glomerulosclerosis. Of note. the 

high Pac preceded the relative loss in k and therefore suggests a route of glomerular 

adaptation leading to injury. i.e. high Pac causing functional impairment of the filtration 

barrier. Treatment of the very young NX SD rats with a calcium channel blocker was 

associated with nonnalization of PUF, a concomitant rise in Kf because of increases in both 

k and S. and maintenance of glomerular hyperfiltration (68). Savin e/ al. assessed the 

components of Kf in individual glomeruli of the remnant MW rat (392). A biphasic 

response in k was observed, consisting of an increase seven weeks after surgery and a 

decrease at 28 weeks. Ablated rats on a restricted protein diet showed long·term 

preservation of k. These studies are of interest since assessment of Kf was done directly. 

independent of glomerular hemodynamic measurements. Combining glomerular 
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micropuncture with the morphometric estimation of S in individual glomeruli in order to 

assess k was done by Neuman et al. Measurements in the isolated perfused kidney of three 

month old Wistar rats four weeks after contralateral NX revealed an adaptive increase in k 

(304). 

These various mentioned experiments suggest that the increase in glomerular tuft 

size. which occurs during nonnal maturation and is often observed after nephron loss. may 

represent a long-term glomerular adaptive response to maintain glomerular filtration. The 

increase in total glomerular filtration surface area (FSA) resulting from such growth may 

then limit increases in PGC. Microcirculatory studies perfonned in rats during the prenatal 

and infant periods indicate Ihallhe observed increases in lolal kidney GFR and SNGFR 

after birth are to some extent driven by increases in PGc. PUF. and k. The major 

detenninant of the increases in GFR during this age period however is the absolute increase 

in glomerular capillary surface area (187, 407). When Ihe combined elemenls of Ihe 

glomerular barrier can not preserve or increase k. such glomerular size change may be 

associated with limitations in filtration capacity. 

FHH rals have high values for SNGFR. The high filtralion rale is Ihe result of a 

high hydraulic filtration pressure, whereas Kf remains relatively low. l11Cse aberrations are 

present before major ultrastructural and light microscopic changes occur. FHH rats have a 

normal total amount of glomeruli and nOlmal sizes of the glomerular tufts. An abnonnally 

low FSA available for fillration is Iherefore unlikely 10 explain for Ihe barrier defect. The 

inability of these animals to elevate Kf may reside in an intrinsic membrane defect, resulting 

in a low k. In response to reduction in renal mass, FHH rats do not increase Kf but 

augment PGC to maintain filtration. When treated with an ACEI. these NX rats exhibit an 

increase in Kf. nonnalization of PGC. and long-term protection from glomerulosclerosis. 

The increase in glomerular tuft size in untreated and ACEI treated NX FHH rats was not 

associaled wilh FSGS in ACEI trealed rals. These lrealed rals showed preservation of mosl 

fOOl processes despile Ihe hyperlrophic response. The absolule level of Pac was 

comparable with those observed in intact nonnal rats. It therefore appears conceivable that 

the adaptive growth response of glomeOlli in FHH rats which occurs after nephron loss 

contributes to preservation of glomerular filtration. Only when high PGC becomes 

apparenl, may Ihe hyperlrophic response acl as a permissive faclor for podocyle injury. 

Such a hypertrophic response is however not required for injury to occur. This was 

exemplified in our studies in the young 2K FHH rats and in NX FHH rats treated with a 

NO synthase inhibitor. In bolh cases, high Pac was associaled with subsequenl glomerular 

obsolescence and not accompanied by increases in Ihe size of Ihe glomemlar lufts. 
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Although the information presented above is not conclusive, it appears that high 

Pac is associated with low Kf in several models in which FSGS develops relatively rapid. 

Which elements of the filtration barrier are responsible for the apparent pathophysiologic 

link remains to be fully clarified. Some studies, including our preliminary findings in FHH 

rats, suggest that disturbances in the de1icate architecture of the foot processes of the 

podocytes are associated with loss of filtration capability. The slit pores, formed by these 

highly differentiated cells are probably responsible for approximately 50% of the hydraulic 

pressure barrier (103). On the other hand, damage to the endothelium and the GBM is often 

seen in the various models ofCRF. This was illustrated for the 2K FHH rat in Chapter 10. 

In that chapter, we also discussed the apparent association betwccn level of P(',(\ the extent 
of foot process fusion, and adaptations in Kf among NX FHH rats. Furthermore, the 

possible association of proteinuria with morphological and hemodynamic changes was 

considered. Changes in hydraulic penneability are often encountered in protein uric states 

and suggest that the structural alterations as observed in those diseases are tightly linked 

with protein conductivity. A mathematical model of an integrated filtration barrier, which 

includes the relative contributions of the separate layers of the glomerular membrane to the 

resistance to the filtration of water was recently presented by Drumond and Deen (103). 

The hydraulic permeability of the filtration balTier could be predicted from morphologic 

data in normal and injured glomeruli. Similarly, such estimations and models would be 

very relevant for the study of protein penneability and to possibly explain for proteinuria. 

The question remains which layer of the membrane is responsible for protein 

restriction, what the contribution of anionic sites is in this respect, and what the typical 

morphological and functional changes are which result in proteinuria. Kanwar and 

Rosenzweig showed that firm attachment of the epithelial foot processes to the basement 

membrane playa vital role in determining the permselectivity to macromolecules (201). 

Focal detachments of the podocytes in neuraminidase treated animals and in puromycin 

aminonucleoside induced-nephrosis were identified as sites of increased convection of 

native ferritin, whereas areas with nonnal foot processes were not associated with sllch an 

increase. Changes in matrix, both structurally and in charge did occur but were not related 

with increased tracer trafficking. Podocyte anionic sites decreased, but did not result in 

increased tracer passage. These authors suggested that the focal disruptions in the 

podocyte-GBM interaction result in perturbations in local glomerular blood flow and 

increase in the AP causing an accelerated bulk Ilow of proteins through these denuded 

areas. They concluded that the matrix-podocyte connection functionally couples the 

hemodynamic forces to perm selectivity changes, allowing the charge and size selective 

properties of the GBM to act as fine discriminators precisely regulating the passage of 

macromolecules on the basis of their size, charge, and shape. Thus optimal interaction and 
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function of all compartments of the balTier is probably required for normal permsclcctive 

function. 

Reduction of the total kidney filtration surface area (FSA) as a major renal 

abnormality contributing to the initiation and maintenance of hypertension was proposed 

recently (55). Analysis of the pressure· natriuresis relationship and glomerular 

hemodynamics in conditions with a decreased FSA have revealed that sodium-sensitive 

essential hypertension and elevated Pac are the hallmarks of these low FSA states (160, 
215). In single-nephron hemodynamics, Kf constitutes the product of the effective 

hydraulic conductivity (k) and the total surface area available for filtration in a single 

glomerulus (S) (97, 251). This parameter provides insight into the single-nephron 

characteristics of the filtration membrane as an in vivo determinant of hemofiltration (251). 
We ean apply the microcirculatory term Kf to whole kidney ultrafiltration. The whole 

kidney Kf (KF) is more comprehensive than FSA to explain renal responses to injury. This 

term allows us to understand that an alteration of Kp may represent changes in either 

nephron number, filtration surface area per glomerulus, the hydraulic permeability of the 

glomerular capillary walls, or a combination of these elements. When Kp is diminished by 

any cause, glomerular hypertension becomes evident, and leads to a syndrome of 

glomerular hyperfiltration, hypertension, progressive azotemia, proteinuria and eventually 

glomerulosclerosis (51, 56, 215). The regulation of KF results from intimately linked 

structural and hemodynamic processes. The glomerular filtration barrier and the blood 

flowing through the capillaries operate in unity. In vivo, the glomerular tuft consists of a 

bowl of pulsating capillaries, constantly changing and adapting to the demands of the 

moment. The design of the glomerular filtration barrier, the product of genetic data and 

influenced by milieu factors, contributes to the regulation of PGC. Glomerular injury 
indicates endangerment of the various components of Kp. If in such an instance Kf can not 

be increased in the surviving glomeruli, Pc£ must rise in order to maintain filtration. This 

mayor may not be accompanied by systemic blood pressure elevations. TIle elevated PGC 

initiates a cascade of progressive glomerular damage. Thus in those instances in which an 

important aberration in the control of blood filtration is present, the abnormal level of PGC 

dominates the process of hcmofiltration and induces structural glomerular damage. Up to 

that moment, the process of glomerular filtration under nonnal conditions is the resultant of 

the optimal interaction of the clements of the filtration barrier and the precisely tuned 

exposure of this membrane to the hemodynamic forces. The illustration below summarizes 

these various concepts. 
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Glomerular Pressure 

Systemic Pressure 

In summary, glomerular hypcI1cnsion is both an injurious force in the progression 

of chronic renal disease and probably reflects an abnormality in the KF of the kidney. 

Experimental work may provide a better understanding of the intricate relationships of the 

various elements of the glomerular capillary wall, the mechanisms by which these 

constituents define the hydraulic permeability and pcrmselcctivily of the filtration barrier 

and the numerous changes which occur in response to injury. The FHH rat, a unique 

spontaneous model of glomerular injury. should be further explored in this respect. The in 

vivo glomerular micropuncture techniques displayed in this thesis may continue to provide 

the hemodynamic fingerprint of pathophysiologic processes (7) and allow for correlations 

with cellular and biomolecular aben'ations (214). 
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l3 SAMENVATTING 

De fawn-hooded rat ontwikkelt spontaan chroniseh nierfalen op relatief jonge leeftijd. Dit 

proces wordt gekemnerkt door vcrhoogde bloeddruk, proteinurie. albuminuric, en foeale 

glomerulosclerose (FSGS). In dit proefschrift worden een aantal experimenten besehreven 

die tot doel hadden om deze verandcringen te verklarcn. Deze studies zijn gebaseerd op 

vergelijkbaar experimentec} week in andere diennodellen van chronisch nierfalen, welke in 

Hoofdstuk 1 worden gcnoemd. Diverse aspecten van de fawn-hooded rat, zoals herkomst 

en ontwikkeling van de starn, details van eerder vcrrichtte pathologische studies van de 

glomeruli en eeo overzicht van andere gcyonden afwijkingen worden besproken in 

Hoofdstuk 2. In Hoofdstuk 3 worden de gebruikte materialen en methoden besehreven en 

in Hoofdstuk 4 worden deze nader toegeliehl. 

In Hoofdstuk 5 wordt het experiment beschreven waarin de aanwezigheid van 

giomerulaire capillaire hypertensie in de fawn-hooded rat aangetoond wordt. Een 

verhoogde glomerulaire eapillaire hydraulische druk (Pc;c) werd gemeten in jonge ratten, 

voorafgaand aan het ontstaan van belangrijke structurele veranderingen in de glomeruli. Het 

niveau van PGC was het hoogste in de FHH substam. die in tegenstelling tot de FHL 

substam. een progressief verloop van nierbeschadiging heeft. Een hoge weerstand in de 

efferente arteriolae en de afwezigheid van vasoconstrictie in de afferente arteriolae 

resulteerde in de transmissie van de verhoogde systemische bloeddruk in het glomerulaire 

capillairc netwerk. Meting van het glomerulaire volume liet geen verschil zien tussen de 

experimentele groepen. Zodoende werd geconcludeerd dat glomerulaire volume

verandenngen niet vereist zijn vaal' het spontane ontstaan van FSGS in de fawn-hooded 

rat. 

De FHH subs tam werd gebruikt voor de verdere studies. De structurele en 

hemodynamische effecten van unilaterale nephrectomie (NX) werden onderzocht in 

Hoofdstuk 6. Het ontstaan van chronisch nierfalen en glomeruiaire beschadiging werd 

versneld door deze ingreep. Dit was geassocieerd met een verdere verhoging van de Pac 

en glomerulaire hyperfiltratie. Daamaast was het glomerulaire capillaire volume vergroot na 

NX. De morfologisehe en hemodynamisehe adaptaties na NX in de FHH rat werden 

vergeleken met eerder gerapporteerde gegevens voor andere rattestammen. De structurele 

aanpassing was vergelijkbaar. We concludeerden dat de hemodynamische veranderingen 

waarschijnlijk het meest bijdroegen tot het ontstaan van FSGS na NX in de FHH ral. 

De relatieve bijdrage van glomerulaire eapillaire hypertensic, hyperfiltratie en groei 

in het proees van FSGS werd nader onderzocht in Hoofdstuk 7. Drie groepen NX FHH 

ratten met cen verschillende systemische bloeddruk werden onderzocht. Naast een 

onbehandelde controle groep werd ecn groep ratten behandeld met een rem mer van de 
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aanmaak van angiotensine II ("angiotensin-convcrting enzyme inhibitor": ACEI), die cen 

vcrIaging van de bloeddruk vcroorzaakte. Een derde grocp werd behandeld met een remmer 

van de aanmaak van stikstofoxidc. waardoor de bloeddruk verder omhoog ging. 

Systemische blocddruk en PGC correlcerden sterk met elkaar, hetgeen het onvermogen 

illustreerde van de glomeruli in de FHH rat om de PGC optimaal te reguleren. Het niveau 

van PGC voorspelde het latere ontstaan van FSGS. Toename van het glomerulaire volume, 

zoals na venvijdel'en van nierwcefsel optl'cedt, blcck geen onafltankelijke risicofactor voor 

het ontstaan van FSGS te zijn cn niet noodzakelijk voor het ontstaan van FSGS. Indien 

glomendaire capillaire hypertensie voorkomen wordt, zoals met een ACEI, ontstaat geen 

proteinurie en FSGS. terwijl de glomerulaire hyperfiltratie aanwezig blijft. Een lileratuur

overzicht ondersteunde de conclusies van dit experiment. 

In Hoofdstuk 8 werden de permselectieve eigenschappen van de glomerulaire 

fiItratiebarriere van de FHH rat ondcrzocht met het tracer macromolecuul Ficoll. In 

vergelijking met eerder gepubliceerde gegevens in een nonnotcnsieve rattestam, hadden 

lwee-nierige FHH rallen een fillratiedefecl voor moleculen mel een grootle van 20 - 42 A. 
Dc capillaire resttictie van albumine (36 A) was daarom relaticf meer afhankelijk van de 

negatieve afstotellde lading in de glomerulaire barriere. NX veroorzaakte een venninderde 

pelmsclectiviteit Vaal' grotcre macromolcculen (> 42 A) en een verlies van anion in de 

ban·jere. Behandeling met cen ACEI voorkwam verlies van glomerulaire negatieve lading. 

De gevonden sterke cOlTelatie tussen PGC en albuminuric suggcreerde dat een hogc PGC 

verantwoordelijk kan zijn voor verandedngen in glomcmlair anion. 

In Hoofdsluk 9 werden de gegevens uil Hofdslllk 8, aangevuld mel nieuwe 

experimentele en literatuurgegevens, gebruikt om de PGC te berekenen uit de 

pennselectiviteit. De zo vcrkrcgen PGC waarden blekell niet goed te corrcleren met de 

gemeten waarden. Gecollcludeerd werd dat de verschillellde glomerulaire 

membraanmodellen titans niet voldoellde geavanceerd zijn am de hoogte van en verschillen 

in de PGC nauwkeurig te voorspellen. 

Dc glomerulaire ultrastructuur van enkcle ratten uit de voorafgaande experimcnten 

werd met behulp van de electronenmicroscoop onderzocht. In Hoofdstuk 10 werden de 

gevonden afwijkingen samengevat en besproken in relatic met eerder gerapporteerde 

functionele en structurele parameters. 

Na cen Engeistalige samenvatting in Hoofdstuk 11 werden in Hoofdstuk 12 cnige 

recente obselvaties besproken die de aanwezigheid van glomeruiaire capillaire hypertensie 

in de fawn-hooded rat weBicht kunnen vcrklaren. Tevcns werd de interactie van stlUctuur 

en functie besproken aan de hand van de relatie tussen de glomerulaire hcmodynamiek en 

de glomerulaire fillraliebatien"C. 
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