
ABSTRACT 

Ph.D. J .M. Rojo-Ortega, M.D. Investigative Medicine (Clinical Research 
Institute of Montreal) 

The juxtaglomerular camplex in various experimental states Light and 
electron microscopie studies. 

Modifications of Helly's and of Stieve's fixatives, and of Bowie 

stain demonstrate with excellent results the components of the JG complexe 

A marked activating effect results by the combined addition of BaCI 

and CoCl2 for the histochemical demonstration of the hexosemonophosphate2 

shunt enzymes. A semi-quantitative index wàs derived for assessing the 

activity of these enzymes in the macula densa (MDl), with parallel 

measurerœnts of the juxta-glomerular cell granularity (JGI) and renin. 

Complete aortic ligature between the two renal arteries in rats over 

300 g consistently produced atrophie left kidneys accompanied by hyper

tension. 

JGI and MDI studies on sex and various strains of rats did not 

reflect significant differences. However, a zonal distribution of these 

two parameters was observed. In dogs and beavers, a. similar distribution 

of the JGI was also encountered. 

Morphologie studies revealed that JG cell granules appeared to be 

formed in the same rnarmer as in other secretory cells. However, the 

release of the granular content seems to be different. Experimental 

degranulation states accompanied by an increase in plasma renin activity 

are described. 

A morphological and possible functional independence between the 

JG complex components is pointed out. However, both JG cells and ma.cula 

densa appeared to play an important raIe in sodium balance. 

Electron microscopie studies demonstrated that JG ce Ils are derived 

from arteriolar smooth muscle cells and have a rich nerve supply, 

possibly of adrenergic nature. 

Studies in the "endocrL"1e kidney" and severe renal ischaemia 

strongly suggest that the tubular fluid via the macula densa does not 

play a major raIe in JG cell granularity and renin release. 
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INTROIlJC1'ION 

Just over fa1%' decades ago, When Ruyter (1) descr:i.bèd the presence 

of special.ized gxenul.ar cells :in the adfferent arterioles of the nmal. 

glaneruli, a i1ew field of investiptian was opened. 

For many itears, studies of the juxtaglàœruJ.att (JG) complex have 

been DDstly :related to hypertension. However, in the past few years, a 

new a:rea of investigation. was open by the dem::nstmtian of the production 

of ":ren:in" by the JG canplex am, by JIm'lilol.Dgical., and physiological 

:realtionship between tl)e adnmal glands, sodiwn balance and the nmin-

angiotensin system. 

Thistthesis is divided into two parts. The first consists in a 

canprehensive review of the anatomy and physiopathology of the juxta

glorœIUlar canplex. 

The second part is devoted to the :report of a1%' experimental reseanm 

work dur:ing the last 3 years, it is divided into six chapters. M.lch of the 

p:nivious work in this area has consisted of ~solated observations either 

on the JG cells, the naeula densa, or thE!' presser activity of kidneys 

haoogenates or of blood. Also the correlation of nany data has resulted 

in diffe:rent and at times CŒlfusing interp:retirtims. 

We have devoted our efforts to a canprehensive study of 

a) tl:Je histological and histochemical techniques used for the studyof 

the JG èomplex, b) of the histology of the JG complex by light and elect'ron-
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microscopy with siDultan.lls ~ts of the degree of ·JG œU 

granularity. c) of the glucose-6-lilosphate dehydrogenase activity of 

the macula densa by devising a JIBCUl.a densa irxle~. 

The :œcent developœnt of a sensitive and:œpnxiucible JDic::ro-

. method far' the determinatian of plasma. renin activity in œts by 

Dr. BOOn1}èr et al mf the Institute bas all.owed us to carry Cllt a moœ can

plete surveyof the relationship between the juxtaglOJœ:r:ul.ar compalents 

and periphenü. renin activity • 
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PARI' l REVIEW OF THE UTERATURE. 

A - HISTORY 

'!he first description of a specialized structure of the glaœrular 

afferent arteriole was given by Ruyter (1) in Amsterdam, who in 1925 

described what he called lia queer part of the afferent vessels". Ruyter 

showed that the SJIlX)th muscle cells in the distal part of the afferent 

vessels are replaced by one or lOOI'e layers of epithelioid cells, rnany 

of which are gr:-anular, and that similar cells can be folnld lOOI'e proxi

nally, even in the interlobular arteries. Although these cells were 

IIDre praninent in the JOOUSe, he also found them in the rat, but not in 

the guinea pig, cat, dog, monkey or JIan. Rüyter canpared the se cells 

to those described by Schwna.cher (2) in the arterio-venous anastonosis . 

of the glolIUls coccigious and he suggested that in the saJœ marmer the 

epithelioid cells of the afferent glaœrular arteriole nay play a role 

in the regulation of the local blood flow. Furthermore, using the 

Bielchowsky nethod, he found numerous fibrils, suggesting the presence 

of a rich nerve supply. 

In 1927, Oberling (3) described in hwna.n kidneys the presence of 

these epithelioid cells in the media of the preglaœr.ular arteriole 

filled with fuchsinophil granules, using iil,' Masson' s trichrome stain. 

He considered that these elements resemble the nwo-epi thelial cells 

described by Ma.sson (4) in the digital glomus and derived tunDrs. 

furthernore, he considered that the epithelioid cells had a rich innervation. 

Therefore, Oberling formulated what he called ''housse neuro-musculab:e 

des artères gloméru1all:es de l' hamne" • 

In 1929, Okkels (5) reported gr:-anular epithelioid cells in the 

vascul.ar hilus of the renal glomeruli of the frog. He also found the se 

cells in the glonerular transitional zone between arteriole and capillary. 
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Okkels and ~terfi (6) st:inn.ù.ating the different vascular segments 

deJOOllstrated that the glaœrula:' ca.pillaries do net respond. However, 

the netU'O-lT!Yo-arterial apparatus responds to the .• 1ëast excitation by 

a strong contraction. They concluded that this segment plays an 

important raIe in the local regulation of the blood flow. 

In 1932, Goarnaghtigh (7) also observed these structures in man 

and in ca.t kidneys, and canf:irne:l its analogy with the arterio-venous 

anastOJOOsis of the skin. He described ne;o.-r the epithelioid cells, a 

group of cells mrphologica.lly different which he called pseudo-meissnerian 

cells, that he compared to the tactile corpuscules of the skln. The 

author designated bath structures as "12s segments ne~oartériels 

juxtaglomérulaires du rein". 

In 1933, Z:imrœrnann (8) did not exactly confinn Ruyter's description, 

claiming that near the glomeruli the arteriole wall represents a nodular 

group of 5 to 15 flattened cells in which the cytoplasm is occa.sionally 

light and without granulation that impinge on one side with the arteriolar 

endothelium and on the other, they lie back on the distal convoluted tubule. 

He called this nodular group of cells "Polkissen" (polar cushion) and 

described at this level of the nephran the characteristics of the distal 

tubule that Peter had a1ready described in 1907 (9). Moreover he 

introduced the term "macula densall for that region of the distal tubule, 

that displayed an agglomeration of the tubular cells. 

Although he did not find the granular cells described by Ruyter and 

Oberling and without knowing Goonnaghtigh' s description of the pseudo

meissnerian cells, he introduced two new aspects: the "polkissen" and its 

relationship with the macula densa • 



- 3 -

later, Goormaghtigh (10) introduced the term "neuro-myo-arterial 

juxtaglaneI"Ular apparatus", considering that it is constituted of two 

different structures confused by Z:imnennann tmder the naJœ "polldssen": 

the epithelioid cells of Ruyter and Oberling and the pseudo-neissnerian 

cells that he descrÏbed. The first is situated in the wall of the afferent 

arteriole, while the other is localized in the space situated between the 

glamerular arterioles. Both structures had a close contact with the 

macula densa. Furthenrore, he considered the macula densa as a sensorial 

epithelilDIl, by which the changes occuring in the distal part of the nephron 

would be transmitted to the afferent arteriole. 

Goornaghtigh (11,12) suggested the term "juxtaglamerular apparatus" 

to include the epithelioid cells of the afferent arteriole, the macula densa, 

and the pseudo-meissnerian cells. Oberling and Hatt (13,14) deJOOIlstrated 

the precise structure of the macula densa and the pseudo-meissnerian cells, 

describing the lattêl" as a cellulo-conjtmtive lace-work or "lacis". 

McManus (15), introduced the term "juxtaglamerular complex" which he felt 

was lIOI'e apt in describing these structures. Barajas and latta (16) 

included also the efferent arteriole in the camplex due to its close 

relationship with the formulated structures and to the presence of granular 

cells in adrenalectamized rats. 

B - DEFINITION OF THE JUXTAGLOMERUlAR COMPLEX. 

A perusal of the extensive literature describing the juxtaglanerular 

complex leaves the firm impression that the juxtaglamerular complex is 

considered to consist of the following structures: a) The gœnular 

epithelioid ce Ils (also called juxtaglomerular cells (JGC), glœrus ~" 

myo-epithelial cells) of the afferent and ,efferent glane:rular arterioles. 

(In the efferent arteriole there is still too much controversy). 
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b) The ''Lacis cells" (LC) or "cellulo conj\.Ultive lace-work" of 

Oberling and Hatt (13,14) (also called pseudo-meissnerian "afibrillar" 

cells of Goonnaghtigh or most of the cells of the ''Polkissen'' or polar cushion 

of Zirrmennann). c) The macula densa (MD) of the distal convoluted tubule. 

The figs. 1 and 12 illustrate these main elements. 

C - GRANULAR CELLS 

1) HISTOLOGlCAL PROCEDURES FOR STAINING nœIR GRANULES. 

The identification of JG cells by light microscopy is difficult 

in paraffin sections stained by routine methods. In sections stained 

with hematoxylin and eosin, JG cells may be indistinguishable from smooth 

muscle cells of the arteriolar media except when they are enlarged, or 

hyperplastic and asstmle an epitheloid fom. 

Several histological procedures have been employed to demonstrate 

the granules of the juxtaglomerular cells and they are slDlD1larized in 

tables 1 and 2. 

The most widely used staining procedures have been the periodic acid

Shiff technique (17, 18, 19, 20, 30), Bowie stain (21, 22, 23) and Gentian violet 

(24, 25, 26). However, it should be considered that these staining methods 

are dependent upon the fixative employed. Zenker-formol variant (Helly's 

fluid) (27, 28, 29), is generally considered the choice fixative. 

Vital staining methods have also been employed for demonstrating 

JG granules, such as neutral red (25, 36, 76) Acridine-orange, Brilliant 

cresyl violet, Nile blue sulphate (76) or the mixture of Brown of BismarCk 

with neutral red or Nile blue (37). With thioflavine T fluorochrame it has 

been shown that JG cell granules become fluorescent (38, 39). 

For light microscopie demonstrations of the granular cells from tissue 

embedded in plastic resin, various methods have been described using for 
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TABLE 1 

Histological procedures for staining granules of the JG cells. 

Authors 

Ruyter (1) 

Goonnaghtigh (10, 
11) 

lÀlnihue and 
Candon (27) 

Narriiki et al (2~) 

McManus (17, 18, 
30) 

Wilson (31) 

Hartroft and 
Hartroft (32) 

Grzycki (33) 

Fixatives S'fains 

Kopsch! s fluid Altmarm 
Maxirrow' s fluid ~11 
Zenker-Forncl Iron herratoxylin 

Sudan III 
Blue Nil sulfate 
OSJnÏc acid 

Bouin - Ho11and Masson' s trichroJœ 
Zenker-Forncl Hema.lum, phospho-

tungstic acid 
Light gI"een 
Hematoxylin -
Erythrosin 

Zenker-Forncl Goldner's modified 
trichrorre 

Zenker-Forncl 
Fonrol 20% Gentian violet 

Oobaltous-formalin Trichrorre 
Calcium 
Oobal tous-fonnalin Sudan black 
Calcium 

Bouin Feriodic acid Schiff 

Bouin - Formalin Crystal violet 
Zenker-Fornol Ethyl violet 
(Helly 's fluid) 

Zenker-Fornol BcMie 
(Helly' s fluid) 

Zenker-Fornol , Trichrorre 

* ( -) no stain. 
( ... ) inconstant stain. 
( :;- j regular stain • 

Rêsults 

.. 

... 

... .. 

... .. 

.. 

... 

... 

... 

.. 
+ 

+ 

+ 

... .. 

.. 

.. 
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TABLE 2 

Histological prooedures. for staining gnmules of the JG cells. 

Authors Fixatives stains Results -
Harada (25, 26) Harada' s JOOdifica- Goldner' s JOOdified + 

tian of Ciaccio's trichroJœ 
fluid Borster-Vines + 
Kolatehev' Kolatchev for Golgi + 

apparatus 
Champy Al tmann for mite- + 

chandrias 
Formol Dietrich-Srrdth + 

Saguchi-Marusawa + 
Carnoy Methyl-pyronin green ... 

Gentian violet pH 7 ... 
Methyl violet, crys- + 
tal violet 

Ciaccio, Lison Thiaz:in (rœthylene + 
blue, thianin, tolui-
din blue) 
Hempelmann nethod • 
Ome's toluidin blue + 
method pH 7 
Azines (Brilliant + 
cresyl blue, nile 
blue sulfate) and 
Oxaziries (neutral + 
red, safranin) 
Best Carmine 
Muci-Carmine -+ 

Endes (34) Fo:r:nnl Phosphotungstic acid 
hematoxylin rnodified + 

Hennebert (28) Bouin Chrornic hematoxylin + 
Goroori phlox:ine 

Bouin - Allen Bauer for mucopoly- + 
saccharides 

Zënker-Form:>l Bowie + 
CHelly's fluid) 

Hatt et al (35) Stieve's fluid Alcian-Blue PAS + 

Friedberg (49) Harada' s m:x:1ifica- Bowie + 
tion of Ciaccio' s 
fluid 
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that purpose the thick section (about 1 p) eut with an ultra-microtane 

(40, 41, 42). Hor.vever, the SJJB1.l size of the spec:iJœn does not allow 

semiquantitative analysis. 

a) Juxtaglanerular cells and mast cells. Juxtaglanerular cella 

contain gt'anules which, under certain conditions, stain metachranatically. 
These elements have heen thought to he JOOClified mast cella. Harada 

(25) observed that the granules of the JG cells stain metachrana.tically 

with methyl violet, crystal violet and dahlia violet. Corbascio (43) 

c1aimed that the juxtaglanerular cells of the rat kidney have many 

characteristics in comnon with rna.st cells. Their gt'anules stain 

metachromatically with certain dyes to which mast cells granules react 
in the same rnanner. F\.JrtheroJrDre, the granules of the JG cells are discharged 
lD'lder the influence of dextran or ovomucoid as are those of the mast cells. 
However, Deroopoulos et al (44) have provided convincing evidence that the 
juxtaglamerular cells do not stain meW:iliroma.tically lD'lder usual conditions. 
'lhese authors have shown that after fixation in strong oxidants such a 
potassiUJJl--dichrornate, the JG cells can stain metachrornatically. However, 
these cells, unlike the mast cells, do not discharge the:ir granules under 
the influence of 48/80 or dextran, nor do they stain metachrornatically under 
ordinary conditions and hence, they are not considered to be rna.st cells. 

As described in the following paragraphs, the structure of the juxta
glanerular cells eliminate any similarity with the mast cells. 

2 - MORPHOLOGlCAL DESCRIPTION 

a) Light microscopy. By light microscopy, as f:irst described by , 

Ruyter (1) the JG cells are recognized chiefly by the presenc'= of stainable 
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granules and by the:ir location in the wall of the afferent arteriole 

usually near its entrance to the glomerulus. '1b8secObsew.rtionSc.Rave 

been conflnned by many authors (3, 7, 15, 45, 46, 47). However, they 

have been observed distal to the glanerulus and in the interlobular 

arteries (l, 48, 49). Furthennore, in the e.fferent arteriole, &rajas 

and Latta (76) have found granular cells :in adrenalectanized rats, Hartroft 

(53) in dogs with a sodium deficient diet, Adebahr (50) :in human kidneys 

after intoxication by E 605 (a plant antiparasitic). Similar findings 

were reported byMonserrat in man (51, 52). As it was pointed out by Ruyter, 

these cells have an epithelioid nuclei, (round ar oval) and an absence of 

nwofilaJœnts. Harada (25) has shown in the mouse using histological techniques 

far mitochondria, that the JG cells' mitochondria appear as fine granules, 

JIDstly near the nucleus. The secretion granules are much larger and JOOI'e 

numerous, conf:irming the observations of Goarmaghtigh.~ (10, 12). 

Harada (25) also described by using an osmium nethod, that the Golgi 

apparatus of the JG cells varied in size and shape from one cell to another 

and is located between the ItDIten of the arteriole and the nucleus. Hennebert 

(28) has observed, using osmium and silver techniques, that the Golgi 

apparatus is more developed in the granular than in the agranular stage. 

b) Electron microscopY. With e1ectron microscopy the cytologie 

characteristics of granular JG éells have been further elucidated. In various 

species JIDst of the granules appear relatively hcm:>genous, dense and OSJIDphilic, 

(54, 55). Oberling and Hatt (13, 14) observed the granules to be single or 

membrane-bound. This was later confinned by others (56, 57, 58). 'Bucher and 
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~eale (58, 59) have described that the granules seem to be formed by 

a fine granular structure that they called "granula in granulis". Similar 

findings were reported by Hartm~ft and Newrnark (56). later, Chandra et 

al (61, 62) conf:irmed this observation and they considered that the fine 

granules or filaments of about 150 AO in diarneter might represent aggregates 

or subunits approxirnately 40 AO in diarneter. Structure and shape heterogeni

city of the granules have been observed by various authors (57, 61, 63) and 

it has been implied that it may represent different stages in the formation 

of granules (14, 62, 66). Chandra et al (62) have reported that frequently 

granules were not completely limited by membranes. Lysosane-like forrns 

have been observed in JG cells of several species (16, 62, 68). Positive 

acid phosphatase activity was first demonstrated by Lee and co-workers 

(67, 68), and later confirmed by Fisher (69). Complex bodies or lipofucsin

like granules have also been seen in human JG ce Ils (79, 80). &rajas 

and latta (16) in one electron-micrograph (No la) demonstrated in adrenalec

tanized rats a type of granule resembling lipofucsin droplets. The cytoplasm 

contains a moderate ntnnber of short or round mi tochondria, a moderate 

amount of endoplasmic reticulum, considerable mnnber of ribonucleaprotein 

particles, centrioles and a Golgi apparatus mainly formed by lamellar sacs 

and small vesicles, (13, 14, 56, 57, 60, 62, 64). Bundles of myofilaments 

have also been described (14, 56, 57, 66). 

3 - MORPHOLOGIe EVALUATION 

Since by experimental conditions or pathological states the granularity 

of the JG cells rray vary, therefore, various counting methods have been devised 

in order to measure semiquantitatively their degree of granularity. 
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'Pte most conmon methods employed are the juxtaglomerular granule indices 

(JGI) devised by Hartroft and Hartroft (32, 71) and llinihue and Robertson 

(72). Furthennore another cotmting method mostly used in man is the juxta

glomerular cele COtmts (JGCC) described by 'furgeon and Sonmers (73) by 

which they estimated the degree of granularity and also the relative 

total number of cells at the vascular poles of the glomeruli (granular 

and agranular cells). Naturally aIl of these methods depend to some ex

tent on the problem of methodology and subjective criteria. However, 

they are very useful for a trained pers on when a semi-quantitative esti

mation of the JG cell granulari ty should be done arnong groups of experi

mental animaIs or human kidneys, allowing statistical evaluation with 

other pararneters. 

4 - HISTOCHEMICAL NAIDRE OF 1HE GRANULES. 

Few histochemical studies have been done in order to elucidate the 

composition of the juxtaglomerular granules as it has been described above. 

Ruyter (1) demonstrates a Sudan III positive test. MêManus (17, 18, 30) 

showed that the granules give a periodic acid Shiff (PAS) and sudan black 

positive reactions. Harada (25) found a lipid and ketosteroid prote in com

plex, as weIl as ribonucleic acid cornponents in the granules, and suggested 

that the secretion of the cells are related to acid mucopoly-saccharides. 

Gamba et al (74) confirmed the presence 0; lipids and showed that the posi

tive PAS test is mainly due to mucoproteins and glyco-proteins, which was 

confirmed by Kroon (20). Furthermore, these authors confirmed the presence 

of protein in the granules using tests for proteins accompanied by enzymatic 

digestion with pepsin and trypsine However, after extraction with trichloro-



• 
- 9 -

acetic acid and perchloroacetic acid the granules were weIl stained 

with the Endes trichrome and PAS indic~ting that the nucleic acids 

play no major role in their structure. They also found a negative 

Puèlgen and methyl-green pyronin test, in contradiction to the findings 

of Harada ( 25 ) who claDned a pyronin positive reaction. A negative (28) 

methyl-green pyronin test has been also repoTted by Hennebert. Later 

Gamba et al (75) have pointed out that the juxtaglomerular granules 

of albino mice contain tyrosin and a significant amount of tryptophan, 

describing also an alkaline tetrazolium reaction suggesting that the 

granules contain a reducing substance that may be of lipoid origin or 

consisting of reducing sugars. However, these authors failed to demon

strate the presence of sulphurous amino acids and arginine. Recently 

acid phosphatase has been found in the granules (67, 68, 69, 70). 

5 - SECRETORY CHARACTERISTICS. 

a) General considerations. 

During early 1898, the hypothesis of muscle glandular cells was 

advanced by Gilson (81) in the worm where the nephridies would be 

atrophic. This observation was taken by Goormaghtigh who assumed that 

the epithelioid .JG granulated cells are endocrine cells in nature (11, 

82) having observed a secretory cycle in ischaemic kidneys of rabbits. 

In a first step the secretory granules are small, later they become 

larger and more numerous, then in the cell sorne vacuoles appear conta in

ing granules and finally the vacuolization is increased, the granules 

disappear giving the cell cytoplasm a light and homogenous aspect. 
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~rmaghtigh (12) further postulated, although evidence was 

lacking that the secretory product was the pressor substance "renin". 

Hennebert (28) fOlmd, using a special method for demonstrating 

the Golgi apparatus in light microscopy, that hypergranulated cells of 

rabbits infected with taenia pisiformis, presented an enlarged Golgi 

apparatus, as compared to other lesser granulated cell states. This 

author also fOlmd vacuoles, sometimes containing granules. 

Light epithelioid vacuolated cells have been also described 

by Hartroft (53) in the dog and by Turgeon and Sommers (73) in man. 

Nnller and Hartroft (83) have reported that acute sodium restrict

ion for a few hours in rats produces a degranulation of the JG cells 

followed by a regranulation later on. They also fotmd that a similar 

pattern followed the renal renin content. Ilowever, plasma renin acti

vit Y was not measured. 

With electron microscopy, the secretory characteristics of the 

juxtaglomerular granulated cells have been further elucidated. The 

juxtaglomerular cells in aIl species studied have features suggest

ing a high rate of prote in synthesis and secretory activity, re

latively abundant mitochondria, endoplasmic reticulurn with ribo

somes, Golgi elements and osmophilic (secretory) granules bounded 

by distinct membranes. 

Furthermore, an increased plasma renin activity, accompanied by 

a degranulation of the JG cells and an increase of light vacuolated 

epithelioid cells, bas been ohserved in dogs after acute ureteral 

clamping of the left kidney (201). 
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b) Granule formation. 

The origin of the juxtaglomerular cel! granules from the Golgi 

apparatus was first suggested by the work of Barajas and Latta in a study 

of adrenalectomy in rats (16) and has been observed subsequently in a 

variety of species and experimental conditions. The development of 

juxtaglomerular granules has been studied in rats, monkeys and htunan 

kidneys, including those from'patients with renovascular hypertension, and 

those from rats with constricted renal arteries (77, 80, 86), in cats, 

rabbits and rats, including sodium deficiency (56, 62) and in mice, after 

hypertonie intraperitoneal fluids, or cobalt nitrate injections (67, 68). 

Chandra et al (62) have shawn different sizes of granules in the r~lgi 

zone of the JG cells, and they suggested that the storage of the synthesized 

material and the maturation of the granules take place in the Golgi apparatus. 

Furthermore, the same authors have shawn that in rats with a sodium free diet, 

a dilated endoplasmic reticulum occurs containing a dense material similar 

to the granules. They also observed in sorne sections a continui ty of the 

distended endoplasmic reticulum with the limiting membrane of the granules. 

Thus, a cycle of synthesis in the juxtaglomerular cells of the rat was pro

posed by Chandra et al that follows the general pattern observed in other 

secretory cells (pancreas, gastric mucose, thyroid). 

Barajas (78) has described that within the cisternae of the Golgi apparatus, 

the earliest foTmS of JG granules, or protogranules, exgibit a crystalline 

appearance. He suggested that the mature granule seems to be formed by 

coalescence inside the smooth-surface membranous sacs of multiple protogranules 
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which retain their crystalline pattern in the conglanera.tes, or by . . 

progressive growth of a single protogranule. However, it should be 

considered that differences in the structure of the granules' fonns 

have been noted (see canparative anatamy). 

Dilated endoplasmic reticultnn of the JG cells has been generelly 

observed in a variety of species, including man, under physiological or 

pathological conditions in which the granularity of the JG cells was 

usually increased (14, 16, 65, 86). However, dilated endoplasmic 

reticultnn has also been encountered in some hypogranulated states, such 

as after injections of cobaltous nitrate of hypertonic peritoneal dialysis 

(67, 68). 

Barajas and latta (16) have noticed in adrenalectomized rats that 

the arnount of Golgi membranes was difficult to estimate, but it seemed that 

cells with few granules had tended to have a large Golgi ccmplex and, conversely, 

cells wi th rnaIly granules tended to have a srnall Golgi complexe On the other 

band Fisher et al (70) found prominent Golgi structures in JG cells packed 

with many granules in ischaemic kidneys. 

Hlnglas et al (86) have observed a hypertrophy of the Golgi apparatus 

and ntnnerous lysosame-like for.ms in the JG cells of the contralateral kidney 

to the clamped one in rats. They suggested that the degrenulation process 

of the unclarnped kidney may occur in situ by degradation of the granular 

content and lysosomic formation. 

c) Grenule secretion. 

The ultrastructure of a cell which is active in synthesis and secretion 

has been described in many organ systems and experimental situations. The 
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accepted concept is that the secretory material is synthesized on the 

ribosome template in the endoplasrnic reticultnn and conveyed to the 

Golgi apparatus, where i t accUImllates in vesicles until it eventually 

becomes separeted and appears in the cytoplasm as a secretory granule 

(87-98). SuCh a secretory granule is limited by a single unit membrane 

and usually leaves the cell by fusion of its membrane with the cell 

membrane (92, 97, 98). The granules of the juxtaglomerulaI' cells appeared 

to be produced in this way, but the secretory rnaterial apparently is extruded 

from the cell in a different manner. 

Reale et al (99) found in JG cells of mice, the presence of vacuoles 

containing sorne granulaI' material similaI' to the granules. Therefore they 

suggested, based on Goormaghtigh's (12, 82) and Hennebert (100) observations, 

that vacuoles may represent the large empty granules that have once 

extI'Uded the secretory material. 

Lee et al (67, 68) who gave special attention to this subject have 

reported in mice, that peritoneal dialysis with hypertonic dextrose, as weIl 

as subcutaneous injections of cobaltous nitrate produce:c; an acute 

dis Charge of granules followed by a regranulation process as measured by 

the JGI. During the degranulation period (rnostly in cobalt treated animaIs), 

these authoI'S claimed to observe that the coalescence of granules was 

increased, and that electro-dense material resembling a granulaI' content 

was occasionally noted in the intercellulaI' spaces. Until now no data 

concerning the fusion of membranes haw been encountered as far as we know. 
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It should be noted that in Lee' s experimentSllfplasma renin correlations 

were done. 

Furthenrore, a cytotoxic effect of cobal tous sal ts on the kidney 

(28, 100) has been reported in various animal species and in pancreatic 

alpha cells (lOI, 102) even with smaller doses than used in rnice by ~e 

et al (68). 

It has been postulated that the presence of nucleoside diphos

phatases in the membranes of secretory granules, as in the anterior 

pituitary (103, 104), provided high energy phosphate bonds which supply 

the energy necessary to extrude the secretion granule fram the cell. 

Lee et al (70) have reported an absence of inosine dephosphatase 

in the granules of the JG cells,. suggesting that the biochemical mechanism 

of granule secretion differs fram that of other secretory glands. 

It appears fram the foregoing review that the JG cells are 

secretory in nature. However, the mechanism of discharge of granules 

appears to be different from other secretory cells. 

6 - NATURE OF THE ElABORATED PROnUeT. 

The elaboration of two secretory products by the JG cells is a 

possibility at the present time - fÏI'st, the enzyme renin and, secondly 

erythropoietin or eryth:rocyte stimulating factor. Evidence in favor of 

the latter is associative and open to question, whereas that in favor of 

renin is both voluminous and more convincing. 

a) Renin. TWo swedish scientists Tigersted and Bergman (105 in 1898) 

demonstrated that a saline extract of the rabbit's kidney was capable of 
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producing e1evated pressure in arWnals. They narned this rnaterial "renin". 

Subsequent work (106-112) has shCMIl. that renin acts as an enzyme :in the 

conversion of a plasma substrate, an alpha-2-g1obulin to produce a 

decapeptide, now cal1ed angiotensin I. Alone, this decapeptide has 

virtual1y no vasopressor activity, but in the presence of an enzyme 

(converting enzyme) which is wide1y distributed in body tissues, :inc1uding 

plasma, it is rapid1y converted to an octapeptide, called angiotensin II, 

which is an extreme1y potent vasopressor substance. The mo1ecular weight 

of the unpurified renin seems to be f:rom 40.000 to 49.000 (120). The 

mo1ec1:1lar structure of both angiotensin l and II bas been established and 

synthesized (ll3 :-119). In addition this enzyme system bas been shown to play 

a mIe in the control of aldostemne secretion (121;:-123). 

There are several lines of evidence indicating that "renin" is 

ooncentrated in the vascular pole of the glomerulus. 

Evidence for renin elaboration by JG cells first proposed by Goonnaghtigh, 

was based on associative studies until recent years fol1owing his observations 

of renal ischaemia (125). Dunihue (126, 27) observed p:rorrcinent and 

hypergranulated JG ce Ils in hypertensive rabbits and agreed that the renin 

theory was reasonable. Others disagreed, however, claiming that JG cells 

had no relation to hypertension (127). later, it became apparent,by correlation 

of various studies, that ex"tractable renin was parallel to the degree of 

granulation of JG cells in animals with unilateral renal hypertension (128, 129, 

130), in adrenalectomy (131, 132, 133) and sodimn chloride and deoxycorticosterone 

acetate (,DCA)' administration (134, 32). The first direct correlation of these 
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two parameters were dem:mstrated· by .determ:i.ning them in the same animals. 

Marshàll and Wakerling (135) working on extracted hog :renin have ShCMl1 

that Ws substance gave a Hotchkiss' s periodic acid schiff (PAS) reaction, 

then the authors applied Ws reagent to a histological preparation of 

dog kidneys in which they measured the renin content. They found a good 

correlation between renal renin content and the degree of PAS reaction in 

the JG cells. They also reported that the solubility characteristics 

of renin and those of the granules of JG cells were identical. 

Pitcock et al (136) demonstrated that when rats are placed on a low 

soditnn intake, both the renin content and the JG granularity increase in 

their kic1neys. Conversely, Tobian (137) has shown that rats on a high 

intake of soditnn have a concomitant reduction of renin and JG granules. 

Tobian' s group has reported that in rats with clip,:"hypertension the JG 

granules practically disappear in the contralatera.l kidney. At the same 

time, the aJIOunt of extractable renin in this contralatera.l kic1ney also 

becomes significantly small (138). If the "ischaemic" kidney is subsequently 

excised, both the JG granules and the extractable renin reappear in normal aJIDunt 

in the contralateral kidney (139). Similarly, if De/f-:- and salt are given 

to rets JG granules practically disappear and there is a virtual disappearance 

of extractable renin (138). Conversely, Fisher (140) has shown in rats with 

clip-hypertension, that JG granulari ty and extractable renin runs parallel 

in the ischaemic kidneys. In patients wi th renovascular hypertension a 

parallel correlation wasfound in the darnaged kidney between renal renin 

content and JG granularity (141, 142). These findings havebeen confinned 

and extended in a variety of experimental conditions. (140, 143, 144, 145). 
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Other evidence includes effects prociuced· by renin and antibodies 

to :rezUn. JG cells become hypogœnulated in response to an exogenous 
source of renin (53, 146) and conversely, their response to antinmin, 

whether the result of active or passive irnmunity, is hypergranulation (53). 

In both cases a close cor.relation of œn:in with JG granulation was observed. 

Cook and Pickering (147) using an ingenious technique for extracting 
glomeruli from other renal tissue by first injecting nagnetic iron oxide 
intravascularly, showed that renin was present only in the vascular pole. 
Originally Cook et al (148) fO\ll1d that the renin content was cor.related 

with the number of glomeruli in the outer third of the renal cortex, but 
in the middle and deeper layer renin was absent while the glaneruli were 

still plentiful. 

By the use of the fluorescent technique for stain:ing antibodies to 
antirenin, Naim et al (149) fO\ll1d that most of the renin appeared to be on 
the glomeruli, prol:ably the epithelial cells. However, Edelman (150) 

and Hartroft, and Hartroft (53, 151) utilizing a more precise technique have 
fO\ll1d that the juxtaglœterula.r cells of sodil..DIl deficient :rebbits stained 
heavy for renin in contrast to the ;~g~ti\(e; staining of macula densa. The 
same resul ts have been demonstrated in the meso and rnetanephn:>s of the embryo 
pig (152). Recently, Warren et al (153) using a more purified renin but 
wi th a more crude fluorescent antibody technique tiàn tbat used by Hartroft' s 
group ,have fO\ll1d bright fluorescence mostly located at the vascular pole of 
the glomerulus, staining also heavily the JG cells and macula densa. 
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.'" -::In microdissection studies, however, Bing (154) found only 

50 pel' cent of the renin concentration of the wascula:r pole left aftero 

macula densa was dissected away. He later reported the presence of 

renin :in the nephrogenic zone of newbom pigs :in' wch there were typical 

macula densa but no glanerula.r arterioles (155, 156). He suggested that 

renin was fonned in the macula densa and part of it was deposited in JG 

cells. Hess and Regoli (157) came to a s:imilar conclusion when they found 

that an increase in enzymatic activity of the glucose-6-phospbate dehydrogenase 

of the macula densa and extractable renal renin preceded the :i.ncrease in 

degree of granulation of JG cells in renal ischaemia. Endes et al (158) 

reported tbat kidney hcrogenates of newbom rats which conta:in no gnmulated 

cel1s, exert a pressor effect. 

On the other hand, it bas been pointed out that the distribution of 

:œnID is g:œatest :in the outer zone of the mature renal cortex (148, 159) 

and so is granulation of JG cel1s (160, 48), whereas the macula densa appears 

the same in aIl zones (48). Furtherm:::>re, ischaernic kidneys with atrophic 

macula densa but hyperplastic JG cells :œn:i.n is :i.ncreased (143). In sorne 

types of fish C-teleosts) in which the macula densa is not present, the JG 

cells are rich in granules (40, 161) and in renal :œn:i.n content (161). 

Studies on ultra centrifugation of kidney homogenates ,gave more support 

to the presence of :œn:i.n in such granules. Cook (162), Deng1er and Reiche1 

(163) claimed that the pressor activity is associated with granules approxi

mating mitochondria in size. Chandra et al (61, 62) were able to isolate 

the pressor activity in a weIl defined "liquid pellet" which revealed on 

e1ectron microscopy, fine granules of about 40 AO in diameter, that they 
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postulated to he submit constituents of the JG cell granules. A new 

appreach to the pIOb1em may he provided by the work of RobertSal et 

al (164. 165) who dem:mstl:\:lted the production of rerrln las measured 

in the supematant of the media) by cells oonta:ining Bowje positive 

granules :in organ cu11:un!s of nmal. cortex. S:ince no evidence of Bowie 

positive gmnules has heen :repol"'ted in the macula densa, this also 

supports the concept that JG cells both produce and secrete :ren:in. 

It camot he ruled out that the macula densa may play a IOle :in 

the synthesis of :ren:in, rut the najority of evidence implicates JG cells 

as the p!'imary site of both the manufaC't:ure and secretial of ren:in. 

b) ~ietin. S:inœ the establishment of a concept that 

erythropoiesiB is contrelled by erythropoiet:in (Ep) (166-169) a search 

for the production site of Ep has 1:een ale of major inte:rest. From the 

results obta:ined flX)Jll both c1inica1 and experimental :research carried 

out so far, the kidney has been :regarded as the organ playing an imp0r

tant ro1e :in the productial of Ep (170-1742. 

It has heen po:inted out by Osnes (175) that the potent activity of 

Ep :in plasma obtained from adrenal.ectomized mice foll.cMing ph1ebotany is 

usually aseociated with an :increase :in granularity of the JG cells. Hira

sh:ima and Takaka (176) famd hypergranulation of JG cells associated with 

an inc:rease in erythropoietin in aninals with :renal ischaem:ia produced by 

:renal al"'tery clipping and with anemia produced by b1eeding OI'.?phenylhyc1m

zine. 'lhey a1so found that both hypergranulation of the JG ce11s and the 

activity of Ep in plasma sh~d a dec:rease in hypeI'trensfused po1ycythernic 

rats. Mitus and Toyama (177) carre to a similar conclusion with the rat by 

clipping the :renal arterles. I.ulœ et al (178) and Jones (179) have reported 

cases of :renal hypertension and po1ycjt:hemia. 
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In contrast, the reported failure of rats withhypertension induced by the 

clipping of renal arteries to show increased Ep secretion has been 

described by Cooper and Nocenti (195). 

Kaleyand Demopoulos (180) have reported an increased granularity 

of the JG cells in rat following cobalt administration or hypoxia exposure, 

stirrru.li known to increase erythropoiesis. Dem::>poulos et al (181) described 

changes in granulation of JG cells with changes in erythropoietin follCMing 

both acute and chronic exposures to simulated altitudes under conditions 

in which blood volume and electrolyte changes were not fit~red:!:J..2. 

On the other hand, Goldfarb and Tobian (182, 183, 184), attempielto 

separate the variables by using a simulated altitude charnber to p:roduce 

hypoxia wi thout a change in distension of the renal arteriolar bed and 

conversely, exposed rats to high oxygen concentrations. They found no change 

in the degree of granulation of JG cells in either case. Yazgan (185) came 

to a similar conclusion in mice, exposed tOilihigh C02 concentrations. No 

changes in JG cells wer-e observed by Hollins liead (186) in mip.e:-:eXposedto 

hypoxia. 

Reissmann et al dernonstrated that poisoning with mercury chloride, (172) 

which produced acute tubular necrosis, aboli shed the an:inals abili ty to 

produce Ep as effectively as bilateral nephrectomy. They have proposed 

that renal tubular tissue consti tutes the site of production of erythropoietin 

in the kidneys. Penington (187) reported in hog kidney that the 

erythropoietic activity was distributed aJmost equally between the cortex 

and medulla. However, l'enin was only found in the cortex. Furthennore, 

Fisher et al (188) by fluorescent antibody teclmique have reported the 
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localization of Ep in glameruli of sheep kidneys. 

The possible relationship between the :renin-angiotensin system 

and the erythropoiesis has been explo:red by several authoI'S. Fisher 

and Crook (189) reported that the administration of angiotensin II 

to hypophysectornized and hypophysectomized-adrenalectamized rets resulted 

in increased erythropoiesis without significant change in oxygen 

consumption. It was, however, :reported by BUsel et al (190) that nO

significant increase in erythropoietic activity was observed after the 

injections of Angiotensin II in amounts similar to those used by Fisher. 

Recently Nakao et al (191) :reconside:red the problem and have described 

that two daily intravenous injections of angiotensin II hav~ no effect on 

:rabbi t erythropoiesis. However, when given by intravenous drip over a 30 

minute period, they found a significant inc:rease in erythropoiesis as weIl 

as no:repinephrine. The authoI'S conclude that the increasederythropoietic 

activity of angiotensin II rnay have been induced by renal ischaernia. It 

should be pointed out that angiotensin II decreases in man (192, 193) and 

in dog (194) the plasma :renin activity. 

From the fo:regoing :review it appears that the concept of erythropoietin 

being elaboreted by the JG cells deserves consideration but mo:re positive 

evidence is necessary. 

7 - JG CELL GRANUlARITY AND PlASMA RENIN ACTIVITY (PRA) 

a) General considerations. 

The widely accepted correlation between the :rena1 :renin content and 

the JG cells granulari ty, suggested to sorne investigatoI'S that the deg:ree 

of granulation was :representative of :renin production. However, as :in other 
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secretory' cells (92, 93, 196) gnmularity can be regarded as representing 

a phase of sto:rege of secretory proclucts rnainly, and an increase in the 

secretory activity of the cells would be expected to be associated with 

depletion of such gnmules. On the other band, dense naterial in dilated 

endoplasmic reticulum, and snall gnmules in early stages of their 

morphogenesis, such as those which can be detected by electron microscopy 

in the Golgi appa:retus, constitute evidence of active formation of new 

secretory granules and therefore should reflect from the morphological 

point of view, more closely the activity of the cells in the synthesis 

of secretory proclucts ("e.g." renin)., 

The content of renin in the kidneys gives no more than a slight 

indication of the secretion rate of the enzyme and does not permit any 

conclusions to be d:rewn on the concent:retion of renin circulating in the 

plasna and hence liberating angiotensin outside the kidney. 

Since the experimental conditions nay differ widely, acute experiments 

of a few hours du:retion, and experiments that :run for seve:rel days or even 

months must be considered sepa:retely. 

b) Acute experiments. 

In acute experiments renin secretion does not always pa:rellel the renin 

content or JG cell granulari ty . Thus, in an acute experiment such as sodium 

depletion by peri toneal dialysis, hemorrhage or thirst, renal renin is normal 

despite an increased pressor activity of the plasna of such rats (197, 198). 

Fisher et al have reported in :rets that after peritoneal dialysis, np 

significative changes ~cur in the JG ce Ils gnmularityf (199) • 'The first direct 

study of the JG cell' gnmularity and plasna renin activity determinations in 

the same animaIs has been done in our Institute (200). No significant changes 
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in rats we:re found in JG œll gnmularity despite a narked increase 

in plasma :renin activity in the experimental situaticm :refe:red above. 

In CŒltrast Miller and Hartroft (83) :reported in an abs-œact that in 

weanling rats a sodium deficient diet for few hœrs" produœs. a dec:rease 

in granularity followed by an inc:rease in JG œll grEll'Ullari ty. following 

a similar pattern, the renal reninc.a:rtel'rt .. Tremblay (201) cla:ined to observe 

that .in dogs after acute ureteral clamping. a degranulatiŒl of the JG 

œlls occurs following by ânr~inc:reased plasma renin activity in the 

renal veina Taquini et al (202) have :reported that acute partial iachaeqda 

in dogs. inc:rease bath renal renin. and plasma :renin. 

c) ChIonic experiments. 

In chrunic states. i t has been postulated that a parallel exists 

between the JG œlls and plasma :ren:in activity (53. 203). 

i) Sodium changes. If rats are kept for severa.l weeks on a sodium 

deficient diet. the JG cells granularity. the renal ren:in content (136, 

62, 208) and circulat:ing ren:in are elevated (204). In hurran sodium depleted 

subjects, Azjen et al (205) have fOlUld a close correlation between renal 

vein ren:in and the JG cells. Conversely, in the rat a prolonged sodium lœ.d, 

either by diet or enhanœd by the sÏJIn.lltaneous administration of OCA, leads 

with:in severa.l weeks to the disappearance of the JG œlls granularity (32, 

130, 135, 145) and ren:in ftom bl00d and kidneys (145, 206, 123, 207, 209). 

ii) Adrenalectomy. In the rat, ad:renalectomy followed nei ther by 

corticoid substitution nor by the administration of additional salt leads 

wi th:in a week to a narked :i.nc:rease :in circulat:ing ren:in (215) and :in :renal 

:renin content (133). In contmst, B8hle (210) did nôt f:ind :in similar 
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condi tions JG cell hypergranulari ty •. However, he observed a relative' 

hyperplasia of epithelioid cells. Furthennore, Dunihue et aIl (211, 212, 213) 

and later on other authors (16, 214, 130) have observed in rats as weIl as 

in other animal species, a marked increase in JG cells granularity when 

adrenalectomy is followed by corticoid substitution or sodium supplement. 

In Addison's disease, a hypergranularity of the JG cells has been reported 

(216) as weIl as an elevated plasma renin activity (217). However, when 

the patient was therapeutically compensated the values of plasma renin 

activity became much lower than in the decompensated state. 

iii) Grafting Kidneys. In the rat, by employing the technique 

of grafting kidneys (avoiding the period of ischemia) containing various 

amounts of renin into a nephrectomized test animal, it has been possible 

to show that the increased renin content of the kidney is in parallel with' 

an elevated secretion rate, and correspondingly, that renin depleted kidneys 

do not secrete the enzyme (218, 219). By the same technique Masson et al 

(220) reported that in rats treated with DCA, salt or cortisol, the liberation 

of renin soon decreased after the onset of treatment while the renin content 

remained unchanged or decreased much later. Hennebert (28) by grafting renal 

cortex of rabbits found a relative hypergranularity of the JG cells. Similar 

experiments and results have been reported by Endes et al (221) in the rat. 

iv) In renal hypertension. In the rat, an increase in the renin 

content (222) and JGC granularity (157, 223) of the clamped kidney is first 

demonstrable after 48 hours. However, this pattern was not followed by the 

contralateral kidney, which decreased more rapidly in renin content withtJut 

decrease in JG cells granularity. Under similar experimental conditions it has 
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been reported that circulatingrenin levéls run parallel to the increase 

of renin content (215). This differs somewhat with the dog, in which a 

definite increase in renal renin content (202), renin concentration of 

blood or renâl lymph can already be observed within a few minutes up to 

1 hour after the perfusion pressure has been reduced by a clip on the 

renal artery or by other means (202, 224-226). 

Rec~ntly, from our Institute (141, 142) it has been reported that 

patients with renovascular diseases have a close correlation between 

renal renin content, JG cells granularity and plasma renin activity in 

the renal veine 

v) Secondary hyperaldosteronism. Very little evidence has been 

provided to correlate JGC granularity and plasma renin activity in se

condary hypera1dosteronism and most of the data reported in the literature 

are indirect parameters. Davis et al (227) demonstrated that the renin con

tent and JG ce1l granularity of dog kidneys with inferior vena cava cons

triction and ascites were significantly increased. In rats with aminonu

cleoside nephrosis, Tobian et al (228)found a correlation between the 

amount of ascites and the increase in JGI in rats. On the other hand, Gross 

et al reported that the renal renin content of rats with aminonucleoside 

nephrosis did not differ from that of normal rats. Nichois and Heanigar 

(230) reported that dogs infected with heart worms developed pulmonary 

hypertension accompanied by thickening of the adrenal zona glomerulosa 

increased granularity of the JG ce11s, ascites and edema. Gliedman et al 

(231) have shown, after division of the common bile duct in dogs, a marked 

augmentation of the JGI, and in sorne cases, of aldosterone. 
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Merril et al (232) found a significant arrount of pressor rnaterial 

in the renal venous· blood of 8 out of Il patients with chronic heart 

failure. Schwartz et al (233) found that the renal renin content of 

cirrhotic patients who had died in an ederna.tous state was significantly 

greater than normal. Blood circulating renin activity has been usually 

founel elevated in patients, in ederna.tous state such as, heart failure, 

cirrhosis and nephrotic syndrome. (234-237). Keleyet al (238) published 

that the renin activity was significantly increased in the lymph of patients 

with congestive heart failure. In patients in such ederna.tous states a 

hypergranularity of the JG cell has been reported (216, 239, 240). 

Serobrovskaya et al (24l) have reported in cardiac and cirrhotic patients 

an increased JGC granulari ty as weIl as renal renin content. Bartter and 

co-workers (242, 243) have reported cases of hypokalemic alkalosis with 

secondary hyperaldosteronism with hypertrophy of the JG camplex, increased 

granularity and elevated plasma !'Emin activity. A sirnilar case was reported 

by Shiffrnan et al (244), recently in our Institute (246). We have studied 

a patient from Ibctors E.E. McGarry and J .C. Beek (Royal Victoria Hospital) 

which presented a similar clinical picture to those reported by Bartter et 

al. Hot-lever, they found an increase of erythropoietin in the plasma. and 

urine of the patient (245). The plasma renin activity values were also 

highly elevated, and.:tfle studieCSf{urgical biopsy revealed a high JGI and 

JGCC (246). 

Furthermore, in aminonucleoside nephrotic rats (with not such a high 

degree of ascites as those reported by Tobian (22 8) ~'dn which these two 

parameters were studied in the same animaIs, no difference of the JGI at 

the l2th day of the experiment was observed as campared to the control group 
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(246). However, a very slight increase in plasma renin activi ty was ' 

encountered (247). 

yi) Conrnents. It should be considered that the large 

amotmt of experimental work that has been done in rats, related to blood 

renin-like activity concentration, has been perfonned with very crude 

methods as the cross-circulation technique in which the total pressor 

effect of aIl circulating pressor substances is measured, besides the 

plasma renin activity. Moreover, data obtained under quite different 

experimental conditions have been related to each other, al though they 

have not been directly comparable. The present work was concerned in 

greater part to see whether or not direct correlations of the JG cells 

and plasma renin activity exists when detennining them in the same anima1s 

and under the same experimental conditions. Furthennore, plasma renin 

activity was studied with a more precise methodology. 

8 - METABOLIC PA1HWAYS: HISTOCHEMICAL SnIDIES. 

It has been established in both man and experimental animaIs that 

the juxtaglomerular cells are related to the fonnation of extractable renin 

in the kidney. However, very li ttle is known. of the type of metabolic 

pathway operating in these cells, and relatively few histoenzymatic 

studies focus their attention on the JG cells. 

~) Amino-oxidase. Mustakallio et al (248) using histochemical 

techniques reported that the amino-oxidase activity in the rat kidney is 

mainly localized at the vascular pole of the glomerulus"prestunably 

corresponding to the .JG cells". They also observed in renal tissue obtained 

from unilaterally nephrectomized rats rendered hypertensive by renal 

constriction or desoxycorticosterone, that the number of juxtaglomerular cell 

groups showed a diminution in amino-oxidase activity. Whether or not this 
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observation is related to the concentration of catecholamines at the 

glomerular vascular pole rernains to be elucidated. However, recently 

de Champlain et al (249) have reported in nearly similar experimental 

conditions in the rat a decrease in catecholamine renal content. Similar 

findings with GOldblatt kidneys in dogs were previously reported by 

Wegmann et al (250). 

b) Alpha-glycerophosphate dehydrogenase (GPD). Hess and Pearse 

(251) reported that the. mi tochondrial alpha-glycerophosphate dehydrogenase 

could be demonstrated at the vascular poles of 'the glomeruli (presl..DTlably 

in the JG and lacis cells) of rats using a histochemical technique. This 

technique was based on the metal chelation of formazan (see below) 

employing a tetrazolium salt (M'IT) as a hydrogen accepter and cobalt 

chloride. 

They also observed that the GPD in the vascular poles of the glomeruli 

increased both in ischaernic kidneys from renal hypertensive rats and in 

kidneys fram adrenalectornized rats without corticoid substitution or 

salt addition. In contrast, a decrease in activity was noted both in 

unc1amped kidneys fram animaIs with renal-clip hypertension and in animaIs 

treated by OCA and a high sodium diet. The authors concluded that the 

activity of these enzyme changes runJparallel with the renal renin content 

(and possibly the JG cell granularity) in both experimental hypertension 

and adrenal insufficiency and they are of the opinion that this may be one 

of the major metabolic steps which govern the functional state of the 

juxtaglamerular cells. 

Dyrda (252) has observed that the GPD was more active in the JG cells 

of the rabbit than in the rat and dog and 1_12, slightly active in man. 
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, However, in dogs wi th cl.amped kidneys, Dyrda did not observe any 

appreciable changes in the ischaemic or in the contralateral kidney. 

Recently Swales and l.ewin (253) studying transplanted kidneys, in 

man and dog, associated wi th ischemia, have observed in sorne kidneys 

moderate activity of GPD in JG cells. In others, however, the activity 

disappears completely. Swales and Morgan (254) have reported a release 

of vasopressor rnaterial occurs when ischaemic kidneys are grafted into 

canine and htunan recipients. 

i) Expressions of the GPD. By biochemical assay of tissue 

hamogenates it has been shown that alpha-glycerophosphate dehydrogenase 

(GPD) has a significant role in the glycolysis of the flight muscle 

of insects (255-260) and that it was associated with the mitochondrial 

fraction (261). Ermnart (262) using a fluorescent antibody technique has 

shown in rat cardiac muscle that the distribution of the enzyme is 

related to the distribution of mitochondria and the band of the fiber 

identified by an antimyosin staining. Chefurka (263) has proposed that in 

insects glycolysis is catalysed not by lactic dehydrogenase, as it is in 

manmalian muscle, but by an alternative pathway, in which GPD plays a 

vital role in the conversion of reduced diphosphopyridine nucleotide. 

'This enzyme was originally described in rat rruscle by von Euler et al 
" 

(264) and isolated in crystalline for.m fram rabbit muscle by Baranowski 

(265). Bücher et al (256) have also shown that in invertebrate muscle 

GPD may be present in relatively high concentrations with lactic dehydrogenase. 

Baranowski (266) has postulated that this enzyme in muscle may be present 

in two states, the labile phase being extra-mitochondrial while the 

.' 

particulate phase is intramitochondrial. Hess and Gehm (267), and Schmidt et al 
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. (272) have deJlK>nstrated the presence of GPD :in nonnal htunan blood plasma 

and affirm i ts presence in tissue extracts. This enzyme has been described 

by Hess (268) as a plasma enzyme comnon to the cytoplasm of ail tissues 

but of "unknown clinical significance". 

The GPD has been involved :in the synthesis of neutral fat (269). 

Alpha-glycerophosphate dehydrogenase mediates the conversion of dehydro

xyacetone phosphate, by glycolysis, to the active glycerol (alpha-glycero

phosphate) which then combines with fatty acids to fOIm neutral fat. A 

high activity of GPD in seal adipose tissue has been found by Fried et 

al (270). They suggested that it may represent a high rate of active 

glycerol for the synthesis of neutral fat, or possibly that the high GPD 

is an adaptation to oxygen deprivation associated with arterial constriction 

during diving (271). Thus, this enzyme functions similarly to lactate 

dehydrogenase in providing for a reoxidation of the reduced NAD arising 

during glycolysis with a concomitant production of reduced metabolite. 

D. LACIS CELLS (PSElJIX)-MEISSNERIAN CELLS) 

Described :initially by Goormaghtigh (7), they are located in the 

triangle formed by the two glamerular arterioles and the macula densa. 

l - LIGHT AND ELECTRON MICROSCOPIC DESCRIPTION 

Light microscopie studies have pointed out that the lacis cells 

as compared to the granular cells are smaller. The nuclei are elongated 

or ovoid, they do not contain specific granules and their cytoplasm is 

frequently clear which differentiates them from the typical smooth muscles 

cells of the arteriolar wall (7, 60). S:ince these groups of cells are 

greatly agyrophilic, Goonnaghtigh (7, 10, 12) thought that they resembled 

tactile corpuscules. However, Oberling and Hatt (13, 14) demonstrate in electron 

microscopic studies that they have no resemblance to nervous structures. Their 
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cytoplasm appears devoid of dense osmophilic ~e-bound granules 

characteristic of the granular cell, but they contain few to IOOderate 

nurnbers of mitochondria arid a Golgi apparatus. The endoplasmic reticulwn 

is less extensive than in the granular cells and the ribosomes are gene

rally fewer giving the cytoplasm a less dense appeanmce. Sornetimes they 

have srnall dense cytoplasmic l50dies (57) and sorre fibril1ar bmlda;.es have 

been observed (57, 14). However," these findings as we1l as the presence 

of miCJX)pinocytic vesicles occur rare1y (66). The nuc1ei' of the lacis ce11s 

as described above, are of relative1y sma11 size, elongated or ovoid in 

shape " and sorœtimes indented. The chromatin pattern appears to be 1ess 

dense than that of the granular:' ce11s and shows 1ess marg:inal accumulation 

near the nuc1ear enve10pe (14, 57, 60). 

J.a.tta and Maunsbach (57) claimed to observe transitional fonns of 

lacis ce11s to granular ce11s. However, lthey did not show any e1ectron

miCJX)gI'aphs of such possible transi tional forms. 

The lacis ce11s have cytop1asmic projections, and between them a 

rich ne~rk of interœ:11ular substance or matrix material wi th a densi ty 

1ike that of basement membranes (14, 57, 60). No b100d or 1ymphatic ca

pi11aries seem to exist in this cellular conjunctive network (60). 

In lacis ce11s of ht1llaIl kidneys, complexes fonned by regular crys

ta11ine material have-been found associated with drop1ets or granules and 

ir.regu1ar granule material (79, 80, 85). The significance of these complexes 

is not known but they seem to increase with age (79). These 1ipofuscin-like 

complexes have also been found in granular, in mesangia1 (78) and in smooth 

muscle ce11s of arterio1ar wal1s in other human tissues (79). 
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Finegan (273) has reported the presence of alkaline phosphatase 

activity located possibly in the lacis cells of the rat near the macula 

densa. However, he did not observe this fincling in 19 other species of 

mammal exarnined. Alpha glycerophosphate dehydrogenase activity has also 

been noted in these cells (251). 

E. MACUlA DENSA 

l - LIGHI' MICROSCOPY 

Whe:re the distal tubule cornes in contact wi th the cor.responding 

glomerular vascular pole, the tubular epithelitun takes a particu1.ar 

rrorphology, that has long been reported (2)1::, 9). Peter (9) described an 

agglomeration of nuclei; later, aIl the fo:rnation represented by an 

elliptic weIl defined plaque was called the nacula densa (8). 

The nacu1a densa is composed by l1aI'JX)W palisadic cells, relatively 

high. The nuclei, close to one another are frequently located at different 

levels (8, 275):' Becher (276) even tbo~ of an epithelitun often pluristrati

fied. This arrangement of the nuclei is very characteristic and is not 

found anywhere else in the urinary tubules. Furthenrore, it has been observed 

that the nuclei of the nacula densa are smaller than those of other regions 

of the intennediary segment (la, 277). This has been confirmed by the 

ca.ryometric studies of Btlcher and E. Z:iJnmennann (275-). 

On the other band, there are di fferent opinions concerning the nuclear 

structure: Goo:rnaghtigh (la) considereditas very chronatic; however, Okkels (278) 

as mther light. There is the sarne divergence concerning the position of the 

nuclei. The fonner author and Becher (276) often found them in an apical 

position, whereas Okkels (278) considers them to be located in the center 
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pf the ce11s, ZirnJœrmarm (8), Edwanls (277) and Becher (276) Jœntion 

the presence of relatively volum:inous nucleoli. 

On perusing the literature concerning the cytoplasmic structure, 

one can easily perce ive the confusion. Goonnaghtigh (10) precisely des

cribes "that the basal region is pale ; it does not contain either gra

nules nor filanents; aIOOng the cells of this segment there is always a:t 

least one tthat contains a very distinct vacuole. The apical pole is 

darker because of an acCUJm1lation of f:ine granulations". HCMever, Edwards 

has noted in rrammalian kidneys, a neutrophilic or lightly basophilie agra

nular cytoplasm (277). But the problem is still more complicated by the 

distinction made by de Muylder (279-282) in dog and man, of two sorts of 

cells :in the macula densa, called chrorophobic and chromophilic. Whereas 

the chrom::>phobic cells are cubic with a round nucleus and an unstained 

eytoplasm or containing only a few fine acidophilic granules, the chromo

philic cells are high and narrow with an elongated nucleus, and reveal a 

cytoplasm deeply stained in red (after coloration with erythrosine

orange)G) without any visible granules ; its superior pole is swollen, 

sonetlmes prominent in the tuJ:ular lumen, and its inferior pole, at first 

narrow becornes wider when it contacts the basal rriembrane. Becher (276) poin

ted out that the structural characterisitc of the macula densa cells may 

change, considering that it apparently depends on their temporary func

tional state. 

In contrast to the rest of the distal tubule, the macula densa cell 

contains few mitochondria (10, 278) being of small size and round (283) • 

McManus (284, 285) has pointed out in the cat and rabbit that con

versely to adjacent tubule cel15, the Golgi apparatus in cells of the 

macula densa is located 6n the basal side of the nuclei. This observation 
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was confinned by Okkels (278). However, Fisèher (2 $,) reported that 

in tubular segments of mice kidneys, the cell structure as weIl as the 

localization of the Golgi apparetus may change in relation to the 

functional state of the cells. Furthermore, McManus (30) reported an 

absence of lipids in the mouse macula densa, in contrast to other parts of the 

tubular cells. Goonnaghtigh (287) pointed out that the macula densa is 

a more resistant structure to kidney degenerative processes. Furthermore, 

sorne authors (30, 216, 288) have reported the possible discontinuity 

of the basement membrane of the ma.cula densa. 

2 - ELECTRON MICROSCOFY 

Wi th fine morphological studies further distinguishing features 

becorne more apparent (l4, 57, 56, 66, 289, 290). The nuclei are 

sornetimes more irregular than those in other cells of the distal tubule. The 

mitochondria are short and irregularly distributed in contrast to the 

characteristic palisading mitochondria of the adjacent portion of the 

distal tubule. The infolding basal membranes and interoigi tating basal 

processes are fewer and much more irregularly arranged than other parts 

of the distal tubule. The plasma. membranes at the base separete, somet:imes 

forming extra-cellular or sub-basilar compartments. The Golgi apparetus 

is usually found in the basal part of the ce Il. The endoplasmic reticulum 

and the free ribosomes do not present any special characteristics. The 

basement membrane ma.y be irregularly folded under the macula densa. 

However, no electron microscopic studies have been reported 

presenting evidence of interrupted zones in the basal membrane of the ma.cula 

densa. 
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It has also been pointed out that rarely the lumen of the 

tubule may separate adjacent cells and penetrate close to the base of the 

cell (57, 66). The ltnnina.l surface of the cells has a nurnber of 

microvilli, and the plasma membrane seems to be thicker (67, 66). 

Therefore, it has been emphasized by mst authora (14, n9, 60, 66) 

that the macula densa cells represent onlya trivial epithelium without 

sensory, or secretory chare.cteristics. 

Few electron microscopie works have reported studies about the 

macula densa under experimental conditions. Barajas and latta (16) have 

shown relatively large amounts of srnall dark bodies in macula densa cells 

of adrenalectomized rats. They also observed that in sorne cases the 

macula densa seems to have a dilated endoplasrnic reticulum and possibly 

dilated Golgi vesicles. Hatt (66) has shown dilated intercellular spaces 

in the macula densa of rats under high sodium intake. 

3 - HISTOCHEMICAL STUDIES. HEXOSE MONOPHOSPHATE SHUNT. 

a) General methodological considerations. Progress has been made in 

identifying trace metals required for the activity of a nurnber of enzymes 

(291). 

Nachlas et al have pointed out using histochemical procedures the 

activating effect of Ba +t on glucose-6-phosphate dehydrogenase, when 

(2, 2,-di-p-nitrophenyl-5,5'-diphenyl-3,3'-dirnethoxy-4'biphenylene) 

ditetrazolium chloride (Nitro-BT) was used as a final electron acceptor.(292) 

Pearse (293, 294), described that when thiazolyl tetrazolium salts 

are used as electron acceptora in dehydrogenase reactions in the absence of 

a cheletor (Co ++, Ni +.,., Cu.++) the formazan deposits rapidly aggregate and 

crystallize. In the presence of suitable metallic ions, on the other band, 
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the deposits are non-crystalline. Thus a capttn"e reactibn has been 

established which prevents crystallization and whidh presumably also 

prevents diffusion of the free formazan. This observation forros the 

basis of the Jronotetrazolium-metal chelation methods of a variety of 

dehydrogenases and diaphorases (295, 296). 

On the basis of the histochemical methods involving metal che lat ion 

of fonnazans, Hess et al (295) have reported using glucose-6-phosphate 

. disodium salts or calcium salts as substrate, with CoCl2 and MIT 

(3-(4, 5-dimethylthiazolyl (-2)-2, 5-diphenyl tetrazolium bromide) , 

that the glucose-6-phosphate dehydrogenase (G6PD) activity in rat kidneys 

is mainly located in the macula where it is highlyactive. The authors 

conclude that the intracellular locali,zation of this enzyme is in the 

mitochondria since the formazan deposits were in the fom of dots having 

an average diameter of 0.2 to o. 3~ confinning the previous finding of 

Scarpe IIi et al in various dehydrognases and diaphorasès (295). A high 

specific activity of 6-phosphogluconic dehydrogenase in the macula ce Ils 

of rat kidneys, was reported by Nachlas et al (292) using the barium salt 

of 6-phosphogluconic acid as substrate, and NBT as final electron acceptor, 

without adding a metal salt. 

In contrast to the finding of Scarpe IIi et al (295) and Hess et al 

(296), Nachlas et al (292) observed that the intracellular localization 

of various dehydrogenases and diaphorases studied appeared as fine 

granules, never rods or filaments, often closely packed in the cytoplasm, 

and they suggested that these enzymes are associated with the microsomes. 

This point of view is the same as that reported by Farber et al (2 9V), and 

Sternberg et al (298). Furthermore, biochemical studies on homogenates 
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in isotonie media by Glock and McLean (299) strongly suggested that 

the glucose-6-phosphate dehydrogenase is located in the microsames. A 

similar location has been describedby Dixon and Webb (300). 

b) Expressions of the hexosemonophosphate shunt. 

The hexosemonophosphate pathway cornes under the guise of many aliases; 

notable among them are such names, as the phosphogluconate oxidation 

pathway, the oxidative pentose phosphate cycle, the Warburg-Liprnann-Dickens 

pathway the direct oxidative pathway (30l, 302). 

In brief, the operation of this cycle is as follows. A hexose nolecule 

enters the pathway in the fonn of i ts monophosphate. The latter is oxidized 

by "glucose-6-phosphate dehydrogenase", to the lactone of phosphogluconic 

acid. This compound is then split by a lactonase. The resul ting phospho

gluconate is then decarboxylated by 26-phosphogluconic dehydrogenase", 

to a pentose phosphate. The product (ribulose phosphate) rnay be used 

for the synthesis of nucleotides and thus for the production of nncleic acids, 

or i t rnay be ca.rried through the pentose cycle. The pentose phosphate 

rearTanges and condenses with another pentose phosphate to fonn a heptulose 

nonophosphate and a triose phosphate. These two compounds eventually are 

reconverted to a hexose nonophasphate and a tetrose phosphate. The pathway 

is shown in detail in fig. 2. It is noteworthy that reduced triphosphopyridine 

nucleotide (TPNH) is produced. 

The pentose phosphate cycle serves three purposes:the furnishing of 

intennediates, reduced triphosphopyridine nucleotide and, perhaps anergy. 

Triose phosphate rnay be used for carbohydrate synthemms as in the case of the 

carbon reduction cycle (303), tetrose phosphate for the synthesis of 

aromatic acids via shikimic acid (304), pentose phosphates for the syntaesis 
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of nucleic acids(30'S., -30 1). 

As it has been indicated, one of the najor requirements fulfilled 

by the hexosemonophosphate pathway is for the production of reduced 

triphosphopyridine nucleotide (TPNH). This reduced aenzyme functions 
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in a nurnber of important synthetic processes, it appeéj:rs to be required 

for the reductive amination of alpha-ketoglutarate to glutarate, the reaction 

which serves as the primary source of amino ni trogen in, the cell (308). 

In the bio~thesis of lipids, TPNH plays an important role. '!'wo equivalents 

are required; one for the reduction of the ketoacyl-enzyme intermediate 

to the hydroxyacyl-enzyme intermediate and the second for the reduction 

of the double bond to form the saturated fatty acid intermediate (3:09). 

Flatt and BalI (3'10) have pointedout that approxinately half of the TPNH 

required for fatty acid synthesis is derived fram the hexosemonophosphate 

pathway, while the rest is generated by the nalic enzyme. TPNH participates 

in sev~ral steps in the biosynthesis of steroids, including ring closure 

<3:1]), hydroxylation (3:12) and reductive demethylation, CU3) and is 

essential for arornatic hydroxylations in both the case of steroids and the 

biosynthesis of as corbie acid. The reduction of glucuronic acid toglûconic 

acid requires TPNH (31.4). The reduction of ribonucleotides to deoxyribonucleo

tides has been shown to be a specifie TPNH system (arS) and finally in photo

synthesis TPNH generated by the photosynthetic apparatus is utilized for the 

reduction of 3-phosphoglycerate, a key step in photosynthesis (3161. 

As an energy source, the hexosernonophosphate pathway rnay play a lesser 

role than glycolysis as so far there is no evidence for the direct coupling of 

TPNH with oxidative phospho:rylation (317), although, TPNH can transfer its 
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hydrogen to diphosphopyrid:ine nucleotide (DRrt ) via the tœns

hydrogenase reaction. otber means. ~ver are possible for the 

formation of ATP : (a) substrate level !XJosphorylatiœ of aclenos:ine 

diphosphate dur:ing the oxidation of the triose phosphate ; and (b) 

phosphoroclastic cleavage of either fructose-6-phosphate or xylulose-

5-phosphate to form acètyl phosphate (318). 

Riioently. HorecJœr (308) has suggested another function for the 

hexosenDl'lophosphate pathway. to renove the accumulation of glucose-6-

phosphate. Glucese-6-phosphate has been shown to :inhibi~ the phospho

rylation of hexose by hexokinase (319) and thus prevents the entry of L:. 

glucose :into the metabolic pathway. while at the saJœ time it pronotes 

the conversion of glucose to glycogen (320). The role of glucose-6-

phosphate :in the control uptake of hexose has been elegantly illustrated 

:in the case of the red celle Rose and O'Connell (321) have derwnstrated 

that the rate of uptaJœ of glucose by the red cells is dÏTectly related 

to the level of glucose-6-phosphate :in the celle They were able to rrodify 

the steady state level of glucose-6-J:hosphate :in two ways. It could be 

increased by add:ing a precursor or gl~ose-6-phosphate, such as :inos:ine, 

which gives rise to pentose phosphate and immediately to glucose phosphate. 

It could be decreased by adding methylene blue. which catalyzes the oxi

dation of TFNH by oxygen and accelerates the n!D)Val of glucose-6-phosphate. 

c) Macula densa enz_tic activi ty :in various experimental conditions. 

Hess and Pearse (322) described, :in rats rendered hypertensive by 

unilateral clamp:ing of the renal artery, t'bat a high activity of glucose-

6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase occurs :in 

the nacula densa of the clarnped kidney. In contrast, this activity was 
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markedly decreased in the macular segment of the contralatera1 tUltouched 

kidney. These authors also observed that excision of the c1amped kidney 

in chronically hypertensive rats resulting in the maintenance of eleva

ted blood pressure, was followed by an increase of the activity in the 

macula densa 6f the remaining kidney. They suggested that this enzyme 

system in the macula densa is implicated in the formation of a renal 

pressor principle. As described earlier, Hess and Regoli (157) following 

the chronology in a relatively reduced number of c1ip-hypertensive rats, 

have claimed in the ear1y ischaemic period (animaIs 2 days after app1ying 

the clamp) that the first changes were the increased activity of the 

glucose-6-phosphate dehydrogenase (G6PD) in the macula densa accampanied 

by a rise in renal renin content. In spite of this fact the JGI did not 

change significantly. Purthermore, after 5 days the c1amped kidneys 

showed an increase in the granulation and enzymatic activity (alpha

glycerophosphate dehydrogenase), accompanied by an increase of G6PD 

activity in the macula densa and a rise in renal renin content. They 
, 

suggested (also based on the work of Bing and Kazimierczak (156) Who 

found both renin and G6PD in the premacula densa of immature pig nephrons), 

that renin (or a precursor) is transferred continuously fram the macula 

densa to the graTIÜlated JG cells. The latter, functioning as moderators 

of renin storage and release into the circulation, might change their 

appearance in response to an altered output of the macula densa. However, 

after 7 days they observed in the three studied parameters a paraI leI de

crease in the untouched kidney • 
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Hess and Gross (323) noted a decrease in G6PD activity in the 

macula densa as weIl as renin in the kidrteys of rats wi th hypertension 

induced by the administration of desoxycorticosterane and salt. 

Inversely a marked increase in G6PD activity of the macula densa was 

obtained in adrenalectomized animals together with a 100 salt diet. 

However, control animaIs kept on a 100 sodium diet alone for 7 days, 

was followed by a slight increase of activity but the change was not 

considered significant. As described earlier, Gross and Sulser (133 ) 

have found an increase of renal renin content in rats wi th adrenal 

insufficiency. 

Fisher (324) has found a close cOrn:!lation between the degree of 

juxtaglorneruIar granulation, hexosemonophosphate shunt enzymes of the 

macula densa andpressor (renin) activities in the kidrteys of rets with 

a variety of fonTIS of experimental hypertension (unilateral renal artery 

constriction, ureteral ligation, figure 8-compres s ion , OCA .. + NaCl). 

The experiment was terminated at the beginning of the 4th week. Hooever, 

in the parameter studied, a relatively large percentage of animaIs 

gave values,in the manipulated kidrtey, very close to the intact animaIs. 

Morever, in fig. 8-compression the values that he reported were very 

close to the control gDOup. (140) 

Dyroa (252 ) has pointed out that various nonnal species differ 

jn G6PD and ·6PGD activity of the macular segments. This author also 

reported that in dog Goldblatt kidrteys, the G6PD acti vi ty in the macula 

densa of the clamped kidrteys was as in the control animal. However, 

this activity was decreased in the unclamped kidrtey. On the other hand, 

1 
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. i 
in kidney specimensfn:mhypertensive patients,he did not observe 

significant changes in the hexose-monophosphate shunt enzymes of 

the macula densa. 

Swales and I.ewin (253)· have reported in human and dog ischaemic 

kidneys a moderate activity of the enzymes of the macula densa in 

sorne cases. However in other cases, the activity was greatly 

d:llninished . 

It has been reported that no significant changes occur in the 

G6PD activity of the macula densa in aminonucleoside nephrotic rats 

(325) and in rats after acute bleeding (157). 

Mane and Dean (326) have pointed out that weanling rats receiving 

a ION-sodium, high potassium diet,showed progressive kidney and 

adrenal changes over an ll-week period. The JGI increased wi th 

t:ime. Thus after 2 weeks, they observed a significant increase of 

the JGI. G6PD and BPGD activity in the macula densa was observed to 

increase after 4 weeks and this activi ty became more marked in anima.1s . 

deficient for a longer t:ime. 

Gross and Hess (327) have reported that the G6PD activity in 

salivary duct epithelium of rats is decreased simultaneously to the 

macula densa of the unclamped kidney in the clip-hypertensive as weIl 

as in the macula densa of the metacorticoid hypertensive. These findings 

led the investigators to the follONing conclusions: "The kidney, as 

weIl as the salivary glands are secretory OI'gans el:iminating salt and 

water, and s:imilar changes in enzyrratic activity in their duct system 

may be the expression of attempts to adjust the functian of these organs 

to special conditions (sodium retention) that are presenting hypertension". 

Recently, Capelli et al (328) have confinned the finding of Gross 
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and Hess (327) in metacorticoidhypertension. Furthennore, when an 

animal with DCA. and NaCl reaeived angiotensin II, they observed 

an increased G:6PD activity in the firet half of the proximal tubules, 

adrenal and salivary glands, wi th a markeâ decrease in reml renin 

content. In contre.st, in a :rat kept on a sodium deficient diet, they 

observed an increased G6PD activity in proximal tubules, macula densa, 

adrenal zona glomerulosa, and salivary gland, accompanied by an increase 

in JGI and renal renin content. The authors concluded that G6PD 

appears to he of importance in the interaction of angiotensin and sodium 

balance; that the macula densa appears sensitive to changes in Na. 

metabolism; and that angiotensin affects prox:ima.l tubular enzyme activity. 

Evidence for an important role of the hexosemonophosphate shunt in 

renal reabsorption p:rocesses is relatively indirect. In a histochemical 

study, Hinmelhoch et al (32'9) produced an inhibition of the G6PD activity 

in the proximal tubule of the necturus by adding ouabain to the incubation 

medium, thus implicating the hexose monophosphate shunt in the cellular 

transport of sodium~ later, Karnovsky and Hinnnelhoch (3'30) found that in 

the proximal tubules of frog kidneys, the enzymes of both glycolysis 

and the hexose-monophosphate shunt were present in very high activity. 

They suggested a possible role of these enzymes in proximal tubular 

transport p:rocesses. 

In a recent biochemical study, Dies and lDtspeich (331) reported 

that the activity of the hexose monophosphate (HMP) shunt dehydrogenases, 

measured in :rat kidney homogenates, was In3I'kedly increased in a.ni.nals 

with NH
4
Cl acidosis. Sodium depletion also erihanced the activity of HMP 
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shunt' s enzymes. They also found a significant correlation between 

HMP enzymes and acid excretion. These investigators suggest a possible 

mIe of the HMP shunt dehydrogenases in acid excretion. 

F. EMBRYOLOGY OF THE JG COMPLEX 

Various groups of authors (332-334, 337, 338) indicate that the 

renal corpuscule develops in situ (Hercing theOIy (336) from 

undiférenciated ceil groups and not by invagination of capillaries 

of the blind end of a previously formed tubule CBowman" theoIy (335). 

Recent information on what may happen in the development of the juxta

glomerular apparatus in rets, piglets (338) and htnnanS (332-334), seems 

to indicate that endothelial, mesangial, lacis, and j.uxtaglanerular ce ils 

have the same origin fran the mesenchymal flocculus; this finding supports 

the concept that juxtaglomerular and lacis cells are continuous with the 

mesangial cells, and that both can be transfonned or differentiated 

in granular ceils (14, 339-341). A part of the intemal primoIÙial 

epithelium that will fonn a layer of the tubular epithelium at the level of 

the distal tubule nea.rest the vascular pole, differentiates to becorne the 

macula densa. At this developmental period, fenestration of the basal 

membrane of the nacula densa has been noted (338). 

There.are in the literature sorne controversial findings conceming 

which period of kidney development the granules appear in the vascular pole 

of the glomeruli. Thus juxtaglcmerular granulated cells have been 

identified in fish and amphibia possessing a persistent mesonephros in 

adul t life (6, 277, 281, 40, 161). In the rnesonephros of hog embIyO 

Kaplan and Friedman (342) have suggested that the juxtaglornerular cells 
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were absent. On the other hand, Sutherland and Hartroft (343), bave 

identified juxtaglomerular granulated cells and the macula densa in the 

mesonephros and metanephros of hog embryo. Furthe:rm::>re, the. presence 

of the macula densa and afferent arteriole bas been found in the new 

bom piglet' s kidney (338). Macula densa bas been observed in the 

rebbit mesonephros (281) and, in mesonephros and metanephros (281) of 

hüman embryos. Epithelioid cells in the glaneru1.ar arterioles bavebeen 

also identified in the mesonephros and metanephros of hurran embryos 

(281, 344). 

Ruyter (1) bas described in the post-natal mouse's kidney that 

juxtaglanerular granular cells appear about one week after birth and they 

are weIl differentia.ted after two or three weeks. Moreover,. Friedberg (345) 

bas observed juxtaglomerular granules soon after birth in the renal cortex 

of mice and ini tially they appear in greatest concentretion in the j uxtamedul

lary zone of the kidney. However, wi thin three weeks this pattern of 

distribution is reversed, and at adul thood, a higher concentretion of 

granules is present in the subcapsular cortex than in the juxtamedullary 

zone. Dauda and Endes (346) found that in the ret the grenulated cells 

cannot be demonstreted before the fourteenth day of extreuterine life. Boss 

(338) bas described in rets that the diffe~tiation of the macula densa 

begins to occur on the twenty third day after birth. 

There is a lack of infonnation on the rete at which these granules 

develop in the new-bom. In child~ and infants (151), the juxtaglomerular 

granules are fewer compared to those in adul ts. Recently, Dunihue et al 

(347) bave noted an involution of the juxtaglomerular grenulated cells in 

old rets. 
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G - COMPARATIVE MORPHOLOGY OF THE JG COMPLEX 

Light microscopie studies bave shawn the presence of the juxta

glomerular canp1ex in many species including man. On the phy10genetic 

sca1e (28]), the juxtaglomerular cells first appear in the 'telecoSts 

fish, but neither lacis ceils nor the macula densa were observed (40, 

161, 281). This s:im:iJ..ar1y occurs in seme amphibia "urodeles" (281) and 

reptiles (277, 281). In other amphibian species such as "anure", the 

juxtaglomerular ce ils and macula densa appear together (5, 6, 281, 343). 

In biros, contrary to lacis ceils the juxtaglomerular cells and macula densa 

are weil developed (277, 281, 348). In ail IDaJIm3.ls studied the macula 

densa, juxtaglomerular, and lacis cells have been found, although the 

granularity of the JG cells and the height of the macula densa vary in 

different species (l, 3, 8-10, 275, 281, 349). 

Electron microscopie studies on the vascu1ar pole of the glamerulus 

bave been perfonned in a ntunber of species inclucling, fish (161, 350), 

amphibia (351), mouse (352, 289, 68), rat (14, 56, 57, 65), rabbit (65, 84), 

dog (10, 56), monkey (77), and man (79, 80, 85, 86). Juxtaglamerular cells 

are similar in ail of them. Species differences in the electron density 

and structure of the granules have been noted. In fish (350), different 

crystailine-llke granular structures have been observed. In the hurnan 

and rnonkey the granules are denser than those of the rat, (78). The 

proto-granules of the former two have a polygonal shape, while" those of the 

rat tend to be more ovoid (78). 

Different degrees in granulari ty have been found depending on the 

topographical location and the studied nephron. It bas been shawn in adul t 
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·rats (353) that there are a higher munber of juxtaglane:rula.r granules 

and epithelioid cells in the afferent vessels of the subcapsular (short 

nephrons) af~ compa.red to the juxtamedullary nephrons (1ong nephrons). 

-The same distribution has been confirmed in mice (48, 49), rabbits (160, 

354), htDIJaIl and ~œts (355). A correlation with renin distribution 

has been demonstrated in rabbits (159) and hUJn3IlS (355). Friedberg 

(48) has suggested that surll differences between the cortex and the 

juxtamedullary regions might weIl depend of the length of Henle' sloops. 

Topographical studies (214) on the renal cortex in rats have 

shown that the JGI of granulari ty is higher in the greater curvature 

than in the perihilar cortex,but despite this fact, Friedberg (48) 

has described in mouse an equal distribution of the macula densa in all 

zones of the cortex. Faarup (353) has noted in rats that the nurnber 

of macula densa cells in the subcapsular cortex is higher campared to 

those of the juxtamedullary zone and inversely, the lacis cells were rrore 

increased in the latter zone than those in the subcapsular region. 

Rapp (356) has presented evidence that by selective imbreeding in 

mice wi th a higrl ~'low j uxtaglomerular index of granulari ty for four 

generations, it is possible to obtain selective lines with high or low 

JGI of granularity. Recently Rapp (357) has reported that following 

unilateral nephrectomy, kidney weight increased significantly, more with 

saline treatment in mice bred for a low JGI than those bred for a high 

JGI. Therefore he suggested that such variations might reflect 

differences in renal handling of sodium. 
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H - RElATIONSHIP BEIWEEN JUXTAGLOMERUlAR COMPONENTS AND RElATED STRUC'IURES. 

An int:i.nate and constant relationship between the distal tubule 

and the glanerular arterioles has been established by light microscopy, 

(274, 8,10, 12) and electron microscopy (14, 56, 57). Barajas and latta 

(290) and Faarup (353) sturlied this relationship in three dimensional 

models. They noted that the ascending 11mb of the loop of Henle rises 

f:rorn. the medulla, contacts the efferent arteriole first and nms along 

i t toward the hilus of the glanerulus, contacts the afferent arteriole 

and then turns into the convoluted portion of the distal tubule. Ba.rejas 

and I.a.tta (290) accoroing to a previous observation by de Castro and 

de 1aPeÏ1a. (288) suggested that the contact between the macula densa with 

the efferent arteriole was more cammon than wi th the afferent arteriole. 

Faarup found that the contact between the macula densa and both the 

afferent and the efferent vessels were variable. However, contact with the 

afferent vessels'was slightly more cammon than with efferent vessels.(353) 

Electron microscopie studies have pointed out that the macula densa 

was separated from the arteriolar wall by a basement membrane at the site 

of contact (14, 60, 66), but projections of macula densa extending into the 

arteriolar walls have been described (14, 57, 290). 

A basement mernbrane-like matrix also separates the ce Ils of the 

non-tubular component of the juxtaglomerular cc:mplex from each other (14, 

60, 66). 

Electron microscopie observations give support to suggestions in 

earlier literature based on light microscopy that JG cells are modified 

smooth muscle cells. Al though smooth muscle cells of the glomerular 
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arterioles are typical of v 3SCUlar SlOOOth nruscle cells found in arterioles, 

throughout the body, they are apparently unique in that they rnay be 

replaced by JG cells. This transformation has been suggested by 

sèverel authors (l, 14,56, 84) due to the presence of bundles of fibrils or 

rnyofilaments in granular JG cells. 

Although granular cells nay sometimes be found in the wall of 

the efferent arteriole (16, 50, 53), they are much more prominent and 

generelly present in the afferent arteriole. 

Continui ty between JG cornplex and the mesangitml of the glc:merulus 

was suggested by the work of Zirnmerman (8) and is further indicated by 

electron rnicroscopy (14, 339, 341, 16). The mesangial cells have much in 

comnon with the lacis cells, the afferent and efferent arteriole. They 

seem to have the same embryological origin (332-334). The mesangial cells 

also contain sorne fibrillar bundles (14, 57). Goormaghtigh (12) had 

found appreciable nurnbers of granulated cells in the mesangial region 

of rabbits with constricted renal arteries. Duniliue and Boldosser (340) 

demonstreted large numbers of granules in the mesangial cells of cats 2 

years after adrenalect01T!Y. In contrest, Barajas & latta (16) have found 

li ttle, if any, increase in the number of granular cells of the mesangitml 

of adrenalectomized rets after 75 days by either li~~t or electron rnicros

copy. 

Another similari ty is that the lacis cells and to a less extent 

the JG cells can phagocytize intrevenously injected thorotrest, although 

the amount is much less than that taken up by mesangial cells (340, 341) • 
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Finally, it has been suggested that in sorne exper:imental conditions 

. "l J i"i the lacis cell nay become granulated cells (57, 66, 84). Reeves 

& al (239) cla:imed that in cirmotic patients, basal hydropic changes 

in the nacula densa are correlated wi th an increased number of JG cells, 

IIOstly with the type IV of the 'furgeon and Samners classification 

(large: agranular cells with a clear, watery cytoplasm). 

l - INNERVATION OF THE JG COMPLEX 

1. LIGHT MICROSCOFY. 

Light rnicroscopists describe a rich innervation of the JG complex, 

(l, 3,127, 279, 282, 358, 359) bya silver impregnation method, Hartman 

and Davies (360) described postganglionic fibers with afferent endings 

at frequent intervals in the adventi tia of srnaller renal arteries. 

They also described ending.J, assumed to be afferent and possibly sensory 

among JG cells in the afferent arteriole of cats and rets. Christensen 

et al (361) cor:roboreted the presence of nerve fiber tenninations in 

juxtaglomerular "bodies" of cats but declined to classify them into 

efferent or afferent categories. De Castro and de la Pei1a. (288) observed 

a rich sympathetic innervation in both afferent and efferent glamerular 

arterioles of human kidneys. They also observed nerves around Bow.man's 

capsule which they assumed to be of an afferent viscero-sensory nature. 

Fourman (362) described the efferent arterioles OI the deep glameruli 

as having an abundant nerve supply which is absent in the superficial 

glomeruli. Recently, by application of a sensitive fluorescent method, 

Nilsson (363) characterized the nerve terminaIs surTOunding the srnall arteries 

of the kidney, including the afferent arteriole, as adrenergic, thus 

providing convincing evidence for the previously assumed sympathetic 



innervation of this structure. He also found that this adrenergic 

innervation ended at the glameruli and was not associated wi th the 

capsule, with veins or tubules. 

2 - ELECTRON MICROSCOPY. 
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Ba.:re.jas (364) was the first to study the innervation of the JG 

camplex by electron rnicroscopy. He found numerous nan-myelinated nerves 

in association wi th the arteriolar walls in the monkey JG camplex. In 

the proximi ty of sJOOOth nruscle cells or granular JG cells of the 

arteriolar walls the nerve fibers acquire the appea.:rence of vesiculated 

p:roœsses. They appear to be separated from the smooth muscle plasna 

membrane by two basement membranes, one belonging to the arteriolar wall 

and the other tothe axon-Schwann cell complex, with a gap of 1000 to 

2000 AO. He also described in the monkey, dark and light vesicu1ated 

processes, depending upon the concentration of vesicles and densi ty of 

the cytoplasm. They appeared to be part of the same axon-Schwann cell 

complex with possibly sorne relation. Ba.:re.jas also pointed out that in the 

rat the nerve elements were less numerous and a distinction between the 

two types of vesiculated processes was not apparent. This species difference 

in frequency of nerve elements seen by electron microscopy was also noted 

:in studies by Hartroft (365). However, ~his electron micrographs do not show 

in rats details conceming with gra.nular JG cells. Barajas (364) ernphasized 

that the vesicular processes may weIl represent the sympathetic synaptic end 

nerve since they present chara.cteristics, as granular vesicles, as those 

described in the adrenergic type. Barajas and Hartroft(366) described in 
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various ~'sstudie4that the closer apprœ.ch of thenerves to arteriolar 

smooth muscle cells or JG cells, was separated by an interval of approxœtely 

1000 A 0 
• However, in the frog, membrane-to-membrane contact of nerve 

elements with projections of JG cells was observed by Hartroft (365). 

Fisher et al (70) in one electron micrograph showed an axon-Schwann 

cell ccmplex (without characteristics of a nerve ending) associated with 

the JG canplex and he claimed that few nerve elements are related to the 

JG cells in the human. 

Hinglais et al (86) in one electron micrograph showed an axon-Schwarin 

cell ccmplex associated wi th a Lacis cell in the JG ccmplex of the human 

being. 

A further observation made by Barajas and Hartroft (366) was the 

presence of a nerve ending in close contact wi th the macula densa. These 

elements were also adrenergic in type. They were located either between 

the macula densa and JG ce Ils , where they were separated by a small 

arnount of basement m~rane material or in an infolding of the macula densa 

where they were in still closer contact. However, the plane- of section 

in their pictures should be considered and the possibili ty that those 

nerve endings may weIl represent presynaptic dilatations apprœ.ching the 

arteriolar wall. 

J - ROLE OF THE JG COMPLEX. 

From the foregoing review, the function of the JG complex may be 

equated to that of the renin-angiotensin system. This is a dual function, 

first in renal sodium and water regulation, and, secondly, by its pressor 

activity, in blood pressure regulation. 



1. ·RENAL SODIUM AND \\TATER REGm..ATION • 

. a) Direct renal action. 
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Angiotensin has a diuretic and natriuretic effect. The result 

varies with the animal species studied. It is natriuretic in the rat 

(367), chicken (368), rabbit (369, 370) and cat (371, 372). However, 

it'has antinatriuretic effects in nomal dog (373) and man (121, 374-76) • 

. i) Regulation of the proximal intratubular hydrostatic pressure. 

·Leyssac (377) found, based on micropuncture studies in rats, that 

angiotensin causes a depression of the proximal tubular reabsorption rate. 

Also, he made the hypothesis that any reduction in filtration pressure (e.g. 

reflex spasm of the afferent arteriole, obstruction of the renal artery etc.) 

or any reduction in proximal intratubular pressure induced a primary 

increase of the release of angiotensin, by sorne chemical, mechanical or 

electrical change at the site of the macula densa resulting from the minor 

decrease in proximal intratubular pressure, consequently, the rate of proximal 

reabsorption is depressed and thereby lowers glomerular filtration rate. 

The constriction of the efferent arteriole and the depressed rate of 

reabsorption tend to maintain the proximal intratubular pressure constant. 

·Leyssac concluded that the physiological function of the JG cornplex is 

to serve as a feed-back mechanism whereby a change of the proximal intratubular 

pressure (i.e. the output of the regulated system) at the site of macula 

densa and via the release of angiotensin changes the proximal salt 

reabsorption and adjusts the intrarenal vascular resistance in such a way 

that the proximal intratubular hydrostatic pressure is maintained. 



ii) Autoregulation of the :renal blood flow. 

Thurau's (378-81). group,- however, emphasizes that besides its 

vasoconstrictor action, angiotensin has no direct effect upon tubular 

sodium reahsorption. He postulated that the possible physiological 
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IOle of the JG canplex is the "autoregulation of the renal blood flow" , 

by the existence of a specifie soJ.ium feed-back mechanism between tubular 

and vascular structures at the level of the JG complex, which acts inversely 

between sodium concentration in the tubular fluid at the recula densa 

cells and glomerular filtration rate (GFR). He supports this hypothesis 

by the following experimental findings. An increase in Na + in one JIE.cula 

densa segment, locally induced by rnicIOinjection, reduced GFR of the 

individual nephron only, possibly by the locally fonned angiotensin and 

subsequent pre-glomerular vasoconstriction, since the sensitivity depends 

on the renin concentration in the renal tissue. Furthennore, the low renin 

content of JG complex in juxtamedullaY.{ position is consistent with the observation 

that medullary blood flow is not, or far less, autoregulated than cortical 

blood flow. 

b) Indirect action. 

The JG complex activity is closeiy related to the zona glomerulosa of 

the adrenals and aldoste~ne secretion. 

Dean and Masson (382) reported that renin injections cause changes in 

the width of the zona glomerulosa of the adrenals, a finding later confirmed 

by Kuhn et al (146). 

Hartroft and HartIOft (384) demonstrated in sodium deficient rats and in 

human diseases with a low serum sodium a correlation between the _ 

degree of granulari ty of the JG ce Ils and the width of the zona glomeru-
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losa of the adrenals. 

S:ince angiotens:in stimulates the supre.rena.l gland :in man to produce 

aldosterorf~/discovered by Genest et al (121) and later confirmed by l.aregh 

et al (383») the physiological and pathological relation between the 

suprarenal anq the kidneys havebeen strengthened. Perfusion of angiotens:in 

:in sheep (385), and dog (386, 387) stimulated the secretion of aldoste:rone. 

These effects are controversial :in the rat (388, 389). However, chronic ac1mi-

nistretion of angiotens:in :in rat produced a hypertrophy of the zona 

glomerulosa of the adrenal gland (65, 390, 39) with histoChemical evidence of 

:increased secretory activity (391). 

In experimental and pathological conditions a relationship of JG 

cell g:renulari ty and hypertrophy of zona glomerulosa, or an :increase :in 

aldosterone, or both, occur as a resul t of renal ischaemia, especially 

the ischaemic kidney :in unilateral renal hypertension (65, 392-394), 

ascites (227, 228, 53, 216) cases of hyperaldosteronism with hypokalemic 

alkalosis, but no hypertension (242, 244, 395, 396) and other conditions 

of secondary hyper-aldosteronism (397). 

2 - BLOOD PRESSURE RmUlATION: 

a) Physiological role. 

A recent contribution :indicates a physiologie function of the ren:in 

angiotens:in system :in upright postural haneostasis. A significant :increase 

:in plasma ren:in activity has been reporrted in no:rnal subjects in stand:ing 

position as compared to normal subjects who rema.ined in a recl:ining position 

(398). Slaton and Biglieri (399) have suggested a physiologie role :in the 

• Valsava experiment. The role of angiotensin in the basal pressure is rela-



- 57 -

tively hypothetical since the injection of hog antirenin to dogs does 

not change their blood press~ (595). Furthermore, angiotens:in has 

a caroiovascular action most likely rnediated by the sympathetic nervous 

system (225, 400-405). 

b) Experimental renal hypertension 

The role of the JG canplex ceteris paribus renin-angiotensin in renal 

hypertension bas been a debated problem and still there is too much conflicting 

evidence in both the laboratory animal and nan. However, sane lines of 

investigation, mostly related to ischaemic kidneys, suggest that in sane, 

but not in aIl, experimental or pathological situations, the JG conq:>lex 

might play a role in the acute phase of the development of hypertension. 

In 1937, Houssay and Fasciolo (406), based on the work of Goldblatt 

et al, (407) were the first to point out that renal hypertension was 

rnediated through a humoral mechanism. After grafting ischaemic kidneys 

:into the neck of nephrectamized dogs, they observed a rise in blood pressure. 

During the acute phase of development of hypertension after renal 

blood restriction, a hyperplasia and hypergranularity of the ischaemic 

kidney ~been frequently observed while the opposite kidney shows an 

almost complete absence of JG cell granules (Il, 27, 138, 140, 223). In 
in/ 

acute situations an increase, renin content of the ischemic kidney, and a 

decrease in the contralateral e1evated plasrra renin activity (413-417) and 

blood angiotensin haIlealso been reported (418-420, 140, 409-412). When the 

hypertension becames chronically established after several weeks or months, 

the granularity of the ischaemic kidney decreases in In3Ily instances (129,65) 
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and the renal renin content (~15-417~ 420) and angiotensin (~23, 42~) 

decrease' also. On the other hand, various investigators have not found 

any correlation between the level of blood pressure and the JG ce Il 

granularity (65, 138, 1~0, 223, 425) or the renal renin content. Along 

this line of evidence, Regoli et al (222, 426) reported that if the 

unclarnped kidney is excised in renal-clip hypertensive rats, the level 

of blood pressure remains unchanged despite a progressive decrease in 

renin content to normal values within three weeks in the remaining clamped 

kidney. Moreover, when tmilateral nephrectany is performed before 

clamping the rernaining kidney, the same degree of hypertension develops 

within the same t:ime as in non-nephrectanized rats, but no change can be 

detected in the renin content of the ischaemic kidney. Gross' s group 

(198, 204) further demonstrated that a normal concentration of renin-like 

ma.terial is circulating in unilateral nephrectanized renal-clip hypertensive 

rats while it is greatly increased in non nephrectanized hypertensive animaIs. 

The same group (198, 20~) suggested that the development of hypertension 

due to the renal art~ clip does not require renin. Heptinstall (425) 

reported that in unilateral nephrectomized renal-clip hypertension, after 

2 weeks, the JGI rema.ins unchanged as canpared to the JGI of the reIIDved 

kidney. Moreover, an increase in JGI occurs in the clamped kidney when the 

rerraining kidney is not removed. 

Bing (427) attempted to determine whether renal hypertension could 

be developed in rats treated with DCA and salt to deplete the kidneys of 

renin. Sorne of the rats did not develop hypertension after three weeks on 

DCA and salt and this group had a clip applied to their renal artery. 



Despite the fact that the renin content of the kidney was only 2 to 

4% of the normal, the rise in blood pressure was similar to that 

obtained in normal rats with a clip applied to the artery. 

- S9 -

From the foregoing review the renin-angiotensin system in experimental 

renal hypertension appears to play an initiative role in the developrnent 

of hypertension in sorne experimental situations. However, in others 

it is very difficult to explain its possible role. On the other hand 

in chronic situations, its role is doubtful. 

c) Human hyPertension associated with renal diseases. Its clinical 

significance. 

The role played by the JG cornplex in hypertension associated with renal 

disease is highly controversial. For sorne authors a hyperactivity of the 

JG cells was found accompanying various renal diseases (45, 216, 428-437, 

393). In contrast sorne other authors reported no significant changes or 

decreased rnorphological activity (127, 281, 427-439). 

However, in recent years a clinico-pathological significance of the 

JG complex has been ernphasized in order to select patients with renal 

diseases associated with hypertension, which could be cured or irnproved by 

nephrectamy or vascular reparative surgery. 

Turgeon and Sommers (73) reported that in renal ischaemia producing 

hypertension, patients with rnarked juxtaglomerular hyperplasia or granularity 

responded weIl to nephrectomy. Sirnilar findings have been reported by 

Crocker et al (393) and Itskowitz et al (435). Further, Boughton and Sommers 

(436) have described hyperplasia of the JG body in a variety of unilateral 
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renal lesions that have caused hypertension and improved following 

nephrectomy. These included renal artery stenosis, hydronephrosis, 

chronic pyelonephritis, perirenal fibrosis and hypernephrona. In the 

kidneys wi th pyelonephri tis the hyperplasia was present in the non 

infected areas. In hypertension associated with renal artery obstruction, 

our Institute (141, 142) considers, besides the morphological changes 

of the JG complex, three other paremeters 1) the pre and poststenotic 

systolic pressure gradient, 2) renin activity :~ peripheral or in renal 

venous blood and 3) the presence or absence of the arteriolar lesions 

in the involved kidney. Considering these pa.remeters, it was reported 

that patients suffering from hypertension associated with renal 

artery obstruction, having a significant systolic pressure gradient, 
/' 

a high blood renin activity and/or JG cell hypergranularity accompanied 

by relative hyperplasia, and absence of the arteriolar lesion in the 

involved kidney, were cured or significantly improved after the nephrectomy 

or vascular reparative surgery. 

Finally, the importance of determining renin activity in patients 

wi th renal artery obstruction wi th biochemical and clinical features of pri.m3ry 

aldosteronism has been established by Kirkendall et al (443), Corm et al 

(446), DeChamplain et, al (444), B~ et al (447) following demonstration 

of undetectable or minimal arterial angiotensin levels in cases of 

pri.m3ry aldosteronism secondary to adrenal adenoma (441, 442). Following 

the suggestion made by Genest (445), Kiroendal et al (443), laragh et al 

(448) and Corm (448), t";~ :.~ the Jœasurement of renin activity might weil 

prove of value in the differential diagnosis of this condition versus that 



due to renal artery stenosis. Moereover, a disappearance of the JG 

granules and a relative hypoplasia occur :in such cases of prinary 

aldosteronism (394, 435, 451, 452). 

K - NATURE OF THE STJMUUJS ACTING ON THE JG COMPLEX 
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Factors that affect secretory activity of JG cells, as reflected 

by cytological changes and ren:in activity, are actually a debated 

problem and it has not been canpletely solved. Several theories have 

been proposed. 

1) HEMODYNAMIC cHANGES 

a) Changes:in renal perfusion pressure: "stretch receptor" 

theory. Tobian (137, 203) has suggested that changes :in mean renal 

arterial pressure might be the major factor controll:ing the release 

of renin by the JG cells. While ;:erfusing isolated kidneys at various 

pressures, they observed, when perfusing with a high pressure, the JG cells 

granularity fell significantly, whereas no change was observed when the 

kidney was perfused at nornal mean pressure. They postulated that, by 

theÏI' situation :in the wall of afferent arterioles, the JG cells would act 

as a baroreceptor or stretch-receptor. A decrease :in perfusion pressure 

would resul t :in an increased secretion of ren:in which would restore and 

mainta:in an adequate perfusion pressure, while an increased perfusion 

pressure inhibit the production of ren:in. Skinner et al (225) gave support 

to.' this hypothesis when they demonstrated that the stimulus for ren:in 

release is primarily a reduction of mean inflCM pressure, rather than a 

reduction :in pulse pressure or total renal blood flow. Koletsky and 

Rivera Velez (454) have also reported that a rise of inflCM pressure 

dim:inishes the level of ciroulating :renin. 
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!obian (137, 203) claimed on the basis of "the stretch receptor" 

theory that certain experimental manoeuvres cause hypergranularity of 

the JG ~elis and others which cause a diminution in granulari ty may fit 

weIl with this hypothesis. Taquini et al (202) found no change in the 

renal renin content of animaIs in shock for 30 minutes. In unilateral 

nephrectomized rats, the renin content of the kidney and the release of 

renin do not increase after clamping the remaining kidney. Nolla-Panades 

and Simpson (453) have reported that no significant changé occur in JG 

cell granularity following clamping of the aorta above both renal arteries. 

ln rat kidneys with genetic hypertension the results are contradictory, 

Smirk, and Phelan (456) , found no change in JG cells as compared to norrno

tensive rats. However, Sokabe (455) found that a hypertensive strain of 

rats has about half as much renin in the kidney cortical tissue as a 

normotensive strain of rats. He also reported that the JG cell granularity 

was decreased. 

b) Changes in intravascular vol1.D1le: 

Acute changes in blood and fluid vol1.D1le have an effect on renin 

release without significant changes in JG cells granularity. Acute severe 

hemorrhage in rats quickly raises the level of circulating renin (148) 

without significant changes in renal renin content (198) or JGI (200). 

MOreover, hypertransfusion in rats which rais es the blood vol1.D1le has the 

effect of decreasing the level of circulating renin within 24 hours, without 

significant changes in renal renin content (198). Our Institute (457) has 

shawn that in the rat after peritoneal dialysis, the plasma renin activity 

is highly elevated as weIl as the hematocrit values. Moreover, despite 
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pJ.asna electrolyte changes, if the plasna volume is restored by 

glucose infusion or alburnin, the plasna renin activity returns to 

normal values depending on the arnount of the vol~ restored. In such 

cases no appreciable changes were noted in JG cell granu1a.rity (200). 

Furthennore, Meyer et al (458) have reported in man, that an 

acute ethacrinic acid injection DIo nonnal subjects produced an increase 

in natriuresis, hematocrit, plasna renin activity and urinary volume. 

Moreover, if polyvinylpyr.rolidone is perfused at the sametime as the 

injection of ethacrinic aeid~ the plasna renin activity and the.hematocrit 

do not increase, despi te the natriuresis present. Thus these authors 

suggest that the renin secretion in such experimental conditions depends 

on the plasna volume. 

2 - TUBUlAR FWID COMPOSITION AT THE MACUlA DENSA LEVEL. 

Various groups of investigators impressed by the already described, 

light microscopie characteristics or electron microscopie findings or 

histochemical charecteristics of the juxtaglomerular cornplex, have 

suggested that the morphological activity of JG cells and renin secretion 

might be controlled in sorne manner by the intratubular fluid via the 

macula densa (10, 14, 30, 57, 140, 322). Stamey (459) reco~sidering the 

morphological and physiological parameters, has ernphasized that the macula 

densa could act as a highly sensitive part of the nephron which locally 

transmits and even magnifies changes in the concentration of soditun from 

wi thin the tubule to the JG cells. Furthennore, he suggested that the 

location of the macula densa is proba.bly at a point in the nephron where, at 

least during a water diuresis, the tubular urine flows the slowest, which 

would allow maximal time for the movement of sodium across the macula densa 
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to the JG cells. On the basis of this osmo:receptor theory of the macula 

densa, Stamey proposed that such a nechanism may explain nruch of the 

experimental data on soditun, juxtaglomerular granularity, and :renal 

perfusion pressures. Moreover,:renal hypertensive patients with a more 

marked renal1.,ischaemia, tubular atrophy, and non fil tering kidney on 

intre.venous pyelography, failed to show any hyperplasia of the JG cells, 

concluding that it seemed likely that hyperplasia of the juxtaglomerular 

cells requ:i.red the fornation of glomerular filtrate. 

However, patients who had been cured of their :renal hypertension 

but who had a nornal appearing :renal cortex denonstrated hyperplasia of the 

JG cells as the only histological abnornality. Guyton et al (460) after 

deriving a series of equations and calculations from experimental studies, 

concluded that the autoregulation of blood flow into the kidney was most 

probably controlled by an osmotic feed-back at the site of the recula densa 

versus JG cells. 

There are severel lines of evidence which tend to :implicate the recula 

densa in renin release in acute experiments. Vander and Miller (226) 

studied the effect of infusing osmotic diuretics, acetazolamide and, chlore

thiazide, intravenously into dogs. They found that these diuretics did not 

influence the base line level of renin secretion. However, when they infused 

their diuretics and then constricted the aorta above the renal arteries, they 

did not get the expected rise in renin output. MoreQ'tler, in other experiments, 

they constricted the aorta above the rena.l: vessels and obta:i.ned an elevation 

in renin secretion. They then infused diuretics :i.ntre.venously and found that 

the renin output dropped sharply. S:i.nce the changes in urinary sodium and 
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osrrolarity were accompanied by slight or no variation in the renal 

blood flow and glomerular filtration, the authors concluded that renin 

secretion is not controlled by blood pressure per se, or intrarenal 

pressure, but by the flow or composition of intratubular fluid, 
o 

probably at the level of the rracula densa. White (461) bas reported 

s:i.milar experiments in which either mercaptanerin or the rena.l intra

arterial infusion of 1 M NaCl or sucrose suppressed the renin release 

induced by reduction of renal arterial pressure. Recently Tobian (462) 

bas errq;:>basized the rracula densa theozy. He fourd in rabbits that when 

renin secretïon is being stimulated"by a narrowing of the renal artery 

an infusion of plasrra with a high sodium concentration tends to diminish 

the secretion of renin compared to an infusion wi th a nonnal sodium 

concentration. In contrest, other investigators bave observed tbat the 

administration of mercurials (463), fursemide (464) and ethacrynic 

acid (458) will increase renin release within 1-2 hours when the diuresis 

itself, is still present and rracula densa sodium load is very l:ikely 

greater than no:rnal. 

Moreover, chlorothiazide (465, 246) and furseinide (246) also cause 

"increased JG grenularity. Thureu's group (378-381) bas provided another 

piece of evidence implicating the rracula densa, even though there were no 

actual measurem.ents of renin output in their studies, Through a rnicropipette, 

they infused solutions of sodium salts retrograde into the distal tubule. 

This exposed the rracula densa to the infused solution, when the concentra

tion of the infused sodium salt was around 90 mEq/liter, they noted a quick 

collapse of the prox:ima.l convoluted tubule, indicating tbat there had been 
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.constriction of a preglamerular arteriole. If they infused solutions of 

sodium sulfate, or cholinechloride, or mannitol, or potassium salts it did 

not cause collapse of the proximal tubule indicating that osmolarity is 

not the critical factor. As the concentration of the infused sodium salt 

was progressively reduced below 90 mEq/liter, the effect was progressively 

reduced. If the sodium solution was injected into kidneys which contained 

little renin, only 1 out of 36 kidneys showed a collapse of the proximal 

tubule. They postulated that in the rat kidney a sodium-specific feed-back 

mechanism occurs between the tubular and vascular structures at the level 

of the JGA, which acts inversely on the sodium concentration in the tubular 

fluid at the macula densa cells and glamerular filtrate rate. They also 

suggested that the mechanism by which glamerular filtration is reduced 

might weIl be the local formation of angiotensin in the wall of the afferent 

arteriole which reduces filtration pressure by preglamerular vasoconstriction. 

On the other hand, Leyssac (466) and Morel (467) have not been able to repeat 

the experiments of Thurau' s group. Tribe and IIeptinstall (214) have reported 

evidence eliminating the role of the macula densa in JG cell activity. In 

rats with glameruli whose tubular continuity has been interrupted by chronic 

pyelonephri tis or renal trauma, JG cell granulari ty highly increased following 

adrenalectomy plus sodium supplement. Purthermore, in ischaemic transplanted 

kidneys, in which macula densa was nùt encountered, Endes et al (221) have 

reported the presence of a rnarked JG cells granularity. Demopoulos et al (143) 

reported that after destruction of the tubules by sodium tartrate visualizing 

only atrophic macula densa structures, the JG cell presented a weIl granulated 

pattern. Rohle and Walvig (40) found that same types offish (teleosts) 

have large amounts of JG granulated cells, despite the absence of distal 
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tubules (macula densa) in their kidneys. This observation has been 

recently confirmed by Perlow et al (161). 

3 - HUMJRAL SUBSTANCES 

Several lines of investigation have suggested a ''htD'lloral'' feed

back in relation to the JG cell (renin secretion). Masson (218, 220) 

and coworkers postulated that the "adrenal mineralocorticoids" might 

represent the feed-back substances regulating the renin-angiotensin 

system. They observed that the secretion of pressor material by the kidney, 

as estimated grossly by the rise of blood.pressure following kidney grafts 

in nephrectomized rats, decreased rapidly after the administration of DOC 

and salt before the development of hypertension while the renin content of 

the kidney remained unchanged. Similarly, but more graduàlly, cortisone or 

cortisol administration decreased the liberation of the pressor material by 

the kidney. 

Associated studies reported appear to be in favor of the inhibitory 

effect of adrenal steroids on the secretory acti vi ty of the JG cells. A near 

disappearance of JG cell granularity in the kidney is constantly reported in 

rats treated wi th DCA and salt (32, 138, ,i 140) as weIl as a marked decrease 

in rena1 renin content (134, 209) and circu1ating pressor substance (473, 

474). Adrenal regeneration markedly decreased the JGI (130, 469). However, 

in simi1ar adrena1 regeneration experiments, Dunihue fai1ed to find any sig

nificant change in JG cel1 granu1arity (470). Since in these experiments 

at 1east three parameters are imp1icated, hypertension, salt and DCA, it is 

difficu1t to assess what is the specific factor. l~en DCA is administered 

a10ne no changes were noted in the JGI (32, 72, 130, 471) in b100d renin 

(473, 474) or in the renin content of the kidney (134, 209). 
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Moreover, 1OC'A:\. failed to decrease the JGI in rats maintained 

on a low salt intake and even the JGI reported to increase as campared 

to control animals durfug this experimental p:rocedure (3 2) . HcMever, 

others reported a slight decrease in the JGI (220) and in the renal renin 

content of rats during chronic treatment with œA-, alone. It appears 

fram the foregoing discussion that œA in itself is prectically devoid 

of any consistent inhibitory effects on the secretory activity of the JG 

cells. Fisher and TëI1IIl.lnl (477) observed a decrease in the JGI in rats 

injected subcutaneously with aldosterone in oil for three weeks. A decrease 

in renal renin content was also reported in rats treated with aldosterane 

and salt (476). Fukuchi et al (475) noted only a slight decrease in the 

JGI in rats treated with aldosterone in water for two weeks while the . 

anirrals rema.ined normotensive. In patients with primary aldosteronism 

a decrease in the JGCC and granularity of the JG cells has been observed. 

(451, 452). AJ)ec~eases of angiotensin levels and plasma renin activity have 

also been reported in such:c lpatients (44l-450). However, it is not possible 

to determine to what extent aldosterone alone is involved m this inhibition, 

since sodium balance and plasma volt.me are also disturbed. 

The increase of JG ce11 granularity in adrenalectomized aninals (211-214-) 

the mcrease in the renin content of their kidneys and the increase of ciroulating 

pressor rraterial (133, 198), strongly demonstrete a hyperactivity of the renin 

angiotensin system after bilateral adrenalectomy. Chemical inhibition of the 

steroidogenesis by metapirone (478, 479) or amphenone (480) is also accompanied 

by an increase in JGI. These conditions are associated with rnarked changes in 

• sodium and bl00d volume and again it is difficult to explam such changes 

, 
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in the renin angiotensin system by a s:imple absence of the adrenals. 

Furthennore, in rets"hypophysectomy .neither a1ters JG cells 

nor prevents their st:i.mu1a.tion by sodium deficiency (53, 151). In 

contrest, ACTH was reported to increase the JG cell granularity in ret 

kidneys even in the absence of the adrenals (480). A paral1el pattern bas 

been observed in old rats between the decrease of hypothalamic neurosecretory 

material, JG cells, and atn:>phy of the adrenal zona g1omerulosa (347). The 

sœatotrophic honnone produces a decrease in .JG cell granularity accompanied 

by hypertension and arteriolar necrosis (481, 482). 

In reviewing the stimulus for the secretory activity of the JG 

ce Ils , i t bas also been emphasized that the JG cells could act as 

"osmoreceptors", by changes in sodium blood plasrra 1evels. Thus, Hartroft, 

(483) has reported that JG cells of rats continued to become hypergranulated 

in response to sodium deficiency despite injections of vasopressin to 

prevent a drop in blood volume. Similarly, in hypertensive rets with. one clipped 

kidney,sodium deficiency did not lower blood pressure but granulation of JG 

cells rose in the "unclamped" kidney (485, 486). The same relation to the 

sodium level was found in ,DCA or cortisone-induced hypertension in which 

the elevation of blood pressure was equal but JG granulation and renin content 

were reduced in rets given high salt and increased in those on a 100 salt 

regimen (484). Hooever, these experimental conditions are very llkely 

associated with changes in tubular fluid and it is difficult to consider solely 

the sodium level at the site of the JG cells. Contreversia1 findings have been 

reported .regarding potassium salts (151, 487) . 
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Masson et al (488) have reported that hog renin injected for four 

days into rats, resulted in a marked decrease in renal secretion of pressor 

IIBterial while the renin content of the kidney rerna.ined normal. Kuhn et al 

(146) ·reported that extracts of dog kidney with high concentrations of renin 

injected to rats produce a decrease in JG cell granularity. The authors 

interpretedrl this finding as a suppressed activity of the JG cells. Further

JOOre, after two weeks the administration of angiotensin to the rat is 

associated with decreasing JG cell granularity (65, 390, 391, 489). 

De Champlain et a! (192) found that, in soditun depleted subj ects wi th 

high levels of plasma. renin activity, the infusion of angiotensin even at 

subpressor doses produced a highly significant decrease of the circulating 

renin. However, they did not find significant changes after infusion of 

aldosterone or pressor amines. The authors postulated that a feed-back 

occurs between the angiotensin and renin secretion. This finding was later 

confirmed by Vander in the dog (194). 

4 - NERVOUS SYSTEM. 

Although "denervated" kidneys are reported to secrete renin in 

response to various stimuli (406, 490), therer.1..èIre, however, severa! lines 

of evidence that strongly suggest the presence of a reflex cantrol mechanism 

for renin release from the JG corrplex. As it has been previously described 

the JG complex has a rich nerve supply in various animal species. Elaut 

(491) found that carotid sinus denervation produced hyperplasia of the JG 

cells in dogs. 

Taquini et al (202) reported that the renin content of denervated 

rat kidneys decreases markedly. Tobian et al (492) found also a deCl"'ease 
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Scornik and Paladini (493) found that infusions of norepinephrine 

in dogs increase the angiotensin arterial level slightly but 

significantly. Wathen et al (494) reported that infusion of 

norepinephrine into the renal artery produced an increased liberation 

of renin by the kidney. Acute degrenulationof JG' cells bas been demanstrated 

under similar conditions with epinephrine infusions in rats (495)'. 

Vander (496) demonstrated that direct electrical stimulation of 

the renal nerves increased reninrelease. Hodge et al (497) 

demonstrated increased plasma. angiotensin concentration in dogs during 

non hypotensive hemorrllage and found that this release could be prevented 

by ganglionic blocka.de or local anesthesia. 

Thmihue et al (498) reported tbat the increased JG cell granularity 

in rats on sodium dietary salt restriction was prevented by one inj ection 

of reserpine or by four injections of norepinephrine admlnistered at the 

mset:. of salt restriction. Moreover subcutaneous injection of norepine

phrine reduced low salt elevated JG cell grenularity when given after 

29 days of low salt intake . 
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PARI' II 

INVESTlGATlVE SEcrION 

ŒIAPI'ER l 

MATERIAL AND McrHODS. 

A) HUMAN SUBJEGrS. 

Surgical renal biopsies from patients wi th renal diseases were 

used. 

B) ANIMAlS. 

a) Beavers. Sëven adul t beavers have been used. (Other data wer.e 

not available). 

b) Dogs. Three rrongrel dogs, weighing 15-18 kg were used. They 

were fed on stock laboratory diet and tap water "ad libitum". Their 

kidneys were rerroved under lig11t chloralose anesthesia. 

c) ~. Most of the experiments were perfonœd in rats of both 

sexes, using various strains. 1) Sprague-Dawley strain from the Holzrren 

farm and Robidoux fann. 2) Royal Victoria Hospital strain from Quebec 

fann. 3) Wistar strain from Brevannes fann (France). The experilrents . 

were performad only on anirna.ls which were in apparently good physical 

conditions without rralforrration, infection or spontaneous diseases. The 

aninals were kept in laboratory cages from 4-10 days after their arrivaI, 

to give sufficient time for adaptation to the enviroruœnt prior to ex

perirœntation. The average body weight of the animaIs, at the ini tia-
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tion of the exper:iJœnts, will he indicated in the description of each 

study. During the experinental periods t the rats were kept either in 

standani laboratory cages of five animals each, or in rœtabolic cages 

of one animal each. The standani d:i.et, when not indicated otherwise, 

consisted of "Purina Fox Chow", and tap water, both "ad libitum". 

C) DRUGS, DIETS AND SURGlCAL OPERATIONS. 

These will be indicated in the sections cancerning the various 

studies in which they have heen used or perfonred. 

D) BlOOD PRESSURE MEASUREMENT. 

In the adrenal insufficiency experirœnts, rœan basal arterial 

blood pressure was measured indirectly without anesthesia, by tai!. 

plethysrography (E & M Apparatus). In other experinents, the blood 

pressure was measured under light pentobarbi tal anesthesia, by cannu

lation of the carotid artery and reconied on a polygraph (Grass Poly

graph Model SD). 

E) MORPHOLOGlCAL METHODS. 

a) GENERAL DESCRIPl'ION. 

All the rorphological find:ings were evaluated on the basis of micro

scopie examination. Kidneys were removed under pentobarbital or light ether 

anesthesia, examined rracroscopically and sectioned in a longitudinal plane 

through its hilus. The histologie specirœn-s'; were preseIVed :in a fixative 

chosen acconiing to the stain:ing technique to he used. Ten per cent neutrel 

formalin, Bou:in's solution and Helly's modified fluid (2/3 Zenker, 1/3 10% 

neutrel fornalin) were the fixatives usually employed • 

After fixation and dehydration, the specirœns were ernbedded :in 

paraffin, and sectiormed serially, at least, in three different section 
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levels, at the surface, at 100 and 200 Po deeper. Staining techniques 

were seleeted aceoro:ing to either the type of kidney elements to he 

studie§ or the expected pathologie changes. Various basic staining 

methods were used : 1) Hematoxylin-phloxine, 2) Weigert, 3) Periodie 

aeid Schiff Reagent (PAS), 4) Maf?son's light green trichrome stain. 

5) Periodie silver rnethenamine, 6) Periodie silver aecoroing to laid

law' s technique, 7) Periodie silver trichroJœ stain. 

The use of each staining rnethod will he indieated in the deserip-

tian of each section. 

b) HISTOLOGlCAL PROCEDURES FOR DEMONSTRATING THE GRANULES OF '!HE 
. 

JU}ITAGLOMERUlAR COMPLEX. IMPROVEMENT OF THE BOWIE PROCEDURE. 

OUr histologie work was oriented in order to find out a specifie 

stain for the granules of the juxtaglonerular eells, perrni tting a rrarked 

eontrast, and a satisfaetory study of the whole kidney. 

1) MATERIAL AND METHODS. 

Kidne~ frorn rats, rabbits, dogs and hurnan subjects were used, although 

rnost of the work has been dane in adultr,i rats weighing frorn 150 to 250 g. 

In oroer to correlate the degree of granularity of the juxtaglornerular cells 

using various staining techniques, the Hartroft and Hartroft (32, 71) juxta

glomerular granularity index (JGI) was used. The staining rnethod described 

by Wilson (31) was also used tut without suecess sinee" the alcoholic c6un

terstains rernoved rnost of the stain. Satisfactory results were obtained with 

the modification of the Bowie (21, 22) technique as described by Cowdry (23), 

and utilized by Pitcock and Hartroft (29) to derronstrate granules in the 

juxtaglornerular cells. Theri, we tried to improve this last technique in 
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oroer to get a nore satisfactory cattI\:lst of the juxtaglomerular comp1ex 

and toma1œ this prœeclure sharter. The Alcian Blue (P.A.S. (35) rœthod 

was also compared. 

TISSUE FIXATION. 

Fixatiœ was accomp1ished in tt«> ways : a) kidney fixation n:in vivo" 

by arterial perfusial or b) by embedding the kidney cnce rerroved lr, the 

fixing fluide 

GllJI'ARAIDEHYDE "IN VIVO" FIXATICIl (FOR LIGHT AND EŒCI'RON MICROSCOPY). 

1.7% co1d isotœic potassiwn Ptosphate buffe~ glutamldehyde 

(pH 7.2 - 7.4-) was perfused against the ,flow of b100d through the abdo

minal aorta during 5-10 minutes, at a pressure of 135 to 1~5 mn Hg. 

Kidneys were rerroved and eut in halves, one half was placed in Zenker

fomo1 10% for 18-24 hoors and the other ha1f used for e1eetron micros

copie studies. 

EMBEDDING FIXATION. 

The vo1urœ of fixing fluid emp10yed was atout 20 tirœs that of the 

tissue to be fixed. Kidney blocks of tissue about 3 rran :in thiekness were 

fixed in the fo11ow:ing fixatives. 

A) Acetone, 24 heurs at pH 7.6. 

B) Forna1dehyde-fmtives : 1) Coneentrated 40% fonna1dehyde solution 

at pH 3.6. 2) Formol-saline 10% (4-0% formaldehyde solution, 100 ml ; sodium 

ch10ride 8,5 grn ; disti11ed w:lter 900 ml), pH 7.1. 3) Neutra1 10% forna1in 

(4-0% fonreldehyde 100 ml, water 900 ml, caleiÛIn carbonate to excess), pH 7.2. 

4) Alcoho1ie forma.1in (3 parts of alcoho1 80%, 1 part neutra1 fonna.1in), 

pH 7.7.· 

C) Chromates': 1) Harada m:x:1ification of Ciaccio fixation (5% potassium 



':' 76 -

~ichromate 16 ml, formaI in 4 ml, glacial acetic acid 3 drops, pH 4.2, . 

48 hours in ice box) then mordant in 3% potassium bichromate 7 days. 

2) Muller-formol, (potassium bichromate 20 gm in 1000 ml distilled water. 

Before use add 1 part of formaI in 40% per 9 parts of the bichromate solu

tion) pH 5.1, fixation 24 hours. 

The tenns fonnaldehyde, formaI in or formol are employed interchan

geably. 

D) Picric acid: Bouin's fluid (trichloroacetic acid 2%, 40% formaI in 

500 ml, hot water 4000 ml at 60-700 C, picric acid to saturation), pH 1.7. 

2) Duboscq Brasil solution, (80% alcohol 1500 ml, 40% formalin 600 ml, 

acetic acid 500 ml, picric acid 10 gm) pH 1.9. With both fixatives, the 

fixation time was from 6 to 24 hours. 

E) Mercuric salts: 1) Stieve's fluid (76 ml saturated aqueous mer

curic chloride solution, 40% formaI in 20 ml, and glacial acetic acid 4~~1ll1) 

pH 2.6. 2) Stieve's fluid modification (glacial acetic acid wasreplaced 

by trichloroacetic acid 2% or acetic acid 36%) pH 2.6, 24 hours fixation. 

3) Zenker's solution and variants: stock solution "Zenker without acetic 

acid" (mercuric chloride ta saturation 7 gm, sodium sulfate 1 gm, potassium 

bichromate 2.5 gm, distilled water 100 ml); a) Zenker with acetic acid: add 

5 ml of glacial acetic acid for 100 ml of the stock solution, pH 2.4, fixa

tion: 24 hours. b) Helly's fluid: add 5 ml of formalin 40% for 100 ml of 

the stock solution just before using, pH 3.5, 24 ta 48 hours fixation. c) 

Zenker-formol 10%: 2/3 of the stock Zenker solution and 1/3 of formol saline 

10% before use, pH 3.8, 24 ta 48 hours fixation. d) Tris-buffered Zenker

formol 10% to pH 6 and pH 7.1, 24-48 hours fixation. e) Zenker-formol 10% 

• with acetic acid (add before using 5 ml of glacial acetic acid for 100 ml 
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of Zenker-formol 10% solution), pH 2.3, 24-48 hours fixation. f) Tris

buffered Zenker-formol 10% with acetic acid to pH 6 or 7.1, 24-48 hours 

fixation. g) Zenker-formol 10% with trichloroacetic acid (add before use 

5 ml of 2% trichloroacetic acid per 100 ml of Zenker-formol 10\ solution) 

pH 2.7, 18-24 hours fixation. 

After the fixation period, the specimens were was1ted in nmning tap 

water for 20 to 24 hours. Tissues were mounted in paraffin blocks and 

seriaI sections from 2.5 to 5 ~ were eut. 

PREPARATION OF nIE STAIN STOCK SOLUfION. 

1) One gram of Biebrich Scarlet was dissolved in 250 ml of distilled 

water and filtered through a rapid filter paper into a beaker. 

2) Dissolve 2 gm of ethyl or methyl violet in 500 ml distilled water 

and filter a small amount at a time into the beaker containing the Biebrich 

Scarlet, with frequent stirring. 

The end point of neutralization was indicated l~hen a small amount of 

the mixture placed on a fil ter paper did not show any color (other than 

the precipitate in itself), or better, when a clear filtrate was obtained. 

3) The mixture should then be filtered and the precipitate dried. 

4) The stock neutral solution was made by dissolving 0.1 gm of the 

dried precipitate in 10 ml of 95\ alcohol (23). IJp to 100 ml of the stock 

solution can be obtained from one batch using ethyl violet and up to 200 ml 

using methyl violet if the end point is carefully determined. 

STAINING TECHNIQUES. 

1) Place paraffin sections in 3 successive xylol dish for 3 minutes each • 

2) When mereuric salts were used in the fixatives, the sections should 

be placed in alcoholic iodine (0.5% iodine in 70% alcohol), 3 minutes, 
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rinsed in 60\ alcohol and passed through sodium thiosulfate 5\, 3 minutes. 

3) Tap water 5 minutes. 

4) Mordant in 2.5\ or 3\ potassium bichromate at 37-40oC for 7-8 

hours. 

5) Rinse in distilled water. 

6) Immerse sections for 14-16 hours in 20% ethyl alcmhol to which 

has been added 22-25 drops of the neutral stock solution (the solution 

should be stirred before use) per 100 ml. 

7) Blot sections with tissue paper (Kleenex). 

8) Dip wuickly 2 or 3 times in 2 successive solutions of acetone to 

remove excess stain. 

9) Differentiate in concentrated clove oil until section appears 

reddish purple. 

10) Immerse sections for 1 to 5 minutes, depending on the degree of 

differentiation already obtained, in 1/1 mixture of xylol and clove oil. 

(If one wishes to verify under microscope, the juxtaglomerular cell granu

les should be deep violet and the elastica lamina of the vessel should be 

violet). 

Il) Rinse successively in 4 batches of xylol. 

12) Mount with 1/1 xylol balsam. 

2) RESULTS. 

In order to get satisfactory results any fixed tissue should be 

mordanted in potassium bichromate for several hours before staining. The 

results obtained using different fixatives and staining the tissues with 

~ the Bowie modified method for the juxtaglomerular granulated cells are 

surnmarized in table 3. Figures 3 to 6 illustrate differences in fixa

tion and stain with various techniques used. 
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TABLE 3 

Results of the BCMie mx1ified staining pnJeedure, 
for JG granulated cells, with various fixatioo techniques. 

FIXATION 

Fixatives Time 

Glutaraldehyde "in vivo" perfusion 5-10 minutes 
l' 

Zen1œr-form::>l 10% 18-24 hours 

Acetone 24 hoors 

Formaldehyde fixatives 
Formaldehyde 40% 24 hoors 
Formol saline 10% 24 hoors 
Neutral 10% formaline 24 heurs 
AlcOholic formaline 24 heurs 

..... ______ tes 

Harada 48 heurs 
Muller-fonrol 24 heurs 

Picric acid 
Boom 6-24 hoors 
fuooscq Brazil 6-24 hoors 

Mercuric sal ts 
Stieve' s fluid 24 heurs 
Stieve 's fluid JIYJdified .. 24 heurs 

Zenker with acetic acid 24 heurs 

Helly' s fluid 24-48 hours 

Zenker-fornol variants 
Zen1œr-fornol 10% 24-48 hours 
Tris Buffered Zenker-fonrol la' 24 heurs 
Zenker-fonrol 10% wi th acetic 
acid 36% 24 heurs 
Tris Buffered Zenker-fonrol 10% 
with acetic acid 24 heurs 
Zenker-fonrol 10% with tri-
chloroaoetic acid 2% 18-24 heurs 

* - no coloration of the ~ules. 
+ satisfactory results. 

+ + best results. 
t In rat kidneys. 

RESULTSt 

JGC* 

++ 

1'1' 

-
~ 

-+ 
+ -
+ 

-
+ -
-
++ 

-
~ 

++ 

-
...... 

-
+~ 
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In glutaraldehyde, fixed tissues gave better results in the methyl

violet mixture (8 to 12 hours in the staining solution are sufficient). 

Micyoscopically, the renal parenchyma was very weIl preserved and was 

stained pink-violet. The elastic tissue of the vessels was colored deep 

violet, the same as the granules of the juxtaglomerular cells. 

Acetone fixed tissues were not satisfactory in our hands. Formalin 

fixed material can be used to show the granular epi thelioid cells, but i t 

is recOl1lJlended to use the mixture wi th ethyl-violet. However, the tissue 

fixation in general was very poor. Alcoholic formaI in gave negative re

sults. The Harada modification of Ciaccio filation gave good contrast of 

the granules, similar to those obtained with Helly's fluid, but the paren

chyma architecture was not weIl preserved and metachramasia was often ob-

served. The Bouin fluid gave satisfactory resul ts • However, the granules stained 

in light violet, -and are not weIl contrasted. 

Mercuric salt fixatives gave good results; however, when glacial 

acetic acid was added to a relatively high concentration, the granules dis

appeared and in some instances, only one or two juxtaglomerular granulated 

cells were encountered in the whole kidney. 

The modified Stieve's fluid replacing the glacial acetic acid by tri

chloroacetic acid or 36% acetic acid, gave in our hands very good results 

not only for the study of the juxtaglomerular complex, but also, as total 

kidney staining procedure. The parenchyma was dark pink-violet, the nuclei 

and nucleoli were very weIl contrasted, the brush border of the proximal 

tubules gave a pale pink-blue color, the basal membranes and the elastic 

tissue were stained in violet, the granules ,Cof the juxtaglomerular cells were 

stained in deep dark-violet. Tt is recommended for this fixation to use the 
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mixture with nethyl-violet (Fig. 7, 15, 16). 

Helly' s fluid gave satisfactory results. H~ver, this fluid hecomes 

turbid and darl<:er :in color after 8 to 12 hours, with depositioo of dark 

1m:Mn precipitate, nak:ing necessary to renew the fixative. The fuffered 

Zenker-forrrol solution gave negative results. Us:ing ZenJœr-fonnol 10% 

this brown precipitate is avoided and the kidney tissue is weIl fixed 

after 24 hours. It is possible to utilize :indistinctly the ethyl-violet 

or the rnethyl-violet mixture. Microscopically, the renal tissue is uni

fonnly sta:ined, the proximal tublles are reddish purple, and darker than 

the distal tubules, Clight reddish) the brush border and the gloneruli are 

magenta. The :infold:ing membranes mi tochondria complex are dark red (Fig. 3, 

5). This is sometirœs very useful for the identification of the macula 

densa. The tubllar hyaline droplets are sta:ined deep-purple. The elastic 

tissue of the vessels is violet and the juxtaglonerular cell grenules, when 

present, will he deep violet or blue-purple. The granules of rrast ce Ils at 

the renal hilus appear light blue. Us:ing the stain:ing prœedure described, 

the induced rretachrorrasia of the juxtaglomerular granulated cells is avoided. 

Another variant of the Zenker-formol fixative with the trichloroacetic acid 

2% gave very good results. The general sta:ined pattern was similar as with 

Zenker-formol 10%. However, the nuclei were nuch better contrasted (Fig. 12, 

13, 14). It was of inte:ç-est that s6rœ cells of the renàl pelvic epithelium 

showed srrall granules in i ts cytoplasma. (Fig. 8, Il). stained :in"the sane 

JI'EIUler as the juxtaglorrerular granules. These granules gave also the PAS 

reaction and they did net present rretachrorrasia. 

As it is shown in the table 4, the results ebta:i.ned in the JGI of gra

nularity using the ethyl violet o~ rrethyl violet mixtures as campared to 
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PLATE l 

FIGS 3 to 6. Illustrate JG cells :in the afferent arterioles and 

macula densa of kidneys of normal rats, compar:ing various histo

logical pn:>eedures. x 670. 

FIG. 3. Macula densa (m:::1). Notice the absence of mitochandria 

:infolding rrernbrane complexe Beside the macula densa an afferent 

arteriole (Cut obliquely) showing JG cells. Blood capillary 

(Ar!'ow). ZenJœr-formol lot 24 heurs. Bowie llOdified stain. 

FIG. 4. Macula densa (nd). JG cells (Arrow). Notice the shrin-

kage and the poor contra st of the pa.renchymal tissue. Helly' s 

fluÏd 24 heurs. Bowie stain. 

FIG. 5. Macula densa (rrrl), presenting the sarre characteristics 

as fig. 3. Notice a JG cell (~) in the rœdia of an afferent 

arteriole (cut obliquely). Proximal tub ules (PI'). Distal tutule 

(DT). Zenker-fot'IIDl lot 24 heurs. Bowie rrodified sta:in. 

FIG. 6. Marula densa (mi). Afferent arteriole (aa) shCMing the 

rœdia JG cells (Ar!'ow). Efferent arteriole (ëa). Notice the dif-

- 80a -

ference in fixation of the tutules as cornpared to figures 3 and 5. 

Helly's fluid 48 heurs. Bowie moclified stain. 
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Alcian Blue PAS do not differ significantly (P> 0.05). However, in the 

Alcian Blue PAS P.r:oœduxe t the pink granules aN net sc weU contrasted 

~ canpared to the Bowie m:xü.fied mathod. 

In S\.UIIJBI'Yt the hest :results we:re obtained after a) fixatiœ by 

glutaraldehyde perfusicm and postfixation in Zenker-fOX1Jl)l 10% and stai

ning with the mathyl violet mixtu:re. b) Stieve's nalified fluid using as 

sta:i.n the mathyl violet m:i.xt:u:re t or Zenlœr-forncl lot utilizing as sta:i.n 

the ethyl violet mixture. In any case the kidney sections should he m:>r

danted in patassiwn bichromate for severalhcurs before staining. These 

procedU:res gave also e~llent :results in rabbit, dog and hwnan Jd.dney. 

Vacuole-ll1œ fœ:mations we:re occasionally found in JG granulated 

cells of normal. rats (Fig. 10) as weU as in patients with occlusion ôf 

~he :renal arteries (Fig. 7). Parely the presence of granular cells was 

observed in the effe:rent arteriole an nonnal rats (Fig.' 9). 

TABLE 4 

Comparison of the JGI* in the sama rat Jddney 
using three diffe:rent staining procedures. 

Staining procedures 
Nurnber 

of PAS Methyl violet 
rats Alcian Blue mixture 

JGI JGI 

1 18 22 
2 25 26 
3 25 21 
4 93 38 
5 18 26 

Maan + sn 23.8 + 7.88 26.6 !. 6.78 -

Ethyl violet 
mixture 

JGI 

20 
26 
28 
34 
19 

25'~1f !. 6.16 

,'c The evaluation of the JGI is described in page 96.; 
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PLATE II 

FIGS 7 to Il. The specimens were fixed in Zenker-fonnol 10\, 

48 hours. 

- 8la-

FIG 7. Kidney fram a patient with severe obstruction of the left 

renal artery. Afferent arteriole (aa) showing in the media JG 

cells. Notice a vacuole-like formation in the media of the arte

riole, with sorne granules (Arrow) making a prominence in the vacu

olar ltD1len. Methyl violet mixture stain. x 40 x 15. 

FIG. 8. Renal pelvic epithelitD1l fram a normal rat showing several 

granulated cells. At the left upper corner, the stroma, and at the 

right lower corner, the ltD1len. Bowie modified stain. x 400. 

FIG. 9. Kidney from a normal rat showing JG cells in the media of 

the afferent arteriole (aa) and in the efferent arteriole (Small 

arrow). (Oblique eut). Macula densa (Large arrow). Bowie modified 

stain. x 670. 

FIG. 10. Kidney frorn a normal rat. The arrow points to a vacuole

like formation in .TG cells, similar to that of fig. 7. Bowie modi

fied stain. x 1250. 

FIG. Il. High magnification of the renal pelvic epithelitD1l of the 

same animal as that of fig. 8. Arrow points to granules in the 

cytoplasm of a pelvic epithelial cell. Bowie modified stain. x 1250 • 
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3) DISaJSSION.· 

The application of the glutaraldehyde perfusion fixation for light 

microscopie studies on the kidney and juxtaglaœrular complex is very 

useful. This pennits easy correlation withtthe electron microscopie stu

dies in the same kidney, particularly in relation 1;0 the degree of gra

nularity since the field for electron microscopy ëi~ too sma.ll for a semi

quantitative evaluation of the degree of grenularity in large sections of 

the kidney. 

The Hara.da fixative was highly satisfactory for the juxtaglcmm.tlar 

cell granules. However, i t is a long procedure, taking 9 days and neta

chrornasia of the granules is frequently observed. The acetic acid at rela

tively' high concentration dissolvES the granules, a fact already pointed out 

by Hennebert (28). However, at low concentration, it enhances the contrast 

as we have observed using the Harada fluid, the Stieve' s nodified fluid or 

the Zenker-fonnol 10% wi th trichloroacetic acid 2%. Using Zenker-fonrol 

10% for 24 hours, no precipitate is fonned and nmdanting the tissue with 

potassium bichromate for 7 to 8 hours penni1s avoiding the JG cells neta

chromasia, which is seen when kidney tissue is fixed in Helly' s fluid for 

48 hours and rroroant ovemight in potassium bichromate as it has been des

cribed by Pitcock and Hartroft utilizing the Bowie teclmique. On the other 

hand, the ::pn:>cedure previously described, showed the following advantages 

a) improvenent and shortening of the fixation perioo, b) shortening of the 

rrordant perioo, c) :i.mprovenent of contrast by increasing the concentration 

of the.sta,ining • The use of nethyl-violet gives the advantage that the 

a.roount of the precipitate obta:ined is two or three tines greater as compared 

.\.~ 
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to the one obta:ined with ethyl-violet. On the other hand, us:ing tlutaral.

dehyde or Stieve's IIDdified fluid, the nethyl-violet mixture gives hetter 

~sul ts than us:ing ethyl-violet. Those prooedures can be applied very satis

factorily an mbbit, beaver, dog and human kidney. 

The absence of significant diffe:rences in the JGI of gnmularity 

us:ing the neutml stains ci ted as compared to the Alcian Blue PAS procedure 

is in favor of the hypothesis of the glycoprotein nature of the granules. 

Purthenro~, the cell granules observed :in the epitheliwn of the renal 

pelvis seems to have also a glycoprotein nature. However, we do not know 

the nean:ing of these pelvic granulated cells, and further worl< is being 

aarried out in oroer to elucidate their significance. They are different 

from mast cells and i t is surprising that no previous descriptial of such 

granular cells :in the ~nal pelvic epitheliwn can be foond in the litemture. 

Vacuoles :in non-granulated juxtaglOJœrular cells have heen seen rost 

often in the hUIn3.11 kidney (73), Goo:rnaghtigh (82) observed the presence 

of vacuolated clear cells :in JG cells of hypertensive rabbits and suggested 

that they represented part of a secretory glandular cycle. Hartroft (53) 

has seen similar vacuoles :in dogs submi tted to a sodium-free diet. However, 

there are no data conceming vacuolated granuïar epi thelioid cells. The 

possibility exists that this change is due to alterations occuring dur:ing 

fi.ocation. 

However, :in chapter VI of this thesis it will he shown in electron 

micrographs sorre structural changes that occur in juxtaglOJœrular granu

lated cells of the ischaemic kidney in rats that ~semble those vacuole-
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like fonnations a1ready observed by li-ght microscopy in non-granulated 

juxtaglomerular cells. 

c) HISTOCHEMICAL ME1HODS. 

We have studied the Triphosphopyridine Nucleotide Diaphorase ~ND); 

Glucose-6-phosphate dehydrogenase (G6PD); 6-Phosphogluconic dehydrogenase 

(6 PGD), and the CI-Glycerophosphate dehydrogenase (GPD). The last three 

enzymes have been implicated in seme metabolic processes oceuring in the 

juxtaglomerular complexe 

The methods for the visualization of the activity of these enzymes 

are based in the reduction of tetrazolium salts: 2,2'di(p-nitrophenyl) 

5,5'-diphenyl-3,3'(3,3'-dimetoxy-4,4'biphenylene) ditetrazolium chloride 

~itro-BT), or 3-5 diphenyl-2-(4-5-dfmethyl-thiazol-2-yl) Tetrazoliam bro

mide (MIT) or 2,2', 5,5'-tetra-p-nitrophenyl-3,3'-(3,3'-dfmetoxy-4,4'

biphenylene-tetrazolium chloride (Tetranitro-BT). These colorless and 

water soluble substances once reduced, become dark colored fonnazans which 

deposit at the site of enzymatic activity and in amolDlts depending on the 

activity. 

1) GENERAL PROCEOORE. 

Immediately after longitudinal section of the kidneys through their 

hilus, one half was frozen on Metal holders wi th soUd C02• When the whole 

kidney was available, the blocks were then transferred to a Cryostat (Siee, 

London, England.) at -200 C as soon as possible, usually within one hour, 

fresh frozen section 6 to 8 p thick were eut at least in three different 

section levels of each kidney and mOlDlted directly on cover-slips. 

lit To ensure adherence to the cover-slips, the mounted sections were 

slightly wanned applying a finger on the cover-slips free surface for few 
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secalds, before being coyeNd with 0.2 ml of incubat:ing solutiCll. The 

secticns were incubated aexobicallyat 370 C fat:' 30 minutes, with exœp

tien of TPND ~ was :i.ncuba.ted for 15 minutes. After ':incubatial in . 

Mrl'-oobalt ccmtalinlng neclia, the sectia1s were œpidly washed :in 0 .. 1 M 

HCL and \oS.ter and fixed in 10\ neutral. formalin ; they were then mlœted 

in Ily(!er:in jelly CCJl.t;Un:ing COC12• The Nitxo-sr and Tetnmitxo-sr tteatec1 

sectiClls of the formalin fiJœd tissues were washed :in 10\ ethanol for 10 

minutes to dissolve JIK)st of the Nd. reaction proc:1Uced (arising fxan a 

ccntaminating . JŒIlOtetmzole) withalt caus:ing appreciable shcinkage. of the 

tissues. The sectia1s after wash:ing :in water were JJQ11ltec1 :in' glyœrin 

jelly and those with cobalt chloride ccnta:in:ing Jœdia were namted :in 

glycerin jelly cœta:ining œc12• 

2 ~ REAGENTS. 

The substances used for :incuba.tial media, . their sourœ and JIK)lecular 

weight (MW) are the following : 

Reagent. 

a) Substrates 

i) Reduced triphosphopyridine DlCleotlde 

(TFNH) Signa Chemica.l Co. St-la1i"S~ 

MW -

ii) D-Glucose-S-phosphate discxiium salt 358,2 

D-Glucose-S-phosphate barium salt 521,7 

D-Glucose-S-phoÇbate:::cij.patassium salt 390,4 

Signa Chemical Co., St-Louis. 

iii) S-phospho-gluconic acid scxiium salt 

S-Ji1oçho-glucanic acid barium salt 

S-phospho-gluconic acid tri-Dalocyclohexyl-

aDalium salt 

342,1 

479,l:~ 

573,7 
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Sigma Chemical Co., St-Louis. 

iv) DLœ-glycero phosphate disodium salt 

Sigma Chemical Co., St-Louis. 

b) Buffers. 

i) phosphate pH 7.3 

Fisher Scientific Co., Montreal. 

ii) Tris (hydroxymethylaminomethane) pH 7.4 

7.6 - 8.0 

Fisher Scientific Co., Montreal. 

iii) Veronal pH 7.6 

Merk and Company Ltd., Montreal 

c) Co-enzymes. 

d) 

e) 

i) Triphosphopyridine nucleotide (!PNO 

Sigma Chemica Co., St-Louis. 

ii) Menadione (2-methyl-l,4-naphtoquinone) 

sodium bisulfate salt. 

Sigma Chemical Co., ~t-Louis. 

Tetrazolium salts. 

i) MIT 

Sigma Chemical Co., St-Louis. 

ii) Nitro-BT 

Sigma Chemical Co., St-Louis 

iii) Tetranitro-BT 

Sigma Chemical Co., St-Louis. 

Activators • 

i) Manganese ch10ride (Mn C12) 

Fisher Scientific Co., MOntreal 
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315,15 

.734,4 

415 

851 

197,92 
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~i) Magnesium chloride (Mg Clz) 

Fisher Scientific Co., Montreal. 

iii) Barium chloride (Ba Cla) 

Merck and Company Ltd., Montreal. 

iv) Cobaltous Chloride (Co C12 6H20) 

Fisher Scientific Co., MOntreal. 

f) Inhibitors. 

i) Sodium azide (Na N3) 

Fisher Scientific Co., ·MOntreal. 

ii) Sodium cyanide (NaCN) 

Fisher Scientific Co., Montreal. 

iii) Sodium fluor ide 

British Drug Houses Ltd., Montreal. 

3) INCUBATING MEDIA. 

":" 87 -

203,33 

244,31 

237,95 

65,02 

49,02 

41,99 

Various incubating media were prepared according to the original 

techniques described for each enzyme. However, modifications of these 

procedures based on the metal formazan techniques (292-295) will be des

cribed later on. The media were prepared freshly before use and had the 

following standard composition. 

Triphosphoprridine nucleotide diaphorase (TPND) 

Using MIT (Scarpelli et al (295)). 

TPND Stock solutions. 

MIT 1 mg/ml 

cobaltous chloride 0.5 m 

tris-buffer (0.2 Ml pH 8.0 

2.5 ml 

0.3 ml 

2.5 ml 
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distilled water 

polyvinylpyr'rolidcne 

4.7 ml 

0.75 'p 
. . 
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S:inœ the additiœ of cobalt Nsults in marlœd lowering of pi. 

~ solutiœ mat be adjustec1 to 7.2 with 0.2 M tris-l:uffer pi 10.4. 

This solutial can be stœeci fat' 3 weeks at 0_40 c. 
, TPNH incuba.t:ing Jœdium. 

stoclc solution lml 

6mg 

F:inal. cœcentratial of Mducecl pyridine l'U1Cleatide is l' x 10-2 M. 

'l11ese soluticns aN stable for 2 heurs approximately. 

The incubatial period \eS 15 minutes at 370 c. 

Using Nitro-Bl' (Farber (500 ». 

TFNH :incubating nedu. 
Nitro-Bl' 1 mg/ml 

0.1 M t:hosphatel::uffer or 

tris 

0.2 M pH 7.4 

TRiH 10 mg/ml 

Distilled \eter 

0.7 ml 

0.9 ml 

0.3 ml 

3.0 ml 

The incubation pericx:1s t4eN 30 and 60 minutes. 

4) HEKOmtlNomOSmATE SHUNT DEHYDROGENASES. 

Incubat:i.ng mediwn (Hess et al 296 t 293) 

The mediwn had the following standa.:rtl compositicn. 

SUbstnlte (l.OM) 

TPN (0.1 M) 

0.1 ml 

0.1 ml 
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Respiratoxy inhibitor (sodium 

azide or sodhun cyanide 0.1 H) 

Magnesiwn chl.oride (0.05 M) 

Tris-l::uffeI' liI 7." - 7.6 

Tetœzolium salt (1 ~/ml) 

Distilled ~teI' to DBlœ 

Po1yvinylpyrro1idale (MW110 000) 

0.1 ml 

0.1 ml 

0.25 ml 

0.25 ml 

1.0 ml 

75 ~ 
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For denDnstrating the diffenmt dehydrogenases of the hexosam::ao

phosphate shunt, the conqxments of the abave statr.ian:I mixture ~s varied 

as follows : 

A) Using Ml'I'. 

1) Glucose-6-thosJ;i1ate dehyÙ!ogeuase. 9.1bs'tmte, glucose-6-

Ihosphate disodium salt, TPN, sodium azide, tris (hydroxyrœthy1) amino

rœthane tuffer. Cf) C1
2 

- 6H
2
0 (0.5 M) 0.05 ml, sodium fluocide (0.01 M) 

0.05 ml. 

2) 6-phosthogluçœate dehydrogenase. SUbstmte, 6-p,osp'he

gluconic acid bariwn OI' sodium salt (0.01 M) ; Tm ; sodiwn azide ; tris 

bUffeI' 0.5 M 0.05 ml- CO C1
2

• 

B} Using Nitto-Br. 

Glucose-6-phosphate dehydrogenase and 6-Ihœx:iloglucalate 

dehydrogenase. The companents' of the rœdium weil! the same as using Ml'I' 

exœpt that CôC1 was not added :in the rœdia and for JlI)st pll'pOses the . _ 2 

respiratory inhibi tOI' was sodium cyanide (freshly prepared and neutnü.ized) • 

5 ) 0( -GLYCEROFHOSFHATE DEHYDROGENASE INamATING MEDIUM. CRess and 

Bearse.251, 293). 

SUbstrate, sodiwn D1.Pt-glycerol,ilosphate l M. TI'is b.1ffer 0.5 M, pH 7.", 
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Mn' 0.05 M, ca Cl 0.01 M, polyvinylpyrroJ.iclale 75 mg/ml. 
2 "' 

The indivi.dua.l.$calSti~ts of the media, excluding the substnlte, 

coenzyme, and n!spimtory :inhibitor were l:uffe:r:ed to pH 7.2 and stoxeà 

at 0_40 C. The sol11tials wen! nmewed every 4 weelcs. The substn1.te, co

enzyne.;and raspimtory :inhibitors wen! always freshly pre~ and added 

to the stock solutial just before use. The f:inal. til of the medium was 

~ 'adjusted to 1iI 7. 2. 

6) IMPROVEMENT OF THE HEXOSAMlNOmOSPHATE SHUNT AND oC-GLYCERO

PHOSFHATE DEBYDROGENASES. HISTOCHEMIC'AL TECHNIWES. 

This secticn deals with further developnent and mx1ificatien of the H 

Mn'-CO method (251, 295, 296) and is based en the œtal fornazan teclmiques 

(292, 293, 294, .. 295). 

i) MATERIAL AND METHODS. 

The present studies have been oarried out wi th mt kic1ney ; the 

tissues were pœ~ as described in previoos pamgraIils. The tine ra

quired for fn!ezing of the tissue did not exceeà 1 minute. After namting 

on warin (n:xn tempemture) coverslips, the thawed sectiClls were covered 

with 0.2 ml of the incubating mediwn and :inalbatien was carried oot for 

30 minutes at 370 C. 

!ri genera1, if not otherwise ilidicated, the pH of the l:uffer, the 

coenzyme ccncentxe.tion and the aJIClUlt of the tet:œzo1iwn salts wen! kept· 

calstant, as indicated pn!viously. 

a) "G1ucose-6-IhosIilate dehydrogenase" (G6PD) 

The substmtes used were : D-glucose-6-Iilosphate, bariwn, disoclium 

and dipotassium salts. The nedium Calsidered optimal using Nitro-BT or 

Tetranitro-Bl' for cienDnstmt:ing G6PD activity :in rat kidney and JOOst1y 

:in the macula densa segment. is composed of the following reagents : 
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Substrate 

l>'oglucose-6-phosphate disodium salt : 0.2 M 

Respimtory Inhibitor 

Sod:ium azide : 0.1 M 

Coenzyme 

TFN 5 mg/ml 

. Tetnlzclium salts 

Nitn>-Br 1 mg/ml or 

TetnuU.tn>-Br l mgI~ 

Buffer 

TI'is 0.2 M pH 7.6 

ActivatoI"S 

Barium chloI':ide : 0.67 M 

(Buffered at PI 7.2) 

Cobal taiS chlor:ide : 0.5 M 

(8Jffe:red at PI 7.2) 

Glycolytic patllway inhibitor 

Sodium fluoride : o. tU M 

DistUled water to malœ 

OSDDtic protector 

Polyviny1pyrrolidane (MW 10. 000) 

.,..' 

'Ille f:iBal. PI sho.1ld be adjusted at ];H 7.2. 

b) "6-phosJi1oglucooate deh~genase" (61PG) 

0.1 ml 

0.1 ml 

0.1 ml 

-0.25 ut 

0.25 ml 

0 •. 05 ml 

0.05 ml 

0.85 ml 

lml 

75 mg 
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The substrates utilized' 1 Vere 6-phosPloglucalic ac:id, bariwn,. tri-

monocyclohexy:t.am.odwn and trisodium salts. The use of 6-phosphoglucadc 

acid trisodium salt at a concentmtÏal of 0.2 M provided opt:imal conditioos. 
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The :reagent CXIlCentmtial of the :incuba.ting medium wa.s exactly the sarœ 

as in the glucose-6-phospu.,te dehydn)genase. emept that sodiwn fluoride 

W3.S not added. 

The œnge of the substmte CX'Ilœntmtial emp~. its final optimal. 

ccnœntmticn and the opt:inaJ. final Jii ~ SUJIIIBrizecl in :tab!e( S .' • 

0) ~ -glyçetophosIjlate Qehydpogenase" (GPD) 

'!he optimal canditicns using NitIo-BI' or 'retranitIo-sr wer:e evaluated 
1 

using various substmte concentmtions fran 0.01 to 0.1 M as final concen-

tœtial. Of the tuffers studiecl. veIalal. ];Ïlosthate and tris. the latteI' 

appeared best of the thr:ee. 

Incubating mediwn. 

D.L.~ -glycerophosphate l M 

MfeI' tris pH 7.6 

CoCl
2 

0.5 M 

M!nadiœe 2 mg/ml 

Nitro-sr l mg1 mg or 

Tetnmitro-Bl' 1 mg/m,l 

Distilled water to nake 

Polyv:inylpytTOlidcme (M.W. la. 000) 

Final IiI should be ag,justed to 7.2. 

0.1 ml 

0.25 ml 

0.05 rrJ. 

0.05 ml 

0~25 ml 

1;0.' ml 

75 mg 

Sectials im:ubated :in a madium lack:ing substrate or coenzyrœ or 

bOiled befor:e :incubatioo :in olÙinary rœdiwn served to verify the speci

fi.city of the various œactions. 

ii) EXPERIMENTAL RESULTS. 

The kidney sectials ~ adequate1y stained foI' the thr:ee dehyc1ro-

gena.ses activities studied. after 30 minutes of incubation periode 
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Considerable decrease of enzymatic activity together with 10ss of precise 

10ca1ization was observed after slow freezing of tissue blacks to -200C. 

Repeated freezing resu1ted in a decreasing enzymatic activity. 

a) "G1ucose-6-phosphate and 6-phosphog1uconic dehydrogenases". 

The poor solubi1i ty of the barium sa1 ts emp10yed as substrates was 

a 1imiting point, considering the range of substrate concentration that 

might be tested. The sodium sa1 ts of glucose-6-phosphate and 6-phospho

gluconic acid gave us the best resu1ts, a1though, satisfactory resu1ts 

were a1so obtained using glucose-6-phosphate dipotassium salt for demons

trating the glucose-6-phosphate dehydrogenase. 

To demonstrate the 6-phosphog1uconic dehydrogenase, the 6-phosphog1u

conic acid tri -monocyc10hexy1anunonium salt was a1so tested, without satis

factory resu1ts. The. range of substrates concentration (using its sodium 
-

sa1ts) tested, varied from 0.01 to O.lM as final concentration, and for 

genera1 practica1 purposes a final concentration of 0;02M appeared to be 

MOst adequate. The concentrations of the Nitro-Br and tetranitro-BT~tetra

zolium sa1ts were kept a1ways constant. In the case of G6PD, sodium f1uori

de was used as recommended by Hess et al (296) in order to inhibit the gly

coly tic pat.hway. When BaC12 or CoC12 were added to the media, the reactions 

were activated; however, the resu1ts were quite variable, most1y re1ated to 

the location of the enzymatic activity at the macula densa 1eve1. However, 

the addition of combined BaC12 and CoC12, had a consistant activating ef

fect in G6PD activity, giving a constant reaction in the Who1e kidney, and 

main1y in the macula densa. Other ions tested (Mg'"", Mn"'''') at the same 

mo1ar concentration had not such favorable influence on these dehydrogenases. 



• 
-9"-

'lbe opt:hna.J. final BaCl and ceel oancentnltian axe indioated in 
. 2· .2 '. .'. 

table (5 ). Recluatial of the tetmzoliwn salts does nat occur if . 

either' TFN œ- the substnLte weN 'omitted fn:n the soluticn. 

The tistologic pattern of these àëhyœogenases studied :in the mt 

lddney as . shawn by the :incubatiCn mediwn just describecl, -was Iiirnil.ar to ." 

that repœ:rted by Hess et al. However, in CCIltmst to the finding of 

these investigators. we famd a slight activity of the hemsanmoJilos

phate shunt enzymes in the pzox:i.maJ. CCIlvoluted tul1ü.es, and a mclerate 

ac:tivity in the stmight partial of the proximal tul:ul.es. In additial. 

the epitheliwn of the wnal pelvis shOWllil a stxalg activity (Fig. 23 ). 

The loèa.lj mtial of these dehydrogenases in the œUs ~ a diffuse 

distrihltial and oceasialally;,-.as in the form of clot-liJœ deposits. (Fig. 19)~ 

No extnlœUular distril:utial was se~ (Figs l7~2l). 

Substmte 

, 

Glucose-6-
Fhosphate 
disodium 
"salt 

6-phospho 
gluconic 
acid 
trisodium 
salt 

TABlE 5 

Cœcentrations of substrates tested :in rœdia 
for dem:ltlstrat:ing G6pp and 6PGD activity. 

Final concentration :in Activator atffer 
JIM: dium final can~ preferred 

Fange œntmtion 

Final pH·:in 
Jœ~ia 

Fange 
tested OotiDal in rœdia tested Oot:ima.l 

BaClg 0.033M 
O.Ol-O.lM 0.02M CoCl 

0.02'~ 
Tris 6.0-8.0 7.2 

BaCl~ 
0.033 M 

O.Ol-O.lM O.02M CoCl2 Tris 6.0-8.0 7.2 
0.025M 
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TJ:le results ob~~ined using BaCl2' CoCl2 and Nitro-BT as cOmpared 

t~ those obtained with the MIT-Co shOwed the advantage of a more stable , . 
diformazan deposit, and the utilization of less amount of substrate. 

b) "CI-glycerophosphate dehydrogenases" (GPD) 

The histological pattern of GPD in the rat kidriey as revealed by 

the incubating media described, using nitro-BT or tetranitro-BT is parallel 

to that described by Hess and Pearse (251) using MIT. It is of interest 

that using MIT, nitro-BT or tetranitro-BT, the localization of the enzymes 

activity in fom of dots at the vascular pole of the glaneruli was more 

.frequently observed at the corticomedullary zones, in spite of the fact 

that this zone does not have the same number of granular epithelioid cells. 

In the outer cortex, the vascular pole exhibi ted very poor activi ty • 

i~i) DISCUSSION. 

Nachles et al (292) using nitro-Rf reported the activating effect 

of Ba TT on glucose-6-phosphate dehydrogenase. Furthennore, Hess et al (296) 

using MIT, had described the utilization of cobaltous chloride for deinons

trating several dehydrogenases including the glucose-6-phosphate dehydro

genase. The activating effects of combined BaT~ and Co~~ in the media 

containing nitro-BT or tetranitro-BT, for demonstrating the hexosemonophos

phate shunt enzymes activity had not been reported previously, and was 

somewhat surprising. 

These modified histochemical techniques have three main advantages: 

1. The greater ease of reduction of nitro-BT or tetranitro-BT and 

its more stable difonnazan deposit making studies possible after several 

weeks and even months, unlike the MIT fonnazan which crystallizes very 

rapidly at roam temperature and with time the reaction decreases. 
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2. It is nuch JIDre economical sinee the a.m::xmts of substrate and 

coenzyme used are lower than those required with the MIT-Co techniques. 

"3. It can be applied for the denmstration of the 6-phosphogluconic 

dehydrogenase, for which MIT-Co is useless since the final product is 

inhibi tory of the reaction. 

d) MORPHOLOGlCAL EVAl1JATION. 

In oroer to avoid subjective influences or impressicns the morpho

logical evaluations were done in nany instances without knCMledge of the 

experimental protocole. Furthenoore, the reliability of the rrethods used 

were very" often tested in blind basis. Thus, indices made in dozen; of 

slides were verified two and three tiIœs, several days later and even 

after rnonths. Minimal differences were observed (~3) in both of the in

dices analyzed. 

1) JUXI'AGLOMERUIAR GRANUlATION INDEX (JGI). 

The degree of granularity of juxtaglorœrular cells "units" (JGI) 

was measured accoroing to Hartroft and Hartroft (32) (An ''Unit'' :œ~ers 

to a group of granular cells fOW1d together in the sarre arteriole, i.e. 

at the pole of the sarne glorrerulus). 

The entire cortical area of at least two sections from each kidney 

was covered systerna.tically under the ''high dry" rnagnification of the mi

croscope. AlI glorreruli so encountered were COW1ted, regardIess of plane 

of section. Units of juxtaglorrerular cells were recoroed at the sarre tiIœ, 

and each \mit was assessed for degree of granulation as follows : 

Type I: Cells with only a few granules lTOstly clustered around the nuclei. 

Type II: A few cells (l to 3) wi th a greater number of granules than the 

preceding classification, which are scattered through the cytoplasm, but do 
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PlATE III 

FIGS 12 t" 14 illustra te JG cells :in the afferent arterioles 

of rat kiclneys. Zenker-fonIDl 10% plus trichloroa,œtie acid 2%. 
'- . 

Bowie Jrodified stain. x l250~ 
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FIG. 12. Topogœ.];hic view of the juxtaglaœrular eomplex of a 

norna.l rat showing afferent arteriole (aa) with JG cells (Arrows). 

This unit of JG eells was elassified as type l (see text). Effe

rent arteriole (ea). Lacis cells (le) and the nacula densa (mi). 

FIG. 13. ObUque section of the juxtaglaœIUl.ar complex of a no!\

mal rat showing afferent arteriole with JG cells. (Small arrows). 

This unit was classified as Type II (text). lacis cells (Large 

arrow) and the macula densa (mi). 

FIG. 14. Kidney of a rat adrenalectomized 2 Wleeks previously plus 

sodium suppleJœIlt. Oblique section of an afferent arteriole showing 

JG cells (Ar.rows). This unit was elassified as Type III. (See text). 

, •• 1" 
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type,III t A few o8l.18 (l, to:S) ,:èSeriSel ,~ Witb~;~s,:that:the' ,', 
----:, ' " , ", ""~:, ",' ;",10\ ',', Y ~, ~ '>',::,:(I,(::'t<!:~;':>, :;,",;;,:""" ." <~ 
gzQmà.,substanoes, of the cytOp~ is obs~ and t'he, oê~ :,;ap~' awollèn. 

, " ", ,,' .'~' .:. 1" . . - "., . ,.'; ...•. :r •• -:<', .... ~:.::'<.~'.I~~·.:.:.~:;,.,).. :;.:.", . 

:or auntt ~' pf'many ceUs,with œ~of'~1:~ ~sps:Il-
•. i., '.! • • • • • ..... '. '. ',~'; . :.' '-""", .' " ',' , ~:.: .. , .' , •. . , 

ding tothatdes~ :in Tjpè'II.' , 1 
!. . l' .', l' 

, ' , 

. " ' ) .... ... ':.' .'"" .. , . 
TYpe IV : tb:e ,tban tbnIe, cells,distended mth denselypac1œd.gw.nules!' 

Typ:i.cal,e~sof ~'Of ~ 4 typês"aœ iUu~têà·ln'fig. ~2' to 16. 

The total xeooRl.ec1 ~ typ8 I-II-III anc1 IV. Wexenultipliec1 Dy thè 
'. 1 

faatorà 1. 2. .. and 8 Nspectively. The Wâighted, tatalSweN 'therie,q,xessed . . .'.. ,\. 

peI' 100 gl.aœnüi to obtain the inclices of gzenulatial of juxtagl.clnel\1lar 
. ..' -J • 

cells • 

. The xeliability of such~x ~ been disc:usseci ln' de~ by its "/ 

au"tllors ( 32). and althcugb it was no:t CCIlSic1erecltobe a pxecise quanti

tative' measuxe. it is a ~seful and 'pract:iœl method ef est:imating Nlative 

diffexences in gnmularity of juxtaglaneNlaI' ~lls units anœg gza1ps of 

expeI'l.!œntal aniEls. 

2) GENERAL HISTOCHEMICAL EVAWATION. 

The sectiœs stained a.ccorùing to"the histochemical techniques CTmJ), 

6PGD, SPO, GSID) wexe exam:ined with a leitz light micxoscope~WithMlT-C'D 

and Nib:ô-sr-co-aa method, the gnmular foruazan deposits aze exclusively 

blue. With Tetranitxo-B!, the granular c1eposit is ~. With Nitxo-J1'

..... :the hydrogen acceptor, two formazan axe foxmecl, a blue granular difoma

zan and a red JJDlOfcmnazan which giver: a halCgeneoul Nd oolor nat only to 

the cytoplasm l11t also to the nucleus. The xed JIalOfoxmuail was not CCI'lsidexed 

in this study. In JlK)st of our experiments, the Nsults will' be expNssed using 
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PIATE IV 

FIGS 15 and 16 lllustnlte JG cells after fixation in Stieve 

DlXlified fluid (substitution of glacial aœtic acid by aœtic 

acid 36%, OIt trichJ.oroacetic acid 2%), and stained by the 

·methyl violet mdxture. 

FIG. ;1.5. K:idney of a mt ~ :received a low salt diet (Corn 

diet) fOI' 1 JJOlth. Severa! JG cells CArrcM) are present in the 

affe:rent arteriole. This type of Wlit was classified as Type II. 

x 40,x·15. 

FIG. 16. Kidney of a rat sacrifiœd 72 heurs after merouric: bi

chloride injection. The JG cells seen he:re are distended and 

tightly pa.cked with granules. Units of these characteristics 

were classified as type IV. x 80. x 15. 

" '.: 

-, •• ' t .~:. • •• : ( 
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PlATE IV 
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the Ni-m>-sr-co-aa mathod. In the instances, ~ N~Bl' or Tetranitzo

sr we~ used, specifie meaticn will De made. 

The activity of the JGC, m:rterioles and macula densa segments in the 

sectiŒlS ~ evah1ated. accoMing to the anamt of farmazan deposited, 

and itère gredecl ftan 0 to .. , (0 :inclicat:ing no deteatable nactivity, and 

the numbers ~pIesenting the degt'ee of activity of the diffe:rent enzymes : 

1- weakly positive ; 2- nlXieratly positive ; 3- highly positive ; If- velY 

highly positive). Nonœl animals were used as ca'l-m:>ls :in each experiment. 

Althc:ugh the intensity of the histochemical MaCtial cioes not lead :in 

itself to pn!Cise quantitative measurement, we felt that the ~sults obta:ineà 

:in each gI'CUp of experiments cor.œlated wi th the actual cœcentration of 

enzymes present, aslall the sectiœs we~ ~ted identically. 

3) MAWLA DENSA INŒX OF THE GWCOSE-6-PHOSFHATE DEHYDROGENASE 

AcrIVrn (MDI). 

,The entire cortical aNa of each kidney sectial was analyzed systena

tically under the ''high dry" magnifioaticn of the microscope. AU gJ.oJœruli 

so encountered were counted, ~gardless of plane of sectiœ. Units of macula 

densa cells were reCX>Ided at the sane tiJre, and each \mit was assessed far 

degree of granulaI' formazan deposits as follows : 

Type l : Cells with anly a few formazan deposits JOOstly around the nuclei. 

Type II : A few cells (1 to .. ) with a greater fomazan deposit, whieb aN 

scatteled through the cytoplasm JOOstly :in the basal part wt do not eomple

tely :f;Ul the cells. 

TYPe III : A few cells (1 to .. ) densely paclœd with formazan granules ~gll 

all the œll in which the nucleus appears swollen • 

Type IV : l-bre than .. cells of type III. 

,·r'~' ' 
r, 
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PlATE V 

FIGS 17 to 20 illustrate various degrees of activity of the 

glucose-6-phosphate dehydrogenase in the meula densa of rat 

Jddneys. Tetranitro-BI'-Co-Ba technique. x l2S0~ 

FIG. 17. Macùla densa shows :in SOJœ cells relatively few foI'

rrazan deposits. This tmit of naeula densa cells was classified 

as type I. (see text). Glorœ:rulus at the top right •. 

FIG. 18. Macula densa shCMs m::xierate fonnazan deposits. This 

tmit was classified as type II (text). Glorœ:rular arteriole (a) 

with its glorœ:rulus at the right. Notice light zones at the :ta

sal regian of the nacula densa ~~~. That rnight œIl be rela

ted to the :tasal compartrœnts shown in electrarunicroscopy. 

- 988 -

FIG. 19. High G6PD activity :in the meula densa. This tmit was 

eonsidered as type III. Glomerulus at the left of the macula densa. 

FIG. 20. TIe fornazan deposits seen here are so numerous that cells 

appear distended. These units presenting sueh a strong activity 

are classified as type IV. Notice that in aIl deseribed rracula 

densa a granulaI' component is present. Eb-lever, the diffuse cyto

plasrnie reaction is predominant. 
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PlATE V 
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SUch elassificatial is sanewhat artificial because of its crudeness 

and because tI"ansitiœa.l stages we:re encountered. 9.1t it is helpful :in 

the same manner as the JGI of gnmularity of Hartroft and Hârt:roft as 

a pœctical guide :in classifyjng large number of \D'lits. Typical examples 

of each of the 4 types are illustrated :in figs, 17 to 20. 

The total reoonied t.mder type I-II-III and IV were JIUltiplied-by 

the arbitrary factors of l, 2, 4, 8 respectively, follow:ing the considera

tim of Hartroft and Hartroft for the granularity of the JGC. The weigbted 

totals were then expressed par 100 gloJœ:ruli to obta:in the indices of macula 

densa activity. Approx:imately 500 glane:ruli were counted for each kidney. 

In severa! :instanœs, the identificatial of the JJlOI'J:hological stxuct:un!s 

studied was perfonœd under phase ccntrast. 

Obviously the :index described can be applied :in the sane extent to 

the 6-phosphogluconie dehydrogenase activity of the macula densa. 

JGI and MDI values :in nonral aninals are given :in the next chapter. 

e) ELEcrRON MICROSCOPIC Sl'UDIES. 

The kidneys were fixed ~:in vivo" and remJV'ed under light ether anes

thesia, :in two ways : a) by local :injection on the kidney surface of 2% 

cold Wffered osmium tetroxide, and b) retrograde perfusion thrrugb the 

abdom:inal aorta, as has been described previously (p. '715) of 1.5% - 1.7% 

of isotonie potassium phosphate b.1ffered glutaraldehyde, follcMing the 

teelmique of Hatt et al ( 501). After fixation, snall kidney blocks (1-2 nun) 

were eut. Glutaraldehyde perfused tissue was then fixed for 1 hour at 0-40 C 

in the sane glutaraldehyde as that used for perfusion, rinsed 2 or :3 ti.Jœs 

in blffer, left 14-18 hours :in b.1ffer and then postfixed for 1 hour :in 2% 
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PLATE VI 

FIG 21. 6-phosphogluconate dehydrogenase activity of a macula 

densa of a rat kidney (Type III). Glorœrulus at the right of 

the rracula densa. Nitro-BI'-Co-Pa. technique. x 500. 

FIG. 22. Moderate fA-glycerophosphate dehydrogenase activity in 

the JG cells (Arruil). Notice beside the JG cells, the macula 

densa. Glorrerulus at the top right corner. Nitro-BI'-Co ;!.:;. 

technique. x 5 a () . 

FIG. 23. Epithelial cells of the renal pelvis of a rat showing 

a high glucose-6-phosphate dehydrogenase activity. Nitro-BT-Co

Pa. technique. x 670. 
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buffered osmium tetroxide. Osmium injected kidneys were also postfixed 

for 1 hour in the same manner. 

Fixed renal tissues were embedded in Epon 812 (502) after dehy

dration in graded alcohol concentrations. Thin seriaI sections (about 

500 AO) were eut with glass and diamond knives on the Porter-Blum Ml'-l 

microtome and mountedon copper grids; the sections were stained with 

lead citrate according to Reynolds' method (503) and examined and photo

graphed in an H-i-9 Zeiss electron microsoope. About 1200 photomicrographs 

were taken from our experimental series. 

Fort the visualization of fields with juxtaglomerular cells, thicker 

seriaI section (1 - 2~) were eut with a glass knife for phase contrast 

microscopy and mounted with Canada Balsam on glass slides. Once the arte

rioles of the glamerulus were located, juxtaglomerular cells were identi

fied by the presence of osmophilic granules. 

F) HE'IHOD fUR NEASUREMENT. PLASMA RENIN AcrIVITY (PRA) 

Plasma renin activity (PRA) was measured in 0.1 ml of plasma from 

the jugular vein under light pentobarbital anesthesia, with a micromethod 

recently developed by Boucher et al (504). Results are expressed in nano· 

grams (ng) of angiotensin formed during the 12 hours incubation periode 

G) SIMPLE METHOD FOR PROnUCING ISCHEMIC ATROPHY IN KIDNEY OF RATS. 

Four years ago, we made some experiments (unrelated to renovascular 

hypertension) in collaboration with Dr. M. Miranda in Selye's laboratory. 

We observed that, after complete ligature of the aorta between the two 

renal arteries in adult rats, about 60% of the animaIs developed an atrophie 

left kidney accompanied by a contralateral h}pertrophic right kidney, fre

quent heart hyalinosis and in sorne instances, periarteritis nodosa-like 
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lesials mJst1y of the hepatic artery. 'Ibis aorta ligature is fxequently 

followed by hypertension. (see chapter VI). 

a) MATERIAL AND METHODS. 

Over 600 rats of bath sexes of the Sprague-Dawley strain, weighing 

ftan 100 to 400 grs were used as :indicated :in table 6. 
\. 

SUrgical technique. 

AU operatioos were perfonœd under ether anesthesia. The surgica.l 

interventioos were carried out through :incisicns alŒlg the linea àlba. 

In the first animal series, complete ccnstricticn of the aorta between 

the orig:ins of the two renal arteries was accomplished using a silk-thread 

0000. In sorœ animals, two liga~s were made and the aorta eut :in oroer 

to verify that no blood could pass through. In sorne an:imals, India ink was 

:injected in the aorta above the ooeliac trunk and superior mesenteric aI'

teries' in oroer to verify the collateral circulatioo. It should be noted 

that many rats have been lost when the left nmal artery is aris:ing from 

the aorta very near to the level of the right renal artery. In this case, 

JI2ticulous attention JIUst be taJœn where the ligature is placed in oroer 

to avoid occlusicn of the left renal artery. 

We have developed a m:xiification in this technique in which the ureter 

of the ischaernic kidney is ligated.. and sectialed at the same operaticn 

tine as the aorta ligature. This procedure was based in the endocr:ine kidney 

of Selye and Stone ( 505) in oroer to simplify their nethod naking it re

p:rOOucil>l~ in the band of any research worker. 

The animals presented in this chapter sectioo were sacrificed at the 

end of the second week. Kidneys were reJIDVed, eut and fixed in fonnalin 

10%, Zen1œr-forrrol 10% or Bouin. In addition to the general histological 
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pi'ocedures, sections were stained wi th Masson trichrome, PAS procedure, 

hematoxylin phloxin and Bowie modified. 

b) RESULTS. 

The resul ts of these experiments are summarized in table 6. After 

the aortic ligature, aIl animaIs presented a paralysis of the posterior 

extremities that disappeared in a period of 1 ta 2 hours. 

The initial body weights of male and female rats are shawn in 

table 6. The success of the procedures described appears to have a 

close correlation with the body weight (versus age) and to a lesser ex

tent with the seXe 

At the end of the experiments, the animaIs presenting an ischaemic 

atrophie kidney had a decrease in body weight of about 20\ of the initial 

value. Mortality was approximately 20\. 

Macroscopic findings. 

Successful experiments were those of rats in which the aorta was 

completely constricted between the origins of the b~o renal arteries and 

with the left kidney diminished in size (Fig. 24,25). Color of kidney 

was pale pink instead of the normal reddish-brown. Endocrine kidneys 

with concomitant occlusion of ureter appear even smaller. 

The right kidney was enlarged and pale yellm~ patches corresponding 

to areas of nephrosclerosis were often evident. Nodules of periarteritis 

nodosa-like lesions were often observed in the branches of the celiac 

artery, mostly hepatic. Hypertrophy and white infarctoid patches were 

frequently observed in the heart. Hypertrophy of the right and left ad

renaIs was observed in aIl animaIs. 

When India ink was injected in the aorta above the celiac trunk, no 
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TABlÈ 6 

Experimental production of ischaemic atrophie kidneys in rats 
percentage of success acconiing to body weight and sex. 

ExperiTœntal J2rocedures 
Nurnœr of Body Sex 1. Complete aorta 2. Complete aorta 

an:i.rna.ls ~ight ligature bet~en ligature be~en 
grs. the rena.l arteries the nmal arteries 

and ureter ligature 
Failure % Success % Failure % Success % 

50 100-120 M 95 5 100 0 

F 100 0 100 0 -

200 150-200 M 35 65 40 60 

F 45 55 45 55 

50 220-240 M 27 73 33 67 

F 41 59 45 55 

100 250-280 M 10 90 15 85 

F 28 72 25 75 

200 320-400 M 8 92 85 15 

F 25 75 -- --
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ink was observed to pass through the site of the ligature. This was checked 

by sectionmg the aorta between two ligati1res done m the territory between 

the origin of the two renal arteries. However, below the ligature, the aorta 

and left renal artery beca.rœ filled with India. ink, due to the developrrent 

of the collateral circulation, rrostly m the rnesenteric teITitory (Fig. 24). 

The kidney sections revealed a corticorœdullary hyperern:ia of the left kidney 

and SJIE.II cyst-IDœ fomations v;ere often observed m the right kidney. 

Microscopic fmdmgs. 

Histologic exarnination of the endocrine kidneys revealed a glonerul.aI' 

atrophy with enlargment of Bowman spa.ce and srrall glornerula.r tuft capill.aI'ies 

are filled with red blood cells. The tutules appear smaller,. The proxinal 

... /the h be turule epJ.thell.um loses~: J.ts brush-lx>rder and lunen of t e tub.lles cones 

rnerely collapsed and m sorne mstances filled ~vith proliferetmg weIl pre

served epithelial cells. The nuclei of these epithelial cells were extm

OI'dinarily polymorphous ID sorne regions, while ID others they mamta!Ïned 

a rather typical appearance. These changes were R\~JPar'ked ID the cortico-

rnedullary region, m which mitotic figures were frequently observed. The 

cordon-ILke arrangement of epithelial cells observed m the se non-urine-

fonning small kidneys, resemblmg the histological structure of the hypo

physis and the parethyroid gland, led Selye and Stone to calI them "endo

crme kidneys~t. The rrorphological pattern of the small kidney produced m 

rats between 320-400 g. without ureter occlusion was the sarre as the endo'::' 

crine kidney ; however, ID several mstances the tubular lurren was not com

pletely occluded. No degenerative lesions or necrosis OCCUI' ID the cortex of 

any of those kidneys. The right kidney showed extensive thickening, arte

riola.r necrosis and duplication of mternal elastic 1arnina~small arteries 
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FIG. 2'+. Macroscopic view of the alxlom:ina1 cavity, showing the 

srraller left kidney as compared 'to the right one. Note the ne

senteriç vesse1s (Arrow). a few seconds after India :ink injec

tion (see text). Notice also the nOI'J'Jal appearance of the in

testines. 1'+ days after complete aortic ligature. 

FIG. 25. Macroscopic view of the smaller 1eft and large right 

kidney from the animal in fig. 24. Adrenals at the superior pole 

of the kidneys. The arrow shows the place of ligature. 

PLATE VIII 

FIG. 26. Area of an adenohypophysis of a nonral rat. Masson' s 

trichrorœ. x 300. 
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FIG. 27. Area from left "endocrine kdldney". Note that the tubular 

lumina have disappeared and that the parenchyrra take a similar 

appearance as the hypophysis (compare with fig. 26). Glorœru1us 

at the top left. Masson' s trichrorre. x 300. 

FIG. 28. Intralob.llar artery show:ing a mitotic figure (Arr'OW). 

Right untouched kidney. PAS. x 1250. 

FIG. 29. Renal arteries and arterioles showing focal necrosis :in 

the media and intima. Note the onion-like figure (Arr'OW). Right 

untouched kidney. PAS. x 300. 
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and arterioles (Fig. 29). <l1aracteristics of malignant nephrosclerosis t 

such lesions were absent :in the left kidney. 

'fue blood pressure values obta.:ined with these simple nethods as 

well as the morphological changes :in the juxtaglcnerular complex will 

be descrÏbed in the chapter VI (section A) of the thesis. 

c) DISCUSSION. 

Various nethods are available for the production of ischaemic atro

phie Jd.dneys :in the rat : the application of clips on the renal arteries 

(506) based on Goldblatt experiIœnts ; the partial oonstriction of the 

aorta between the origin of the renal arteries with or without urater 

ocëlusian (505) ; the ligation of the renal artery or branches of this 

artery (507 t 508) ; cellophane per:inephritis (509) ; rubber capsules 

(510) ; cellulose acetate cylinders (511) or a figure-of-eight ligature 

with ari elastic band or silk (512). The various difficulties involved 

in "the se procedures are the relatively more complicated surgical techniques 

and the high pen::entage of.the rats developing infarcted areas, necrosis, 

or infarction in the constricted kidney. The Irethod of Selye and Stone (505) 

for the production of an "endocrine kidney" requires further comrœnts. 

This method has the inconvenience of necessitating severel stylets sizes 

( in oroer to constrict the lurren of the aorta approxirrately to the dia

meter of the stylet). 

We found that sud~rocedure can be simply substituted by complete 

aorta ligature. It is interesting that the success of the rœthod employed 

depends on the body weight (versus age) of the animal. Thus, a failura was 

obtained in yOWlg an:imals. Whether the adult rat kidney is more resistant 

to the ischaernia than that of the yOWlg rat, or they react in a different 
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nanner :in the developnent of the collateral circUlaticm is a matter 

still to be clarified. 

Ischaemic kidneys so obtained by simple complete aorta ligature 

are completely protected aga:inst nephrosclerosis even if the ccmtrala

terel. kidney of the same an:imal is severely affected. 

As will be presented :in chapter VI, us:ing the simple nethods des

cribed, a large nwnber of rets developed hypertensicm naking it valuable 

as an experiJœntal rrodel for the study of renovascular hypertensicn. 

lm extensive review of the literature describ:ing the experience 

gained through the use of various teclmiques gives the firm impression 

that the pathological f:ind:ings :in the arterial system of the contrala

terel. kidney have œen essent:ia.lly identical us:ing any of these proce

dures. Masscm, Ha.zani, Corcoran and Page (513), Toussa:int, Wolter and 

Sibille (514), and Giese (515) also po:inted to the si.milarities of 1e

sions :induœd. 

The major find:ings are always necrosis of the arteriolar wall, pro

liferative changes specially :in the adventitia, thicken:ing of the wall 

and fibrosis, point:ing to a complex of destructive and reparative pro

cesses. '!he changes :in the kidneys are of course dependent upon the nature 

of the renal intervention used. However, Halpert and Grollman (516, 517) 

described rats develop:ing chronic hypertension after the applicaticn of 

a figure-of-eight ligature, without significant arteria1 changes. 

As it is inferred from our experinents, cne of the I10st striking 

facts was the rnarked developnent of the nesenteric collateral ciroulation 

in the rat. These observaticms br:ing out to us i ts possible role :in reno

vascular hypertension. Thus, Blalock et al (518) demonstrated :in dogs, that 

) . 
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unilateml nmal. at'tery calstrictiœ œsu1ted :in gn!ë1ter cise. :in blood 

pteSSUIe if the auperior mesenteric artery waslalso pœviously caurtcic

ted t obtain:ing :in those anina1s sustained hypel"tensÏal dur:ing ale year. 

Schwartz (519 ) has œpœ'ted :in human be:ings that-superioit mesenteric 

artery :insufficiency alone does net affect blood pœsSUIe wt does pre

dispose to hypertension in the ~sence of :renal arterial a~ties. 
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CHAPI'ER II 

The purpose of this work is to denonstrate semi.quantitatively 

the IOOrphologica.l variations and the distribution of cornponents of 

the juxtaglomerular comple~ :in various zones of the renal cortex :in 

the rat, dog and beaver. The beaver was chosen as experinental subject 

s:ince this animal possesses only short loops of Henle. 

A) THE JG .. CELIiGRANUIARITY AND THE GlliCOSE-6-PHOSPHATE DEHYDROGENASE 

AcrIVITY OF 'mE MACUlA DENSA ru NORMAL RATS : SlUDIES ON SEX AND VARIOUS 

S'J'FAINS. 

a) MATERIAL AND MEil'HODS. 

1. Experinent 1. Eighty-five rets of three different stre:ins (both sexes) 

weigh:ing 150-200 gm ~re divided :into two rrajor groups (Tables 7 and 8). 

a) Group 1. Forty-eight rrale rets comprising this group were 

placed :in three sub-groups : a) 30 rets of the Spregue-Dawley stre:in ; 

b) 12 rets of the Wistar stre:in ; c) 6 rets of the Royal Victoria Hospital 

strain. 

b) Group II. Thirty-seven ferrale rets were distributed in three 

sub-groups 1 a) 10 rets of the Spregue-Dawley strein ; b) 7 rets of the 

wistar stra.:in ; c) 20 rets of the Royal Victoria Hospital stra:in. 

2. Experilrent 2. Thirty-eight rets of two different stra:ins (both sexes) 

weigh:ing 150-200 gm were divided :into two groups (Table 9). 

a) Group I: 23 rrale were subdivided :into two sub-groups : a) 18 

rats of Spregue-Dawley stra:in, b) 5 rets of Royal Victoria Hospital stre:in. 

b) Group II: 15 ferrale rats were placed :in two sub-groups : a) 5 

rets of Spregue-Dawley strà:in ; b) 10 rats of the Royal Victoria Hospital stre.:in 



e, 

~ 108 -

Kjdneys were removed and each kidney was sectioned in half in a 

longi tudinal plane through i ts hilus Csee fig. 30). In experiment l, 

one of the two halves were fixed in Zenker-formol 10% for 24 hours. 

The kidney most symmetrically divised was selected and the ventral 

part embedded so that the plane surface was paraI leI to the microtome 

knife. SeriaI sections were eut at 2.5 to 5 ~, at least, in three dif

ferent section levels with approximately 100 ~ intervals. Thus, a total 

of 16 to 32 sections for each kidney were stained with the Bowie modi

fied technique described previously. 

ln experiment 2, the kidneys were eut as in the experiment 1 and 

were studied following the histochemical procedures indicated previously 

for the demonstration of glucose-6-phosphate dehydrogenase activity. 

The degree of granularity of juxtaglomerular cells was estimated 

using the JGI of granularity following a complete analysis of the kidney 

section from the lower to the upper perihilar zone. The degree of acti

vity of the glucose-6-phosphate dehydrogenase was estimated using the 

MDI in the same way as for the JGI. 

Over 42,000 and 15,000 glomeru1i were counted respectively in ex

periments l and 2. 

b) RESULTS. 

Experiment 1. Resul ts are indicated in tables 7 and 8. No statistically 

significant differences wereencountered between males and females of 

the same strain CP > 0.05) or between males or females of the three dif

ferent strains studied CP > 0.05). The range of JGI varied in the animal 

studied from 13 to 38 and the final mean JGI was 22 ± 5.86. 
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TABLE 7 

The JGI in male rats of various strains. 

EXPERIMENT l - Group 1. 

Nwnber Stmin 
of 

rats SV.La.)!,,,,e-Dawley Wistar Royal Victoria 

a) JGI b) JGI 
Hospital 

c) JGI 

1 16 22 29 
2 27 26 25 
3 14 21 17 
4 32 38 13 
5 16 26 25 
6 32 29 15 
7 22 26 
8 18 18 
9 20 29 

10 26 31 
11 16 17 
12 23 28 
13 13 
14 16 
15 23 
16 20 
17 19 
18 25 
19 14 
20 23 
21 24 
22 32 
23 20 
24 21 
25 25 
26 19 
27 24 
28 25 
29 38 
30 20 

~an + sn 22 + 6 26 + 5.9 21 .:!:. 6.5 - - -
F.ina1 rrean + sn 23 + 6.17 -
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TABLE 8 

The JGI in female rets of variOls strains. 

EXPERIMENT 1 - Group II. 

Strain 
Nwnber of 

S1"'l1'\.<l011P-DaWley Wistar Royal Victoria 
rats Hospital 

a) JGI b) JGI c) JGI : 
, 

1 18 23 17 
2 23 20 15 i 

3 37 24 20"~ 1 

4 17 28 22 
5 31 17 13 
6 35 19 14 
7 22 25 20 
8 17 16 
9 20 19 

i 10 21 26 
Il 21 
12 24 
13 22 
14 17 
15 17 
16 19 
17 21 
18 25 
19 32 
20 25 

M=an + sn 24 + 7.4 22 ... 3.8 20 + 4.6 - - - -
F:ina1 rœan + sn 22 + 5.5 - -

". 
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TABLE 9 

Comparative studies of the GSPD activity of the macula densa (MDI) 
é::îl sex and various stœ.ins 

EXPERIMENT 2 

GrouP l Male GrouP II Fenale 

Number Strain Strain 
of 

rats Spre,gue-Daw1ev !RoYal Victoria Sprague-Daw1e~ Royal Victoria .. _, ................... - ., .. ~. -"-.". 

a) MDI 
HosRital 
b) MDI a) MDI 

Hos~tal 
b) l 

1 62 56 60 49 
2 65 59 46 55 
3 56 62 58 43 
4 60 47 63 49 
5 46 58 50 65 
6 45 67 
7 70 51 
8 61 62 
9 46 60 

10 63 60 
Il 49 
12 67 
13 70 
14 51 
15 59 
16 52 
17 60 
18 67 

~an + SD 58 + 8.34 56 .. 5.6 55 .. 7.1 56 + 7.9 - - - -

Final nean ... SD 57 + 7.5 -
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Experiment 2. The resul ts are expressed in table 9. No significant dif

ferences in the MDI were observed between males and females of the same 

strain (P > 0.05) or between any male or female group of a given strain 

as compared to the other (P > 0.05). The range of the MDI varied in the 

animaIs studied from 43 to 70 and the final Mean was 57 ± 7.5. 

c) DISCUSSION. 

Experiment 1. This study shows that no significant differences exist in 

the JGI in connection to sex or to the strain of rats investigated. How

ever, regardless of the sex or the strain, a relatively large variation 

in JGI was noted fram one rat to another. This variation might weIl be 

related to the various stressful situations of the laboratory, in dif

ferent experimental periods. However, groups of animaIs under basal con

di tions and killed at the same time also show low and high JGI irrespect

ively of sex and strain. Rapp (356) reported that by selective inbreed

ing of mice with high and low .TGI he found distinct lines with high and 

low JGI. Our experiment in rats shows that 13% of the animaIs had JGI 

fram 30 to 38 (high JGI) and 34% fram 13 to 19. Therefore, these find

ings strongly suggest that in the same manner as in the mice, different 

lines of rats may present low and high JGI. 

Experiment 2. The purpose of this experiment was to test the reliabili ty 

of the method developed for assessing the activity of the glucose-6-

phosphate dehydrogenase of the macula densa ~I) in the rat renal cortex. 

The method was not intended to be a truly quantitative one, but to be used 

in a comparative way in revealing relative differences in the amount of 

diformazan deposits in the macula densa among groups of experimental ani

maIs. This index possesses inherent limitations, due partly to the some-
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what subjective evaluation by the învestigator. Efforts were nade to 

minimize this variable, by repeated analyses of several sections of 

the :rena.l cortex for each animal wi thout k:nowledge of previous exhibi

tion nor of the type of experiJœnt. 

The absence of differenoes between sexes and streins might well 

indicate that the pentose phosphate shunt enzynes of the macula densa 

are specific to the rat species and that, at this anatornical level, the 

TFNH-regenerating system is rrore developed than :in the rest of the nep}lron. 

B) THE DISTRIBUl'ION OF THE JUXTAGLOMERUIAR GRANULES AND OF GWcnSE-6-

mOSFHATE DEHYDROGENASE ACrIVITY OF THE MACUlA DENSA IN THE RENAL COR-

TEX OF THE RAT. 

al MATERIi\L AND METHODS. 

The kidneys stndied were from 17 male Sprague-Dawley rats weigh:ing 

200-250 gm. AlI the aninals were fed on a diet of Purina Fox Chow and 

tap water "ad libitum", and were kept :in :individualmetabolic cages for 

several days before be:ing killed. The kidneys were sectioned through its 

longitudinal axis as it has been :indicated previoosly. 

The aninals were divided :into too groups : 

Group l : 10 rats in which the sectioned kidneys were fixed in ZenJœr

fOI'l1Ol 10% and stained with the Bowie rnodified method. Since preli.m:i.nary 

studies revealed a definite regional distribution of the JG granules 

was noted, a th:in line was traced through the middle of the kidneyr;:' 

sections dividing it into two zones, lateral renal cortex (1RC) and 

madial renal cortex (MRC) (see fig. 30). The JGI was calculated for 

each zone. In addition, the JGI was calculated :in the glorneruli of the 

outer cortex (OC), (Renal cortex about 500-600)l deep from the surface) and 
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in deeper gloneruli, at the corticaœdullary zœe (CM), identified by 

the :nunen:us straight portion of the proxœl tulule and the thick 

Henle loops. The JGI of the toW cortex (C) was also .: :.CXlWlted' . .:: 

Group II. 7 rats in which the kidneys ~re used for histochem:i.cal stu

dies. The glucose-6-phosphate dehydrogenase activity was studied using 

the MIT-Co, and Nitro-Bl' r Co-Ba. pn>cedU1"ea. As in gIalp l, the sane 

kidney section division was established, and the MDI was calculatéclin 

LRC, MRC, OC, CM am C. 

In bath groups, over 500 gloneruli for each Jddney were counted. 

,~ __________ ~A~ __________ \ 

\~----------~vr------------' 
M~C 

FIG. 30. Lateral renal cortex (LRC). Medial renal cortex (MRC). 

b) RESULTS. 

The results of the experirœnt are sunmarized in tables 10 and 11.·. 

• The total nwnber of gloneruli usually contained in each 

section varied from 250 to 325, from which about 1/3 belonged to the 

corticonedullary regian. The number of gloneruli of LRC as compared to 

MRC was approx:ima.tely the sa.ne. 



~wnber 
~~'...of 
rats 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

TABLE 10 

The distribution of the juxtag10merular gnmules 
in the renal cortex of the rat. 

Lateral renal Medial rena1 Total outer Total cortico-portex (glo- cortex (glorre- cortex (glo- nedullary (glo-
~rul:i,) (LRC) ruli) (MRC) rœrul:i) (OC) nerul:i) (CM) 

JGI JGI JGI JGI 

23 15 20 9 
46 16 35 16 
30 16 29 6 
22 17 40 5 
20 Il 17 10 
30 10 19 14 
28 23 30 15 
51 15 36 31 
30 25 29 14 
29 17 25 19 

f1ean t. sn 30.9 ± 10 16.5 .:!. 4.6 28 ~ 7.7 13.9 ~ 7.4 

P<O.OOl P<O.OOl 

TABLE 11 
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Total cortex 
(glOJœruli)(C) 

JGI 

18 
30 
19 
20 
15 
18 
26 
36 
27 
23 

23.2 ~ 6.5 

The distritution of the G6PD activity of the meula den sa (MDI) 
in the renal cortex of the rat. 

~tllllOOr Lateral renal Medial renal Total outer Total cortico- Total cortex of cortex (glo- cortex (gloJœ- cortex (glo- rredullary (glo- ~lomeruli)(C) rats Jœruli) (LRC) ruli) (MRC) meruli) (OC) rreruli) (CM) 
MDI MDI MDI MDI MDI 

l '+6 49 58 15 4S 2 45 43 53 28 45 3 46 40 48 10 44 4 47 46 57 10 46 5 63 64 73 14 67 6 49 40 52 20 49 7 68 70 81 30 69 

~an .:!:. sn 52 :!:. 9.4 50.2 :t 12.9 60.2 ~ 12.1 18.1 ~ 8.1 52.1 :!:. 10.9 

P> 0.7 P< 0.001 
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Both juxtag1anerular index and macula densa index in the outer 
cortex 'as compared to corticomedu11ary region were significantly 
greater (P ~ 0.001). A significant difference was a1so observed when 
the JGI of the lateral rena1 cortex (LRC) was compared to the medial 
renal cortex (MRC). However, no differences were observed in the MDI 
when LRC and MRC were compared (P > O. 7) • 

c) DISruSSION. 

Juxtaglomerular index. The studies by Faarup (353), and Tribe and 
Heptinsta11 (214) are the two only previous observations on the dis
tributIon of the juxtaglamerular granulari ty in rats. The first author 
has reported in two selectively small zones of the renal cortex of the 
rats, (subcapsular cortex and juxtarnedullary cortex fram the middle and 
10l'ler poles of the kidney), a· higher JGI of~; granulari ty in the subcapsular 
than in the juxtarnedullary cortex. Tribe and Heptinstall making tans
verse kidney sections have described a higher JGI in the great curvature 
of the sections as compared to the perihilar cortex. 

The purpose of this study was to analyze the total renal cortex in 
longitudinal kidney sections. In so doing, we have substantiated the 
findings of Faarup (353) by further confirming a significant difference in 
the JGI of glomeruli localized at different deepness fram the cortex 
surface. 

The JGI differences between the lateral renal cortex (LRC) and 
medial renal cortex might be weIl correlated with the observations of 
Tribe and Heptinstall (214) between the great curvature of the kidney 
cortex and the perihilar cortex. 
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Macula densa index. No previous work bas been reported in the literature 

on the distribution of the glucose-6-phosphate dehydrogenase activity of 

the macula densa in any animal species. 

The intimate anatomical association of the macula densa and the 

juxtaglomerular granulated cells have suggested to many workers a definite 

possibility of a fUnctional relationship (322, 323, 226, 14). The present 

experiments reveal a significant difference of the MDI between the outer 

and corticamedullary cortex and fit weIl with the already described granu

lar distribution and with Faarup's observation (353) of a high number of 

macula densa cells in the peripheral cortex as compared to the juxtamedullary 

cortex. However, the absence of correlation in the distribution of the JGI 

and MDI between the lateral and medial renal cortex nrust wai t further in

vestigation in order to evaluate its functional significance. 

C) S'lUDIES ON 1lŒ JUXTAGLCJ.1ERULAR ro.1PLEX OF 1X>GS AND BEAVERS. 

a) MATERIAL AND MEnIOns. 

As in the rat, renal cortex of the dog was divided into lateral renal 

cortex (LRC) and medial renal cortex ~C) Csee Fig. 30). Then JGI was 

COtmted in both regions. Glucose-6-phosphate dehydrogenase using the 

Nitro-BT-Co-Ba method was also studied. 

In both dog and beaver renal cortex the JGI was calculated in 

the glomeruli ôf the outer cortex (OC) (renal cortex about 1.5 mm deep 

from the kidney surface) and in deeper glomeruli Ccorticomedullary zone 

cm)). In addition, the JGI of the total renal cortex (CJwas also en

countered in both dogs and beavers. 

Over 3,000 glomeruli in the dogs and over 3,500 glomeruli in the 

beavers were counted. 
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b) RESULTS. 

Dogs. Results are :indioated :in table 12 and figs. 31-33. Differences :in 

the JGI of gœnu!acity between the outer cortex and corticomadullary 

cOl"'tex were significant (P< 0.02). JGI was also significantly higher :in 

the lateml. rena.l cortex (LRC) as compared to the Jœdl.al renal. cortex 

(MRC) (P< 0.05). '1be mean JGI of the total renal cOl"'tex was ll,6 !. 2,1. 

'!he appeanmce of the juxtaglomerular cxmq:>lex observec1 in the ndneys 

of normal nx:mgrel dogs is illustmtec1 in figures 31 and 32. The gmnular 

epithelioid cells are famd JIDstly :in the media of the afferent arteriole 

and are larger than the adjacent SJIDOth mscle cells. In sone instances, 

they can be seen in the nedia of the efferent arteriole as it is shawn in 

the figures 31 and 32. The "lacis cells" of Oberling and Hatt (14) pre

sent a rotmd or oval nuclei and are smaller than the arteriolar gmnu

lated cells. Usuallya c1ear ''halo'' around the nucleus is present in sone 

of then. 

'!he glucose-6-Iilosphate dehydrogenase activity of the nacula densa 

is relatively poor compared to the activity of this enzyme in the proximal 

or other parts of the distal tub.ù.es. The diformazan deposits are .in dot

liJœ deposits and in diffuse forms. No activity was observed in the media 

of the afferent arteriole (Fig. 3,3). 

Beavers. '!he resul ts of the JGI in the outer cortex and in the cOl"'tico

rredu1lary cOl"'tex are expressed in table 13. Differences between these 

tt«> parts of the beaver renal cortex wena significant (P< 0.01). The mean 

JGI of gnmulari ty of the total glomeruli counted in both nagions was of 

6 !. 1,7. 
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TABLE 12 

The distri1:ution of the juxtaglomerular granulated 
cells in the renal cortex of the dog.'·':; 

lateral renal Madia.! rena! Outer cortex Corticome- Total cortex 
cortex (glorœ- cortex (glo- ~lorœruli) dul.l.ary (glone:ruli) 
rul:iJ (LRC) ; illf.D!ûi) (MRC) (OC) glomerul:i) (C) 

JGI JGI JGI (CM) JGI JGI 

19 7 11 2 10 
18 10 20 5 14 
14 7 13 3 Il 

14.6 !. 3 8 + 1. 7 14.6 + 4.7 3.3 !. 1.5 11.6 !. 2.1 

P<0.05 P< 0.02 

TABlE 13 

. The distribution of the juxtaglorœru1ar granulated 
cells in the renal cortex of the beaver. 

, 

Number of Outer Cortex Oorticorœdu11ary Total cortex 
beavers (glorœru1:i) (OC) (glorœruli) (CM) (glorœruli) (C) 

JGI JGI JGI 

l la 4 8 
2 6 4 6 
3 6 3 5 
4 13 0 8 
5 8 2 6 
6 4 0 3 
7 7 4 6 

~an~ sn 7.7 + 3 2.4 + 1.8 6.0 ~ 1.7 - -
P<O.Ol 
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'!'he JIDI'];:ho1ogical aspect of the beaver juxtaglomerular comp1ex 

is very sim:i.lar to the dog, as it is sha.m :in the fig. 34. However, 

few granulated cells were encountered in spite of the epithelioid 

aspect of the cells of the afferent arterioles at the pole of the 

glomerulus. 

C) DISaJSSION. 

The p.lrpose of this study was to compare the de~e of JG cells 

granuJ.ari ty :in ~ animal species :in which there are rnarJœd differences 

:in the length of the Henle loops. (521, 522, 597). 

Our f:ind:ings in dogs have shawn that the JGI of granularity follows 

the sarre distrirutian pattern as :in the rat. No previous t«>rks have been 

reported in the juxtaglonerular granuJ.ar distrirution in dogs, or beavers. 

As described earlier :in the rat, a differential distribution of pattern 

of JG granulari ty was also observed in the dog when count:ing the granules 

in longitud:inal sections. The counts in the lateral renal cortex (LRC) of 

the kidneys was significantly higher than those in the rredial renal cortex 

(MRC). These f:indings are obviously important in counting granules :in the 

rat and dog kidneys. 

Since the results rray not be comparable if correspanding regions of 

different kidneys are not analyzed, it might be asked whether this :indicates 

a differential function :in various areas of the renal cortex. As previously 

described :in this thesis it has been shown that lddneys of mice (48), rats 

. (353), rabbits (354) and humans (355) have a great number of juxtaglonerular 

granulated cells in the suroapsular or peripheral cortex as compared to the 

juxtanedullary or corticonedullary ones. A close correlation has also been 

demonstrated with the amounts of renin in these two cortical zones both :in 

rabbits (354) and in hUJJFU1s (355). rnedberg (48) has postulated that 
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PLATE IX 

FIGS 31 and 32. Juxtaglornerular eomplex from a normal doge Several 

juxtaglorœrular cells filled with granules ~. in the afferent 

(u) and the efferent arterioles (ea). Lacis ceUs (le). Beside the 

efferent arteriole the nacula densa can be notieed in both figures. 

Zenker-fonnol 10%, trichloroacetie aeid. Bowie trOdified stain. 

x 500. 

FIG. 33. Slight glucose-6-phosphate dehydrogenase activity in dog 

rracula densa (large arrow). Glorrerulus top right. Afferent arte

riole (Small arrow). Nitro-BT-Co-Ba. technique. x 500. 

FIG. 34. Kidney f:rom a nonnal beaver. Juxtaglonerular eells fiUed 

with granules (Small arrow). Macula densa (large arrow). Helly's 

fluid, 48 hours. Bowie mxlified stain. x 670. 
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PLATE IX 
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âuch variation is related to the length of the loop of Hen1e. The super

ficial glanerul.i have short loops and the length gradually increases the 

deeper the glonerulus is flQ'll the surface. Most of the animals.have bath 

short and long loops of Henle (:rat have 28% of long loops). Sone animals 

have either long loops of Henle such as the dog and the desert: rodent (521, 522) 

psa.mranys, or all short loops aS tbelbeaver. Our observations SUJl'IIarÏzed 

in table 12-13 indicate that the greater number of juxtagloIrerul.ar granu-

lated" cells are not correlated with the length of the Henle loop. HCMever, 

a zonal variation in the JGI is present and further studies are needed 

in order to interpret these results. 

Barajas (16) reported the presence of granulated cells in the efferent 

arteriole :in adrenalectomized :rats and there are no previous data Calcer

ning the presence of granular cells in the efferent arterioles of the 

juxtaglOJœIUlar complex in nonnal dogs. Our findings showing the presence 

of granular epi thelioid cells in the nedia of the efferent arteriole in 

nonnal dogs and rats (see chapter l, fig. 9) support the concept of the 

continuity of the granular epithelioid ce11s with the mesangium (16, 339, 

340, 341). 
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œAPl'ERIII 

A) '!HE JG CELL GRANlJI.ARI'lY! MDI OF GllJCOst-6-FHOSFHATE DEHYDROGENASE 

AcrIVrr'l AND PlASMA RENIN ACrIVrr'l UNDER VARIOUS ElECTROLYTE INTAlŒS 

IN '!HE RAT. 

a) MATERIAL AND METRODS. 

Salt~eficient diets : 

Three sodium f:ree salt mixtuœs we:re used 

a) Hartroft and Hartroft (32) sodium chloride-deficient diet consisted 

of the fo11owing : ca.sein 18%, fibrin 1%, zein 1%, ce11uflour 2%, salt 

mixture 4%, vitarnin l'IIÏxtllœ 1%, sucrose SO,S5%, beef fat 10%, corn oil 

2%, choline chloride 0,35%, cod liver oil concentrate 0,015%, alpha 

tocopherol 0,01%. The salt mixture contained : Caco3, 11% ; CaHPo4.2H
2
0, 

32,5% ; K
2
HP0

4
, 27,5% ; MgSo4' 3 1/2 H20, 10% ; cellufloor, 15% ; FeCsH50

7
, 

3%. ; trace elerœnts 1%, 

h) Nutritional Biochemicals Corporation (NBC) (Cleveland, Ohio) : sodium 

deficient test diet cornposed of sucrose 72%, "vitamin free" casein 18%, 

Butter fat (salt free) 5%, sodi\.DIl freeSalt rnixt:u:re 5% \<bich contained 

calci\.DIl carbonate 37,5%, potassium phospr.ate JOOIlobasic 28,4%, potassium 

chloride 18,9%, ferric citrate 9,5%, magnesium oxide 3,8%, copper sulfate 

1,9%. The diet was supplemented with vitamins. 

c) The third type was simply corn, which contains only traces of sodium 

chloride (SOl). 

Aninals. : 

90 albino male rats of the Sprague-Dawley and Wistar stràinsweighing 

150-250 g. we:re used. 
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E~r:iJœnt 1. "Sodium restrictial": ~7 rats were divided :into two 

najor groups (Tables 1", 15). 

~p 1. ruration of experiJœnt 3 days: 1~ rats comprising this 

group we~ plaœd into foar·.· subgroups. 

SUbgro.lp Ia~ 5 rats. They were fed with the NBC sodiwn defi

cient diet and given distilled water as drinking fluide 

Subpl?l1? lb. 2 rats. They were fed with the NEC salt-deficient 

diet supplenented with sodiwn chloride 0.5% :in 5% glucose in their drin

king water. This gIalp served as control to the subgn:rup le. 

SUbgr?lp le: 5 rats. They were fed as subgroup lb }:ut did not 

receive the supplenent of sodiwn chloride :in their drinking water. 

Subgr:wp Id: 2 rats. They were depri ved of food for 3 days, 

receiving as drinking fluid tap water. 

Group II. Clu'a'lic sodiwn restriction. 28 rats were sulxiivided into 

5 subgroups. in which al1 rats were of the Sprague-Dawley strain except 

the Ile· of the Wistar Strain. Al1 the an:Unals reœived distUled ~ter 

as drinking fluid. 

Subgroup lIa: 6 rats, fed with the Hartroft and Hartroft diet 

dur:ing 1 m:mth. 

Subgroup lIb: 4 rats, fed with the NBC salt deficient diet 

dur:ing 1 m:mth. 

Subgroup IIc: 5 Wistar rats. fed with corn diet. 

Subgroup IId: 7 rats, fed with NBC salt-deficient diet dur:ing 

2 rn::mths. 

Subgroup Ile: 6 rats, sarre as the subgroup IId, rut for 3 

JIPI'lths duration. 
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Experiment 2. "Electrolyte loading": 32 rats were fed with the standard 

laboratory purina. They were divided into three groups (Table 16). 

Group 1: 12 rats received 1\ sodim chloride in their drinking 

water during 1 month. 

Group II: 10 rats received desoxycorticosterone acetate DCA (Per

corten, Ciba) 1 mg/kg, injected subcutaneously. They were then subdivided 

into two subgroups. 

S!lbgroup lIa: 4 rats ~icli were given the honnone for 7 days. 

Subgroup lIb: 6 rats with the same treatrnent for 21 days. 

Group III: 10 rats from two different strains formed this group. 

They received 2% potassium chloride in their drinking water during 1 month. 

The animaIs were subdivided into two subgroups in relation to their strain. 

Subgroup IlIa: 5 rats of the Sprague-Dawley strain. 

SUbgroup IIIh: 5 rats of the Wistar strain. 

In addition, 10 intact male Sprague-Dawley and 6 male Wistar rats 

weighing 150 to 250 g. served as control animaIs. They were fed wi th the 

standard laboratory diet and tap water "ad libi ttun". 

Morpho1ogical procedures: Kidneys which were removed one minute 

after the blood sampling for PRA measurement were sectioned, fixed and 

stained as previously described. One half served for histological and 

juxtaglomerular granules staining, and in sorne animaIs, the other half 

was used for determination of the glucose-6-phosphate dehydrogenase acti

vit Y of the macula densa using the Nitro-BT-Co-Ba Methode Semiquantitative 

analyses of granularity and enzymatic activity were done using the JGI 

and MDI techniques. 



TABLE 14 

EXPERIMENT 1 

GROUP 1. Sodium restriction for 3 clays. 

Sub- No of Procedure Body JGI G6PD 
0'YrA IT'I rats weiittt MDI 

la 1 Fed NBC l 7 
2 sa1t- 9 
3 deficient 19 
4 diet + - 8% 25 
5 disti11ed 9 

water 
- - -.- -- - --- - - .. .. .. ------ -------

~an + sn 13.8 + 7. 8 ~ ------- '- .. .. .. - ,.. .. .. - ~------ -------
Th 1 Fed NBC 20 50 

2 salt-

l 
22 49 

deficient 
diet plus 
0.5% sup-
pIerrent 
NaC1 in 5~ 
glucose 

.. .. .. - - .. .. .. .. .. - ~ - .. - ------ -------
Mean + sn 21 ... 1.42',* 49.5 !. 0.7*)\ -

1- - .. .. .. .. - - - - - ~ - - - ------ -------
Ic 1 Fed as lb i 28 46 

2 but after 29 46 
3 3 days no 37 53 
4 supp1errent + 2-3% 38 --
5 pf NaC1 36 58 

Iwas given 
.~t 5% 

< ., fglucose 
~ - -.- - -- .. - .. - - .. - - ------ -------

Mean • sn 34 + 5)" 51 + 6** - -
~-----r---[---

------ -------
Id 1 Fasting 1 16 

2 for 3 13 
ays 

- - - .. - - .. --- - -..- ------ -------
Mean + sn 14 + 2* 

JGI G6PD MDI 
Control values ~prague-Daw1~y Wistar Sprague-Daw1e~ 

(10 rats) (6 rats) (10 rats) 

Mean ... SD 22.4 ... 4.49 25.1 ... 7 58.4 + 8.4 -

* "p" significant (<'0.05) vs control group. 
** "pli no signifiœnt (> 0.05) vs control group. 

- 119a -

PM 

25 
17 
16 

9 
--

-- - - .. - -
16.7 + 6.5*)\ 

r-- .. - .. - - .. 
15 
12 

~ - .. - - .. ... 

13.5 + 2.12 --- .. - .. -
60 
45 
90 
38 
50 

~------
57 + 20* -

~ - .. - - .. -
16 
20 

.. .. - .. - - -
18 ... 3** -

PM 

(10 rats) 

19 ~ 8.36 
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EXPERIMENT 1 

GROUP II. Chronic sodium restriction. 

Sub- !No of Procedure Duretion JGI G6PD 
gro.lpS rats MDI 

lIa 1 Fed Hartroft and lm:m.th 18 54 
2 Hartroft salt- 30 59 
3 deficient diet. 14 57 
4 ( Spregue-Dawley 34 66 
5 rets) • 42 74 
6 26 79 

~-------------- ...... - ------ ------
Mean + SD 27 • 10 65 .. 10** - - -

1- - - - ------------ ...... ------- t------
lIb 1 Fed NBC salt- 1 m:mth 20 45 

2 ~eficient diet. 40 54 
3 (Sprague-Daw1ey 14 107 
4 rats). 25 92 

1- - - - ---1--------- ...... - ------ r- .. .. .. .. -
Mean + sn 25 .. 11** 74 '" 30** - -

1- - - • ---r---------- ...... - ------ ~-----
IIc 1 lFed corn salt- Il manth 34 

2 ~eficient diet. 32 
3 (Wistar rats). 48 
4 44 
5 37 

1- .. .. .. .. .. .. - .. .. .. .. .. .. .. - ...... ------- ~ .. .. .. .. -
_ .. Mean + sn 39 + 7* - -- - - ---,..-------- ...... -t------ r- .. .. - .. -
IId 1 ~ed NOC sal t- 2 rronths 40 

2 ~eficient diet. 45 
3 (Sprague-Daw1ey 82 
4 rats) • 51 
5 42 
6 .. .. .. 

~ 61 .,. .- . 
7 29 

1- - - - - - - .. - - - - - - - - ...... ------- ~ .. .. - .. -
Mean + sn 50 + 17* - -

1- - - - .. .. .. ,.. .. .. .. .. .. .. .. - ...... - ------ ,. .. .. .. .. -
Ile 1 F'ed NBC salt- 3 rronths 19 

2 lief icient diet. 48 
3 (Sprague-Daw1ey 50 
4 , rats). 33 
5 : 28 
6 40 

1- - - - .. .. .. L .. .. .. .. .. .. .. _ ...... - ------ ,. .. .. .. .. -
Mean • SD . 36 + 12* - -

ie "p" significant «0.05) vs control group. 
** "p" no significant (>0.05) vs control group. 
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PRA 

10 
70 
20 
12e8 
60 
20 

~------
32 + 26** 

1-0 .. .. .. .. .. -

20 
20 
20 
25 

~ .. .. .. .. .. -
21 + 2** -.. .. .. .. .. .. -

1-------
t--------

50 
70 

140 
150 

50 
50~~ 

18 
~ .. .. .. .. .. -

75 ~ SOie -
~ .. .. .. .. .. -

25 
75 

125 
40 
40 

120 
1-------

71'. 43* -



1 

Group 

l 

- - -
_ .. _- -

II 

- - -
- - -

- - -
- - -

III 

- - -
- - -

- - -

TABLE 16 

EXPERIMENT 2 
Om::nic effects of NaCl and KC1 on the JGI 

MDI & PRA 

Sul>- No of Procedure J)Jmtion JGI G6PD 
g:rc::nps rats MDI 

1 1% NaCl 1 oonth 9 57 
2 12 54 
3 12 52 
4 12 70 
5 .14 40 
6 16 68 
7 Il 
8 8 
9 7 

10 8 
Il 12 
12 2 

------- ------ .. -...... .. .. .. .. -.......... 
~an + sn 10 • 4 57 • Il - - -------- ------ .......... .. .. .. .. - .......... 

lIa 1 1% NaCl 7 days 0 
2 plus DCA 13 
3 3 
4 14 

------- ~ .. .. .. .. .. .......... .. .. .. .. - .......... 
Mean ... sn 7.5 + 7* 

------- ~ .. .. .. .. .. .......... .. .. .. .. - .......... 
lIb 1 l%.NaCl 21 days 0 4 

2 plus DCA 0 3 
3 0 13 
4 ). 9 
5 0 5 
6 0 5 

------- .. .. .. .. .. .. .......... -,---- .. .. .. .. .. 
~an • sn 6.5 .. 4* - -------- ~ .. .. .. .. .. ........ - -...... - :- .. .. .. -

IlIa 1 2% KCl 1 JI'Dl1.th 21 
2 (Sprague- 22 
3 Dawley 22 
4 rets) 28 
5 19 

------- ~ .. .. .. .. - .......... .. .. .. .. - ........ -
~an + sn 24 ... 8** - -------- ~ .. .. .. .. - ........ - ........ -1-----

IIIb 1 2% KCl 1 month 22 
2 (Wistar 28 
3 rets) 26 
4 21 
5 39 .. .. .. .. .. .. - ------ ........ - ........ - ........ -

~an ... sn , 27 ... 8ic* - -

- l19c -

PRA 

25 
0 
0 

19 
15 
15 

~ .. .. .. .. -
12 .. 10*~ 

------
Traces 

- .. .. .. .. .. 

~ .. .. .. .. .. 
no 

detect-
able. 

~ .. .. .. .. -
------

1------
. .. .. .. .. -

~ .. .. .. .. -

* "p" significant W. 05) vs control ** "pit no significant fO. 05) vs control 
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Plasma. nmin activity : From 0.2 tOIO.~.ml of venoos blood was col

lected from the jugulaI' ve:in of the rets under light nembutal anesthesia. 

Plasne. :ren:in activity (PRA) was measured by the nethcxl of Boucher et al. 

Before the ~t of experiJœnts 1 an12, blood from 10 of these mts 

was talœn for PRA as control values. 

Body weights were.iœasu:red every three days, and spac:i.à1 care was 

th 
.. ... /the. 

taJœn about eJr IlOUrl.shment and dr~ dnr.mg all expeI'llœI1tal 

pericxl. Blood pressure \eS neasured by tail pletbysmogœ.phy. 

b) RE&JLTS. 

'!he results are sunmarized in tables 14. 15 and 16. 

Control values for the animals Which reœived the standaro laboratory 

qiet and tap water "ad libitum" were the follCM:ing : JGI 22,4!. 4,9 for 

the Sprague-])awley rats and 25,1 !. 7 for the Wistar rats ; MDI 58,4 + 8, .... ; 

PRA 19 !,1,'8 ,36. 

ExperiJœnt 1. "ScxliUJll restriction". 

Gl'ouR I. Subacute soditun restriction for 3 days. 

Subgroup la. The animals of this subgroup practically did IlOt 

eat and on the third day they had ~ 10st about 8% of their ini tiâl body 

weight. '!he JGI (13,8 ±. 7,8) was si~icantly decœased (P( 0.01). 

HCMever, the PRA (16,7 ±. 6) did net reflect a significant d'lange (P> 0.6). 

Subgroup Th. No significant changes (JGI, P> 0.6 ; MDI, P> O.l~ 

PRA, P) 0,3) were observed. 

Subgroup le. The animals of this subgroup contrary to the sul>

group Ia at the end of the experiment gained about 2 to 3% of their :initiàl 

bOdy weight. A statistically significant :increase (P( 0,001) in the JGI and 

PRA ES observed. However, no significant changes CP> 0,1> occured in the MDI. 
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SUbg;rnup Id. The t\«) animals studied after 3 day of fasting 

shCMeda significant deo:rease (P < 0.05) in the JGI without significant 

changes (P> 0.8) in PRA values. 

Gralp II. ''Chronio sodiwn restriction". By rough estimate, the 

animals on the defioient diet ate onlyabout one thiro as nuch as their 

ocntrols after the third daY of the experinent, their weight gam was 

slCMer than m the oontrol an:ima.ls. 

SUbgr<?up lIa. No statistioally signifioant changes (JGI, P >0.2; 

MDI, P> 0.1 ; PRA, P> 0.1) were observed after l JID1th. of sodiwn res

triotion using the Hartroft and Hartroft diet. HCMever, :relatively high 

values we:re noted in sone aninals in the three paraneters studied. 

Subgr:oup lIb. Similar findmgs to those observed m subgroup IIa 

were also encOlIDte:red in this subgroup fed for l month with the NBC salt 

deficient diet (JGI, P> 0.1 ; MDI, P>O.l ; PRA, P> 0.5). 

Subgroup 110. A significant inc:n!ase (P4:: 0.02) in the JGI (39 !. 

6,78) was encounte:red in this subgroop of Wistar rats fed corn salt defi

cient diet. 

Subgroup IId. The JGI and PRA values were 50 !. 17,2 and 75,4 :!:. 50 

respectively. Therefore, a statistically significant increase (P < 0.001 

and P<O.02 respectively) was observed after 2 rronths of sodiwn restriction. 

Subgroup Ile. A significant inc:rease in the JGI (P<O.Ol> and in 

PRA (P< 0.05) we:re found. 

In general the aninals with the sodium defici.ent diet presented higher 

activity of the glucose-6-phosphate dehydrogenase in the proximal and distal 

tubules than the control aninals. 
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E?cperiment 2. 

Group 1. The addition of 1% of saline as drinking fluid for 1 month 

to the 12 rats studied provoked a significant (P < 0.001) decrease of the 

JGI (10.2 ± 3.7). However, no statistically significant changes (P > 0.1) 

were observed in PRA (12.3 ± 10.2) in 6 animaIs studied, in spite of the 

fact that in two animaIs, the PRA was not detectable. No significant 

changes (P > 0.7) were observed in the MDI (56.8 ± Il). 

Group II. The administration of DCA plus NaCl 1% resulted after the 

7th day- -(Subgroup lIa) in a highly significant (P ~ 0.001) decrease in the 

JGI, and only traces of plasma renin activity were found. After 21 days 

(Subgroup lIb) a complete disappearance of juxtag10merular granules, non 

detectable PRA and a highly significant (P < 0.001) decrease in the MDI 

were found. The blood pressure values in this group were 120 ± 6 mm Hg. 

The blood pressure of the control animaIs was on the average 115 mm Hg 

(85 to 135). 

Group III. The addition of 2% of KC1 as drinking fluid did not pro

voke a significant change (P > 0.2) in the .JGI of Sprague-Dawley (Sub

group IlIa) or Wistar rats (Subgroup I1Ib). 

c) DISœSSION. 

The efficacy of the sodium-deficient diets employed was based on the 

absence of sodium in urine (598). 

OUr results show c1early the fmportance of the smal1 amounts of the diet 

eaten by the animaIs. Thus the hypogranulari ty observed in such animaIs which 

did not eat the diet May not have derived from a degranu1ation process with 

subsequent release of renin since the PRA was in the normal range value. 

Ne observed similar results when the animaIs were kept fasting. It is 

known that fasting decreases the formation of secretory material in Many 
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secretory cells (586-588). We would like to suggest that in such expe:ci

rrental situations, there is a decreased fonnation of granules instead 

of a degranulation. This is re:inforced by the observation that ci~l :in

creased JGI and PRA were observed in anirnals eating the diet (subgroup 

Ic). HOV2ver, the MDI rertained nonnal and this is consistent wi th pre-

wious observations (323, 326) i.that the glucose-6-phosphate dehydrogenase 

did not Change significantly in rats submitted to a Na-deficient diet 

for short periode 

Our resul ts in rats ma:intained on chronic sodium restriction con-

firm earlier studies (32 ) derronstrating an increased JGI. HCYWever, we 

suspect that there are differencés in respanses from animaIs of different 

5trains and from animal to animal of the sarœ strain. ether factors rust 

be considered : the a.nount of the diet eaten by the animals, the duration 

of the experirrent and the adaptation of the animal to temperature chang~.'3 

or stress situations in the laboratory. Moreover, Fisher (199) did not 

find a significant increase in the JGI of adult rats after a rronth of 

sodium-deficient diet. Sorre of our animals aIso failed to show any signi

ficànt increase in the JGI or in PRA after l month of sodium-deficient diet. 

The MDI was slightly but not significantly increased. Marx et al (326) 

have derronstrated that the G6PD activity of the macula densa of rats kept 

on a low sodium and high potassium diet, becorres slightly increased after 

4 V2eks and this activity becarre rrore rnarked in animaIs deficient for a 

longer tirœ. 

'!he significance of increased granularity of the JG cells in animaIs 
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subnitted to kM sodium cliets has been discussed previously. Ha.rt:roft 

and HaIrtroft (32) suggested that the increased JGI probably M~sentS 

a stomge phase of secretion following a decrease in the rate of lihe

ration of the granules. tater, Ha.rt:roft (53) and Tobian (203) suggested 

that the increased gnmularity might re~sent an augmentation of the 

secretory activity (renin secretion) of the JG cells. HOwever, no cli

Mct evidence has been provided for any of these hypotheses. Our expe

rÏJœnts with sodium deficient diets have demonstrated a correlation 

between the Dean values of JGI and PRA. F\1rtheI'!IXm!, a parallel COI'n!

lation was observed between the PRA activity neaSUI'ed weekly during the 

expe:riment (598) and the JGI at the end of it. These findings strongly 

suggest that the increase of JG cells granulari ty Mflects a state of 

cell hyperactivity dUI'ing st:i.nulation with a Msulting increase in ren:in 

synthesis storage and liberation, although storage seems to predominate 

over the releasing pn>cess. 

'!he decrease of the JGI in rats subnitted to high sodium intaJœ 

experiments is accompanied by a slight rut not significant decrease 

of the PRA. The Na+ ion could possibly decrease ren:in synthesis or in

crease the intracellular destruction of the granules. Endes et al 

(600) have observed in rats, cluring the first 48 hours of high so

dium intake, an:; .increased granularity followed later by a decreased 

JGI. 

lm absence of correlation between JGI and MDI was observed m 
the group l of exper:iJœtlt 1. However, a sigrrl.ficant decrease of MDI (exp. 2) 
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a~companied by disappearance of PRA and JG cells granularity was 

observed accompanied by an increase of G6PD activity in the distal 

tubule (except macula densa). The possible explanation of this find

ing will be discussed in the next section. 

Our results on high potassium intake confirm the earlier studies 

of Hartroft (151) although no significant changes of PRA were demons

trated in our experiments. 

In summary, our studies indicate that the JG cells granularity 

represents in rats with a low sodium diet or a high sodium load, func

tional cellular states of hyperactivity or hypoactivity respectively. 

The lack of correlation between the glucose-6-phosphate dehydrogenase 

activity of the macula densa ~I) and the other parameters studied 

(JGI - PRA) was noted in various experimental situations. 

B) nIE JUXTAGUMERULAR m1PLEX IN ADRENALECI'CMIZED RATS, UNDER VARIOUS ... 

SODIUM INTAKES. ITS RELATIONSHIP WI1H PLASMA RENIN ACfIVITY. 

a) MATERIAL AND \.fETHODS. 

In this investigative section, more than 170 female rats weighing 

180-220 g. of the Royal Victoria Hospital strain were used. Only data 

from rats living at the end of the expertments, will be presented. Bila

teral adrenalectomy was performed by the lateral approach. The adrenals 

were removed with the capsule and surrounding adipose tissue. At the 

end of the experiment, the completeness of adrenalectomy was verified 

by autopsy. 
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The experiment was divided into two groups as indioated in the tables;17,18. 

Group 1: 45 ëlclrena.lectornized rats (T .11) were fed on the standani laboratory 

pur:ina and tap water "ad libitum". AnimaIs were sacrificed at the end of 

the first and second ~ks. 

Group II: 19 adrenalectornized rats were fed as in Group I, but received in 

addition 1% sodium ch10ride in their dr:i.nking water. The aninals were sa

crificed at the end of the first, second and third weeks (Table 18). 

In addition, 13 intact ferra1.e rats of the sarre stram and body weight 

served as cantrols. Their systolic blood pressure varied between 85 and 

135 mm Hg. 

Kidneys were rerroved, sectioned, fixed and stained as previously des

cribed. One half served for histologiœl and juxtaglorœrular granules stai

ning (JGI), and, in sorœ aninals, the second half was used for ·histochemiœl 

studies (Glucose-6-phosphate dehydrogenase (G6PD), 6-phosphogluconic dehydro

genase (6PGD), triphosphopyridine nucleotide diaphorase (TPND) and 0(- glycero

phosphate dehydrogenase (GPD) activity). 

Plasma. renin activity waS also detennined in sone animaIs (Table 19) 

for possible relationship with the rrorphological findings. 

b) RESULTS. 

Resu1ts are SUlTD'IaI'ized in tables 17 t 18 and 19. 

Adrenalectomized an:imals drinking tap water presented a graduaI as

thenia, loss of body weight (approx:imately 38% of the original values at 

the end of the second week) and low systolic blood pressures which, on 

the second ~k were on the average 56 mm Hg (52 to 60). In sorœ an:imals 

it was very difficult to rœasure blood pressure by tail plethysrnography pro-
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TABLE 17 

GIWp l (Adrex ... tap water) 

Nurnber of rats 1 week duration 2 weeks duration 
G6PD GSPD 

JGI MDI JGI MDI 

1 5 22 " . 

2 19 16 
3 22 4 .. 130 
4 17 3 67 
5 16 Il 80 
6 21 19 62 
7 16 6 64 
8 16 70 9 72 
9 10 66 1 71 

10 12 81 5 92 
11 14 75 5 95 
12 12 65 2 
13 37 105;: 7 
14 24 112 7 76 
15 23 134 21 117 
16 14 130 5 100 
17 24 111 6 101', 
18 16 5 93 
19 18 5 102' 
20 26 5 85 
21 15 3 88 
22 38 3 
23 15 

Mean ... SD 18.9 ... 7.69 94.9 + 26.5 7.7 + 6.1 87.9 + 18.8 - -

-
"p"*(vs control> P >0.05 P <0.001 p<O.OOl p~ 0.001 

"JGI and MDI of adrenalectoriüzed rets without sodium supplerrent." 

* See control values in Table 19. 
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GROOP n. (Adrex'" NaC1 1') 

2 weeks 
Number 1 week duration duration 3 weeks duration of rats G6PD G6PD 

JGI MDI JGI JGI MDI 

1 27 68 61 34 115 2 38 68 44 52 70 3 41 71 39 49 89 4 38 65 50 47 87 5 42 83 43 
6 51 93 26 
7 47 
8 46 
9 49 

Mean "" SD 39.5 !. 7.7 74.6 + 10.9 45 .. ±. 9.3 45.5 .!. 7;9 90.2 !. 18.5 

"p" vs control < 0.001 < 0.01 <0.001 <0.001 <0.001 

TABLE 19 

JuxtagloIœ:r:u1ar granu1ar index (JGI), Plasma renin activi ty (PRA), Glucose-6-phosphate dehydrogenase.,in the macula densa (MDI) and oc-g1ycerophosphate dehydrogenase (GPD) in adrena1ectomized rats with or without NaC1 supp1erœnt. 

Group Number Procedure JGI PRA G6PD GPD of rats MDI (JGC) 

l 1 Adrex· +"tap 7 440 76 3 2 water 6 600 101 3 3 3 500 88 2 4 (2 weeks) 5 1250 93 1 5 5 900 192 1 6 5 1000 85 2 
1- - - - - ... - - - - - - - - - - - - - - - - - - - - - - - - - - - - ... - - - -M;an !. sn 5.1 :!. 1.3 ~ 82 .!. 319' ~l .!. 9.1 2 -- - - - ~ - - - - ------- - - - - - - - .. - - - .. - - - - - ~ -- - -II 1 1 week 27 50 68 2 2 " 38 50 68 3 3 3 weeks 52 25 70 1 4 49 50 89 2 Adrex ... NaCl ---------- - - 1%- - - .. ------ - - - - - - -- - - - ~ - - - .. Mean !. sn 41.5.:!:, Il.3~ 43.7 .:!:. 12.25 73.7 !. 10.2 2 

(13 rats) (3 œts.).· (7 rats)" . :(7 rats) Control values 
Mean =. sn 23.6 ±.6.7) 15.6 + 5.85 54 !. 6.8 1 

, 
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cedure. 

The adrenalectomized rets which received 1% NaCl, as oral fluid 

intake, lost only 10-15% of their original weight at the end of the 

experinent. Their systolic blood pressures were on the average 84 mn Hg 

(77 to 92). 

"Juxtaglorœrular granulation index" (JGI) 

The mean of the JGI of the control an:i.rna.ls was 23,6 =- 6,77. In the 

rats of gJX>up l, (adrenalectomy + tap water), the JGI, after a week, was 

slightly but not signifcantly decreased (JGI 18,9 ! 7.69). The juxtaglo

rœrular granulated cells were mostly of the type I. However, at the end 

of the second week, a high significative de granulat ion was observed 

(JGI 7,7 + 6,1) ( P<O.OOl). 

This degrenulation was accompanied by an increased basophilia of 

the juxtaglorœrular cells. 

In group II, (adrenalectomy + 1% NaCl), a relatively inverse situa

tion occurred as compared to the preceding group. A significant increase 

in JGI occurred after the first week (ŒGI ::. 39,5 =- 7,7) (P< 0.001) which 

was more marked :1.."1 the following weeks (JGI : 45 !. 9,3 and 45,5 :. 7,9 in 

the second and third week respectively) (P<O.OOl). 

Histochernical resul ts. 

The rœan of the MDI of the seven control ani.m3.ls was 54 :!:. 6,8. The 

average of II'-glycerophosprate dehydrogenase activity at the glomerular 

vascular pole was 1 (weakly positive). 

Group I. Adrenalectomy + tap water. lm increased activity of the glucose-

6-phosphate dehydrogenase activity of the macula densa expressed by the 

MDI was observed, both after the first and second week, follawing adrena-
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lectomy. The MDI was 94.9 ± 26.5 and 87.9 ± 18.8. These values compared 

to those of the control animal were highly significant, (P < 0.001). A 

paraI leI increase was observed in the 6-phosphogluconic dehydrogenase 

acti vi ty of the macula densa. However, the increase of hexosemonophosphate 

shunt enzymes 'of the macula densa was not accompanied by a similar response 

in the triphosphopyridine nucleotide diaphorase. GPD at the vascular pole 

showed an increased activity as compared to the control animaIs. 

Group II. Adrenalectomy +1% NaCl. The MDI was significantly higher in 

the first week ~I~ 74.6 ± 10.9) as compared to control animaIs, 

(P < 0.01). f1owever, it was relatively lower than the MDI in the first 

week of Group 1. 

No significant difference was found in the MDI of group II at the 

end of the third week as compared to group 1. fIowever, a highly signi

ficant difference (MDI == 90.2 ± 18.5) (P < 0.001) was found as cornpared 

to the control group. 

Plasma renin activity. (PRA) 

The mean ± SE of PRA frorn these intact rats was 15.6 ± 5.85. 

Group 1. The highest value of PRA found in rats in the nurnerous studies 

done in our Institute corresponds to rat 4 (see table 19) reaching a level 

of 1. 250 ng. 

Group II. An increased PRA was observed in this group as cornpared to the 

control animaIs However, the values were rnuch lower than in the Group 1. 

c) DISCUSSION. 

The Royal Victoria Hospital strain was chosen because the rats lived 

longer after adrenalectomy without sodium supplement than those of the 

Sprague-Dawley strain. 
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From these exper:iments, it is clear that mild changes in scx:lium 

intakes profOW'ldly affect the juxtaglaœrular cells of the at.mmal.ec

tamized rets. In Group l :in whieb no scx:lium suppleJœnt was given, the 

cells becaœ degnmulated, whereas, :in GIwp II :in whieb scx:liwn supple

ment was added, the jwœaglanerula:r cells becaIJt.a hypergranulated, F\trt:her

m::>re, the adrenalectomized an:inals of Group l, showed after 2 weeks very 

high values of PRA, accompanied bY an :increase in basophilia and GPD 

activity of the juxtagloJœrular cells. 

These f:indings ShCM for the first tÏJœ that hyperactivity of the 

juxtaglonerular cells can be associated with degranulated juxtaglcmerular 

cells. It suggests that this de granulation represents a massive renin re

lease, and c6nstitutes further evidence for the secretory nature of the 

granular epithelioid cells and their relationship with :ren:in production. 

On the other hand, we have shown, :in the preceding section of this chapter 

and in the Group II of this expe:ci.Jœntal section, that an :increase of PRA 

can occur :in the presence of a juxtaglorœrular cells hypergranulari ty , 

which is accompanied by an :increased activity of GPD in the juxtagloJœrular 

cells. (see table 19). From these flnd:ings, it appears that the granules 

represent increased synthesis and storage of renin. Renin may be released 

from the granules in amounts depending on the intensity of the stinulus 

acting on them. 

The increase of the GPD at the vascular pole in Groups l and II, 

strongly suggests that in both degranulation and hypergranulation pro

cesses an active rnetabolic process occurs, possibly related to the syn

thesis of renin. 
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Several authors (16, 130, 214) have confirmed the observations of 

Dunihue et al (211, 213) Who found an :increased granularity of the juxta

glorœrular cells in ad:rena.lectom;i.zed rats. How:!ver, the se investigators 

gave a substitution therapy to the an:i.rrals or a sodium suppleJ'l'erlt. Our 

results in Group II fit w:!11 with these previous observations. On the 

other hand, Bohle and Tornsche (210) had reported that granulari ty and 

vol\ll'œ of juxtaglomerular ce1ls were net Jrodified by adrenalectomy in 

rats for a period of 10 days. Howev ... er, the numœr èf the cel1s appeared 

to he :i.ncreased. Hennebert (28) has observed in adrena1ectomized rabbits 

few granula!' juxtaglomerular ce11s during the fÏI'st 24 heurs follooing 

the adrenalectomy. Our findings in both groups therefore reconcile the 

find:ings of Duniliue and those of Boh1e and Tomsche and Hermebert. In 

both cases, the ce11s seem metabo1ically hyperactive. It is possible that 

:in adrena1ectomized rats with a scx:1ium supplement and slightly decreased 

b1ocx:1 pressure, the storage process predominates over the release process, 

a situation that rray be a1so re1ated to the rats rra:intained on a sodium

deficient diet. 

Our findings in the hexosernonophosphate enzyrœs :in the macula densa 

of adrena1ectomized rats and triphosphopyridine nucleotide diaphorase 

activity provided further confirmation of the observations of Hess and 

Gross (323) :in adrena1ectomized rats after a pericx:1 of a t-1eek. 

Since groups l and II presented in spite of their different JGI an 

increased activity of the G6PD and 6PGD :in the macula densa, no quantitative 

re1ationship was found bet~en the PRA and MDI values in Group l as compared 

to those f01IDd :in Group II. It is suggested, as a working hypothesis, that 
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the role of the macula densa enzynes in adrenalectomized rats might 

weIl be related to sodium balance, acting as an energy-yielding pro

cess in sodium reabsorption in oroer to compensate the absence of the 

mineralocorticoid hormones • 
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œAPI'ER IV 

The two ma:in ~ses of this study were : a) to look for any 

norphological changes in the macula densa :in sodiwn-restricted rats 

with a high JGI. 

b) To f:i.nd out if the juxtaglonerular granulated cells would te derived 

from the arteriolar sTIOOth nuscle s:ince nwofilàJœnts have teen described 

in these epithelioid cells. 

A) EŒC1'RON MICROSCOPIC Sl'UDIES OF '!HE JUXI'AGLOMERlLAR COMPLEX OF NORMAL 

AND SODIUM RESI'RICI'ED RATS. 

a) MATERIAL AND METHODS. 

Kidney tissues from control and sodium restricted Wistar rats were 

used. The fixation was accomplished by dripping cold, isotonie b.1ffered 

osmiwn tetroxide 2% on the surface of the left kidney in the liv:ing ani

mal. Osmium-fixed blocks were embedded :in Epcn after dehydration :in al

cohol, seria! thick and th:in section were eut as described :in the chapter 

l and stained by Feynold' s method ( 503). 

b) RESULTS. 

1) Juxtaglonerular granulated cells. 

Electron micrographs of the juxtaglomerular granulated cells of 

sodiwn restricted rats show an mcrease :in granularity and size of these 

cells. Sone of these cells were so filled with granules that the ground 

substance of the cytoplasm could hanUy te seen (Fig. 37 ). 



• 
- l32a -

Plate X to XXIV. "In vivo". Osmium tetroxide fixation. 

Plate XXVI to XXX "In vivo" glutaraldehyde fixation (see text) 

AlI sections were stained with Reynolds.!· rnethod. (503) 

PlATE X 

FIG. 35. Kidney from a control rat~'.Afferent arteriole (M). 

GranulaI' cells (GC). lacis cells (Le). Maeula densa (MD) (eut 

obliquely). x 4 250. 

FIG. 36. High magnifiœtion of a seriaI eut from the upper left 

portion of fig. 35. Granules revealing a fine granular content (G). 

Note (krrrx:M) the space wi thin the endoplasmic retieulum which is 

continuous over the adjacent granule. Mi tochondria in the center 

of the field. Myofilaments (My). x 50 000. 

PLATE XI 

FIG. 37. Oblique section of an afferent arteriole showing the 

endothelium (Ed). Srrooth rruscle cell (SM). large granulaI' cell (GC). 

Distal tubule (DI'). Rat which received a sodium deficient diet for 

l menthe x 7 500. 

FIG. 38. Higher magnifiœtion of a granular epithelioid cell from 

fig.37 with a weIl developed Golgi apparatus (Go), (see text). 

MultivesieulaI' bodies (krrrx:M), sorne with dense materiaJ:: (Double 

arrow) and others with myelin-like figures (large arrow). Granules 

(G). Mitochondria (M). Myofilaments (My). NUcleus (N). Distal tu

bule (DT). x 12 500. 
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Granules. 

The granules of juxtaglomarular cells in both nonnal and .sodium 

restricted rats varied considerably in size from about 0.1 to 1 Il or 

rrore (Fig. 36, 38). The granules had either a circular or an oval profile. 

Occasionally, a few granules appeared to coalesce to fom larger bodies. 

The granules contain relatively homogenous rraterial of lOOderate density. 

SoJœti.rres, the contents were rrore or less flocular (Fig. 38), revealing 

in sorœ regions the presence of fine granules or filanents fromapproxi

rrately 100 to 200 A
O 

in dianeter (Fig. 36). In sodium-restricted rats sorne 

granules contain denser rraterial or nwelin-like figures resembling lysosones 

fonIIS (Fig. 38, 40). M.lltivesicular bodies were often seen near the Golgi 

zone, occasionally with lIDderately dense rraterial content (Fig. 38). Granules, 

as shown in fig. 40 rray not he completely delimited by rœmbranes. Where 

granules showed a rœrnbrane discontinuity, microspheres from about 200-300 AO 

were present (Fig. 40). These microspheres seerœd rrore nurœrous in granules 

located at the cellular periphery. Figures 34 and 40 reveal the presence 

of microspheres in the vicinity of the granulated cell rœrnbrane, showing 

that they are srraller than micropinocytic vesicles. No granular extrusion 

through the cell rœmbrene was observed. 

Nuclei. 

Nuclei of juxtaglatœrular granulated cells were ovoid in sr.ape and 

sorœti.rres indented. In sodium-restricted rats, the nuclei of granular 

cells seerœd to he larger than in control rats. Prominent nucleoli could 

he seen in sorœ favorable sections. 

Golgi aPJ.)aI'atus. 

. In sodium-restricted rats, the Golgi apparatus of the juxtaglomerular 



PlATE XII 

FIG. 39. Topographie view of the juxtaglorœrular appaxatus sho

wing the macula densa (MD) in which the absence of basal infol

ding nembranes, the presence of sub-basilar extra.cellular corn

partrœnts can be observed. lacis cells (Le). Afferent arteriole 

(M) entering the glorœrulus (GL). Endothelium (Ed). Severa! 

granular cells (GC). No preglorœrular sphincter is visualized. 

(Fat which received a sodium deficient diet for l JOOnth); 

x 4 250. 

PlATE XIII 
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FIG. 40. Enlarged field of a granular ce Il from the lCMer region 

of fig. 39 showing granules with different densities and for.ms. 

Sorre of the granules seem to hé limited by an incomplete membrane 

and showing in the vicinity of its discontinuity, zones with mi

crospheres (.ArrcMs). MyofilaJœnts (My). Lysosorœ-like forro (Ly). 

Endothelium (Ed). x 32 500. 

FIG. 41. Enlarged area of a seriaI section of the cell at the 

lower left regian of fig. 39, showing microvesicles flattened and 

large vesicles in the Golgi apparatus (Go). Nucleus (N). A large 

granule on the upper right of the field. Mitochondria (M). 

x 50 000. 



PlATE XII 

FIG. 39. Topographie viewof the juxtaglonerular appa:mtus sho

w:i.ng the nacula densa (MD) in which the absence of basal infol

ding membranes, the presence of sub-basilar extracellular corn

pa.rtIœnts can be observed. lacis cells (LC). Affe:rent arteriole 

(M) entering the glaœrulus (GL). Endothelium (Ed). Several 

grenular cells (GC). No preglorœrular sphincter is visualized. 

(Fat which received a sodium defieient diet for 1 rronth): 

x 4- 250. 

PlATE XIII 
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FIG. 40. Enlarged field of a granular cell from the lower region 

of fig. 39 shaving granules with different densities and fonns. 

Some of the gr'anules seem to bè limited by an incomplete membrane 

and showing in the vicinity of its discontinuity, zones with mi

crospheres (Arrows). Myofilaments (My). Lysosome-like form (Ly). 

Endothelium (Ed). x 32 5 a a • 

FIG. 41. Enlarged area of a seriaI section of the cell at the 

lower left regioo of fig. 39, showing microvesicles flattened and 

large vesicles in the Golgi apparatus (Go). Nucleus (N). A large 

granule on the upper right of the field. Mitochandria (M). 

x 50 000. 
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granulated cells consists of flattened vesicles, micro-vesicles, and 

large vesicles. These three components of the Golgi zone contain dense 

material having the same electron density as the granules described 

above. (Fig. 38, 41). 

Endoplasmic reticulum. 

A moderate variation in numbers of ribosome parti cl es may be found 

in the granular cells. The reticulum generally showed dilatations and 

its cisternae contained dense material consisting of small granules or 

filaments similar to those described ab9ve within the JG granules. This 

material is more apparent in sodium-restricted rats (Fig. 38). At one 

stage of the granule formation, the plane of section passed through dis

tended endoplasmic reticulum Where it was directly continuous with the 

limiting membrane of a granule or where its contents were confluent with 

the·matrix of a granule (Fig. 36). Sometimes dense material of the same 

electron density as the granule matrix were found limited by ribosomes 

(Fig. 38). 

Other cytoplasm components. 

Microtubule-like formations were found in control and sodium

restricted rats. Bundles of rnyofilaments were often seen in control as 

weIl as in sodium-restricted rats (Fig. 36,40). Mitochondria seem to be 

more numerous in the sodium-restricted than in the control rats. 

2) Lacis cells. 

In control and sodium-restricted rats, lacis cells did not show 

any morphological differences, nor any changes in the cell size. The 

nuclei showed an ovoid, elongated or indentèd shape. Prominent nucleoli 

could be seen in some sections. Lacis cells could be found in the walls of 
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arteriole. They did not canta:in granules :resembl:ing those of granulaI' 

cells. However, sone irregulaI' dense structures :resembl:ing lysosaœ 

were occasionally fOW'ld (Fig. 35). The Golgi apparatus, When visualized, 

was well developed and consisted of flattened and small vesicles. The 

endoplasmic reticulum was less extensive than that seen in the graIUllar 

cells and the rÏbosOJIes were generally feœr, giv:ing the cytoplasm a 

less dense appearance. The cytoplasm conta:ined a few to JOOderate number 

of mitochondria. Occasionally, bmdles of fine fibrils œre found in 

the cytoplasm with areas of increased density, speci.â.lly near:' the plasma 

mambrane. The lacis cells were usually separated between them and also 

from the macula densa: and juxtaglonerular cells by an intereell1f1l.ar 

substance or rratrix rraterial With a density IjJœ that of baserrent nem

brenes (Fig. 44), giving the rrorphological aspect resembling a conjunc

tive netoork, as it was described by Oberling and Hatt (14). The cellls 

had a number of processes, both large and small. No zones of disconti

nuit y in this intercellular substance :in the contact zones with macula 

densa cells or juxtaglonerular cells were observed. Evident transitional 

forros of lacis cells to granular cells were not noted. Neither blood, 

nor lymphatic capillaries were found a.rocmg the lacis cells. 

3) Macula densa. 

The rracula densa cells showed sorne features appear:ing also with light 

microscopy. The nuclei lied- closer together than in other parts of the 

tubJ.le and fewer infolding nembranes-mitochondria complex were noted. With 

electron microscopy, further distinguishing features becorœ rrore appearent. 

J)ense bodies. 

Occasiona11y, a few dense irregular bodies resembling lysosone-forros 
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PlATE XIV 

FIG. 1+2. Higher magnificat ion of a serial cut from the lcMer 

right portion of the macula densa of fig. 35. Mitochondria (M). 

Dense bodies (Shbirt: arrow). Note the pambasal localization of the 

Golgi apparatus (Go). Nucleus (N). Microvilli (large arrow). Base

nent membrene (Small ar.row). lacis cell at the right of the small 

~. Note the presence of extracellular compa.rbœnts at the base 

of the œll and the absence of infolding nembranes. Control rat. 

x 17 500. 

FIG. 1+3. Higher nagnification from the rniddle part of the macula 

densa of fig. 39. 'furular lumen (Lu). Note the prominent and la

teral localization of the Golgi apparatus (Go). Extracellular 

compa.rt:Iœnts (ArJx)w). Rat \\hich received a low salt diet for 1 

menthe x 17 500. 

PlATE 'lN 

FIG. 1+1+. Higher nagnification of a serial section of fig. 39. 

M3.cula densa (MD). Golgi apparatus (large arrow). The nacula 

densa basenent nernbrene appears very thin in sorre places (Small 

arrow). lacis cells (Le). GranulaI' cell (GC). x 7 500. 

FIG. 1+5. High maggification of a basal part of a nacula densa 

(serial section of "fig. 39) from a rat Which received a low salt 

diet. Note the cormrunication of the extra.cellular comparrtJœnts 

with the sub-baserrent rœmlwane space (Anx>w). Nuclei (N). Mito

chondria (M). Baserrent rrembrane (l:Jn).Lacis cell (Le). x 50 000. 
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were found in the cytoplasm of both control and sodium-restricted rat 

(Fig. 42, 43). However, no gramiles similar to those found in juxta

glamerular cells were observed. 

Golgi apparatus. 

The location of the Golgi apparatus in the macula densa cells seems 

to be variable. Most often, as especially in control rats, it was located 

in the basal or parabasal region (Fig. 42). Sometimes, i t was seen in the 

latero-medial region. It cOnSisted of flattened vesicles and micro-vesicles. 

In sodium-restricted rats, the Golgi apparatus was large and prominent 

(Fig. 43). Its location was mostly lateral to the nuclei. No dense material 

was observed in any of its components. 

Endoplasmic reticulum. 

It was composed of relatively small amounts of endoplasmic reticulum, 

and a moderate number of free ribosomes. It was difficult to visualize 

any qualitative or quantitative difference between control and sodium

restricted rats. 

Mitochondria. 

The mitochondria are less numerous, shorter, thinner and irregularly 

distributed when compared to the Test of the intennediary segment. In sorne 

sections, there seems to be an increased nnmber of mitochondria in the 

macula densa cells of the sodium-restricted rats. 

Cell surface. 

Microvilli were often found on the lurninal surface. Functional 

complexes were encountered more or less regularly. 

The smooth outline of the tubule became irregular over the basal 

surface, where the processes of the Lacis cells impinged upon it. The 
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infolded nembranes at the base of the œll wete fewer and irregularly 

arranged without hav:ing a close telatiŒlship to the mitochondria as 

observed :in other parts of the distal turules. The plasma Jœmbnmes 

separa te at the base, saœt:i.mes fonning extracellular or sub-basilar 

canparbœnts. No ~Jœd differences in the cell surfaces of the cœtrol 

and sodium-testricted rats wete observed, save for note rnuœrous sul>

basilar corrq>art:nents in sodium-restricted rats (Fig5l. 43, 45). 

Basanent Jœmbnme. 

The baserœnt Jœmbnme was famd to be thinner than :in dlIher parts 

of the distal tubule. No :interruptiŒl or discont:inuities were fcund at 

any place, :in the control or the sodium-:restricted rats. In sone seotiens, 

it was difficult to dist:inguish it from the :intercellular natrix naterial. 

c) DISClJSSION. 

The electron miClX>scope studies of JG cells :in normal and sodium

restricted rats indicate formation of at least sorne of the granules :in 

the cells. The sirnilarity between the electron opacity and granularity 

of the naterial within the cistema.e of the endoplasmic :reticulum and 

that of the JG granules suggests, that the naterial (possibly Ie'l:in) 

:in the granules is synthesized within or by the elerœnts of the reti

culum. Direct transferfrom within endoplasmic reticulum to sone gra

nules appea.rs to occur :in fig. 36. In other prote:in seCNting cells 

it has been shcx.m that the endoplasmic :reticulum is the site of syn

thesis of the prote:in concemed. The diffe:rent sizes of granules and 

the appearance of dense naterial at the Golgi region also suggest that 

the storage of the synthesized ma.terial and the rraturatian of the gra

nules may also take place there. Accord:ing to p:revious :reports, a cycle 
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of synthe sis in the juxtaglanerular cells of the mt is suggested 

following the genere.l pattern observed in other secxetory cells (87-981. 

'!'hus, the sec:retory material would be synthesized on the ribosœe 

template in the endoplasmic :reticulwn and conveyed to the Golgi apparatus 

whe:re it accumulates in vesicles untU it eventually becanes separated 

am appears in the cytoplâsm as a seeretory grenule limited by a single 

unit membrane (92-97). However, the release of the secxetoI"~f.';mateI"ial 

appears to be different ~ secretmy cells. Although we have 

studied nwneœus and serial thin sections, we have not observed in any 

instance a fusion of the granule membrane with the cell membrane sugges

ting an extrusion of secretory material. As far as we knCM, no such f:in

ding has been :reported :in the literatu:re conceming the gI'anUle secre

tion of the JG cells. U!e et al (68) have :reported in experiments.invol

ving hypertonic pe!'itoneal cij!alysis and sùbcutaneous administretion ·of 

cobaltous nitrate injections :inothers, a degrenulation follCMed by a 

regranulation process. During the degranulation state (rooBtly in cobalt 

treated rats), they observed occasionally in the intercellular spaces an 

electIa'l dense material resernbllng the granule content. PRA was not mea

sured. ·On the other band, one should not forget the cytotoxic effects of 

the cobalt salts described by Van Campenhout (101), and Hennebert (100), 

at even IlUch lower doses than that employed by Lee et al. F'urtheI1IlC)M, 

no significant changes in the JGI of rat kidneys were noted after peri

toneal d~ysis (199). 

We do not know how the secretion of the granules occurs, but it appears 

to he different from other secretory cells. Our deJIalstration of a layer 

of myofiJ.aJœnts at the peci.phery of the JG cells suggests that the fuSieir.T 
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of the granule rrernbrane with the œll membrane wculd not OCCUI', on aocount 

of this barrier of myofil.aJœnts at the inner surface. of the œll.. A possi

bility is that the granule rrernbrane could open and release its content~ Then 

the released rraterial will go through tfle myofilarœnts to gain the cell 

membrane. The presence of granules which were not completely del:i.mited by 

rrernbranes (rrostly at the periphery of the œil ), shav:ing microspheres 

inside and outside of the granules favors such possibility (See fig. 1+0). 

These microspheres would then represent the release of the biologically 

active rrolecule, which would pass throughthe barrier or between the 110/0-

filaments (see fig. 1+0). An unlikely alternate possibility is that such 

microspheres might represent sorne precursor of the granules brought from 

arterial blood through the cell surface to serve in the synthesis of the 

def:initive biologica1ly active rrolecule through mediation of the endoplasmic 

reticulum of the JG cells. 

Hess and Fegoli (157), Chandra et al ( 62), and Dynla (252) have pro

posed that renin or its precursor, instead of be:ing forrœd within the JG 

cells, could be synthesized in the rra,cula densa and then taken up by the 

JG cells and then this sub~tance will be stored :in such cells, where the 

rraturation of the granules could take place. 

Our observation of the rracula densa cells does not support this theory. 

No dense rraterial s:i.milar to that of the JG granules, microspheres, or 

micropinocytic vesicles in the rracula densa cells were observed. Havever, 

in sodium-restricted rats, the relatively enlarged Golgi apparatus, its la

teral localization :in sorre cells, and the presence of large intercellular 

cornpartrœnts suggest that the rracula densa might œIl act in sorne reabsorp

tion p:rocess of the tubulaI'/rfluid. It is difficult to say whether or not the 
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ntirnber of mitochondria is increased in sodium-deficient rats M1en corn

pared to the nornal aninals. However, the nwnber of mitochondria encoun

te:red in nonral and sodiwn-restricted anima.ls does not correspond to the 

activity of the G6PD observed in such macula densa. Dense bodies, resem

bling those described by Ba.rejas and latta (16) in adrenalectomized rats 

were observed in both control and sodiwn-restricted rats, without quanti

tative differences. Moreover, such dense bodies were also fOlU'ld in other 

parts of the distal tutule. 

Since the lacis cells did not present transitional forma of granular 

cells, either in control or in sodium-restricted animaIs, we suggest that 

the increased granulari ty in sodium-restricted rats depends on the in

crease of the granular cell content and on the transformation or mataplasia 

of the arteriolar srrooth ruscle cells into granulaI' cells. This point of 

view will be demonstrated in the next section of this chapter. 

The increase in number of granules in sodium-restricted rats, accom

panied by relatively dilated endoplasmic reticulum and prominent Golgi appa

ratus stJx>ngly suggests that synthesis of secretory rraterial is increased. 

Chandra et al (62) reported that the pressor material (renin) corresponds 

to the fine granules contained withm the JG granules, and suggested that 

the contents of these granules are ei ther only stored in the JG cells during 

the period of sodium depletion, or the rate of discharge is less than the 

rate of synthe sis • As discussed in relation to previous experimants in 

sodium-deficient rats (Chapter III), it is suggested that the synthesis, 

the storage and the release of the renin are increased wi th the storage 

process predommating over the release process. 
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An observation that might weil implicate a functional significance 

is the absence of a sphincter-like formation at the entrance of the af

ferent glomerular arteriole in the glomerulus. Clara (599) and De Muylder 

(282) in light microscopic studies cla~ed to observe such a sphincter. 

However, fig. 39 clearly demonstrates that the smooth muscle cells are 

replaced by granular cells, which appear to have on the basis of their 

large size, a relatively smaller concentration of myofilaments. It suggests 

that the role of the granular cells is more of a secretory than a contrac

tile nature. It is difficult to explain the exper~ents of Thurau et al 

(378-381) on the basis that angiotensin formed locally in the site of the 

JG cells could constrict the afferent arteriole at this place. However, 

any decrease in number of myofilaments may be only relative since the whole 

cell is enlarged and therefore one would expect great d~inution of myo

filaments in any of one section even if the total number remained similar 

to that of the medial muscle cells. 

B) nm JUXTAGLCMERULAR CELLS OF RATS TREATED WITH MERCURY BIOILORIDE. 

TIIE DIFFERENI'IATION OF GRANULAR EPIlliELIOID CELLS FRCM ARTERIOLAR sr.1OOTIJ 

MUSCLE CELLS. LIGI-IT AND ELECffiON MICROSCOPIC snJDIES. 

a) MATERIAL AND METI-IODS. 

Thirty-eight Wistar rats of both sexes, wi th a mean initial body 

weight of 190 g. (range 170-200 g.), were subdivided into 2 groups. 

Group 1 (15 rats) were used as controls. 

Group 2 (23 rats) received a single intramuscular injection of mercury 

bichloride (HgC12) at a dose of 12 mg/kg in a 0.5 ml isotonic saline serum. 

Then 5, 3 and 15 rats were sacrificed 16, 40 and 72 hours later respect

ively. One kidney was used for light microscopy, using the fixation pro

cedures and stains already described for determination of JGI. The other 
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kidney was used for electron microscopy using the osmium tetroxide 

fixation. Thin serial sections were stained wi th Reymold' s Methode 

b) RESULTS. 

Juxtaglamerular indices of granularity. 

Table 20 illustrates the changes in the mercuric bichloride treat~ 

rats during the experimental period of 72 hours. The result of the JGI 

mercuric bichloride treated animaIs showed that, whereas it remained near

ly the same as in the control group during the first 40 hours, a signific

ant increase occured 72 hours following injection (JGI 42.4 ± 9.3) 

(P < 0.001). 

Electron microscopY. Juxtaglornerular granulated cell differentiation. 

Fig. 46 (rat killed 72 hours after HgCl2 injection) shows a longi

tudinal section through an afferent arteriole before entering the glome

rulus. This arteriole reveals the presence of various morphological types 

of cells in the media. An arbitrary classification of these cells was made 

according to their amount of myofilaments and granules. a) Smooth muscle 

cells (~~ (Fig.s 46-48) in which only myofilaments were visualized, but no 

granules. b) Transitional granulated cells (TGl _4 Fig. 46) in which a large 

amount of myofilaments and relatively few granules were observed. TGl and 

TG2 (Figs. 47-49) possibly represented early transitional granulated cells. 

c) Granular epithelioid cells (GE) (Figs. 46, 52) in which the granules were 

so munerous that they almost completely fill the cell cytoplasm with only 

sorne bundles of myofilaments at the cell periphery. The nuclei of the tran

sitional granulated cells were large, ovoid or indented in shape (TGl ,TG2,TG3). 

The cells appeared to becorne enlarged, thus adopting an epithelioid aspect. 



Number 
of 

rats 

l 

2 

3 

4 

5 

6 

7 

8 

9 

la 

il 

12 

13 

14 

15 

Mean + SD -

TABLE 20 

JG:" "ceUgranularit y in mercury bichloride 
tn!ated rats. 

Group l Group_ II (HgCle) 
(control) 

- l42a -

JGI (. 16 br) (ot 40 br) (+ 72 br) 

29 18 35 40 

26 20 26 46 

18 23 17 47 

29 22 31 

31 18 57 

17 59 

28 41 

23 50 

20 46 

24 42 

27 35 

17 26 

18 30 

24 44 

22 43 

23.5 :!:. 4.7 20.2 + 2.29 26 + 9 42.4 + 9.3* -
* "p" (vs control): < 0.001 
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PLATE XVI 

FIG. 46. Rat treated with HgC12 (+ 72 hours). Tangential section 

through the course of an afferent arteriole œfore it enters the 

glomerulus. In this section, three Jrorphologically different cell 

aspects :in the nuscularis are shCM11.. STIDOth nuscle cells (SM). 

Tre.nsitional granulated cells (TGl 2 3 4) and grenul.ar cells (GC). , , , 
Endothelium (Eùj. Arteriolar lurœn (Ill). x 4 250. 

PLATE XVII 

FIG. 47. SeriaI section of TGl showmg the enlarged nucleus (N). 

Golgi zone (Go). Lysosone-like fonns (Ly). Granule (G). Myofila

nents (My). Endothelium _ (Ed). Micropmocytic vesicles (Arrx:NJ). 

x 17 500. 

FIG. 48. Enl.arged area of a seriaI section from fig~ 46, comparing 

a srnooth llUlscle cell (at the left of the field) with a transitional 

granulated ceil (at the right). Nucleus (N). Golgi apparatus (Go). 

Myofil.anents (Hy). Dense bodies (large arrGl). Microp:inocytic vesi

cles (Srrall arTOWS). Granules (G). Nerve term:inal areas (NA). En

dothelium (Ed). x 17 500. 
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The number of free ribosOJœs seened to be increased as well as the endo-

plasrnic reticulum (Fig. 50). 

In these trensitional cells the number of granules varied from few. 

to m:xlerate. Sorre granules appear near the Golgi zone (Fig. 51). Sorne 

of them present lysosorœ-like fonna. The generel features of the granules 1 

were the sarre as described in the previous section of this chapter. The 

Golgi apparatus presents a considerable nwnber of rnicrovesicles (Figs. 4~.'J 
."./ 4 ' •• 

~ . 
51) • In sorne sections, the mi tochondria seerred to accurm.llate/-m the neigh-

/ 
bourhood of the newly~: differentiated zone and theÏ!' nwnber were rooderete~y': 

in~ased (Fig. 49 TG2). The :rtWO~ilarrents, dense bodies.~mirPm9Cyti~ 

ves1cles were numerous. Sorre ves1cles fram 600-800 AO W1th~ôense nucleo1d 
• 1 ... 

. ! 

(Fig. 49, 52) were also found. . 

The grenulated epithelioid cells presented also the pre~nce of rnicro

spheres mostly near of sorre granules as descI'Ïbed in the precedent section 

of this chapter. Sirnilar vesicles with dense nucleoid as above described 

were also found. 

Other f:indings, as seen in Figs. 51, 52, showed that the afferent arte

.riole and the granular epithelioid cells bad-: a rich nerve supply. The spe

cific details concerning the innervation of juxtaglorrerular cells will be 

described in chapter V. 

c) DISCl1SSION. 

As shown by the electron microgrephs presented , the granular cells are 

derived from smooth cells of the afferent arteriole. These findings give 

e\1idence to the suggestion of various authors Cl, 12, 56, 66) about the 

smooth ITUscle origin of the JG cells. 



PU\TE XVIII 

Fig. 49. Enlarged field of TG
2 

front fig. 46. Golgi zme (Go). 

Endoplasmic retÏCUlwn (ER). Mitochondria (M). LysoSOJœ-like 

foms (Ly). Granules (G). ~ofi1alœnts (My). Micropinocytic 

vesicles (Large a.rrow). Microvesicles with ' dense nucleoids 

(Small arTOWS). x 32 500. 

FIG. 50. Enlarged field of TG
3 

fram fig. 46. The endoplasmic 

reticulum (ER) is very weil developed, several g:renules (G) 

are present, rut stUl there are nany myofUarrents (My) with 

dense bcxlies (large arrows). Microvesicles with dense nucleoids 

are in the œnter of the field. x 17 500. 

PlATE XIX 

FIG. 51. Enlarged field of TG4 from fig;- 46. Ishowing granules 

in the neighbourhood of the Golgi apparatus (Ar'rows). Myofila

ments (My). Nucleus (N). 9n the right, a cell presenting <an -

apparent cmfluence of various granules. Nerve terminal areas 

(NA). Endothelium (Ed). x 5 400. 

- 143a-

FIG. 52., Enlarged zone from fig. 46. showing a granular cell. 

Nucleus (N). Gr'élI"lules (G). Golgi zone (Large arrow). Myofilarrent:' 

at the cell periphery. Vesicles with dense nucleoid (Snall a.rrow). 

Nerve tenn:inal areas (NA). x 5 400. 
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PlATE XVII! 
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From our findings, we suggest that the transfonnation ôf the smooth 

muscle cells of the afferent arteriole into granular epithelioid cells 

appeared to t.mdergo, at least from the morphological point of view, va

rious stages: a) The nuclei and the nucleoli of the smooth muscle cells 

become enIarged, thus adopting an epithelioid aspect (Fig. 46). These 

changes are followed by an increase in robosomes, mitochondria and Golgi 

vesticles and afterwards some granules appear near the Golgi zone (Figs.47, 

49-51). b) In the following stage, the endoplasmic reticulum becomes muCh 

more developed. The number of granules is increased showing variations in 

density, form and size, apparently the larger ones are due to the confluence 

of the smaller ones (Fig. 51). The Golgi apparatus is prominent, the 

amOlUlt of myofilaments appears to be greatly diminished. c) In the next 

sequence the cell is filled almost completely by the granules and the 

bt.mdles of myofilaments remain moslty at the periphery of the cell near 

the cell membrane. 

Recently, Lee et al (68) and Fisher et al (70) have demonstrated 

the presence of acid phosphatase in granUles of the JG-cells, suggesting 

that the JG granules could be identified as lysosomes. Fisher et al (70) 

suggested that granules of JG-cells might contain other hydrolases that 

have been found in lysosomes and possibly another enzyme, renin. However, 

we must consider de Duve's suggestion (589), that, possibly in some specia

lized tissues, one or more of the enzymes usually fot.md in lysosomes Day 

be associated partlY':1or totally with a special kind of particles t.mrelated 

to lysosomes. 

Several lines of evidence have shawn that the JG cells conta in renin 

(see p. 14), and we have demonstrated previously a correlation between the 
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JG œlls granularity and plasna nanin activity. At the present tirœ, 

i t is impossible to say whether or not, the possible hydrolases of the 

granula!' content could be in sone way related to the release of renin· 

or sone biologically active JlDlecules. Recently, the lysosones have 

been impliœted in the release of thyroid horm:mes by the dem:nstration 

that they could take up the iodlnated proteins under the influence of (590) 

'nlyroid Stwlating Horm:me and that the lysosonal cathepsin is able to 

hydrolyze thyroglotulin. Therefore, a similar possibility is suggested 

in the granules of the JG cells, that is to say, through a specifie 

stinulus the hydrolases contained in these granules, will break the gra

nule rrembrane and release its·contents. 

The increased JGI after 72 heurs of HgCl
2 

injection rnight well be 

considered as an increase in renin secretion. These findings also suggest 

that erythropoietin CEp) is not related to JG cells since Reissmann et al (172) 

deJOClllstrated in sirnilar experÏJœntal conditions that rrercuric chloride 

abolished the abili ty of the aninals to produce Ep as did bilateral ne

phrectomy. A possible physiopathologiœl role of the JG complex is suggested 

in the rat with nercury-indticed acute renal failure in the rnicropuncture 

studies of Flaningan and Oken (591), and Oken et.:al (592) Who found that 

the anuria or oliguria was associated with a greatly decreased f100 rate 

of the proxirral tubular fluide This was not due to either increased reabsorp

tion of glorrerular filtrate or obstruction of the tubules tut to an extreJœ 

reduction in glorrerular filtration. These authors attributed their findings 

as to an aberration in glorœrular afferent-efferent balance. Our observations 

strongly suggest that these findings rnight weIl be related to the renin-

angiotensin system. 

.j 
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.CHAPTER V 

nIE INNERVATION OF nIE JUXTAGL<J.œRULAR CELLS IN VARIOUS EXPERIMENTAL STATES. 

Electron microscopic studies. 

The main purpose of this study is to describe in detail the inner

vation of the granular epitheliai celis from our exper~ental material 

and discuss the possible synaptic nature and fUnction of these nerve 

tenninal areas. 

A) MATERIAL AND ME'IHODS. 

The an~als and techniques employed were the same as in the sections 

A and B of the preceding chapter. However, several seriaI sections were 

carried out in order to demonstrate close neurovascular relationship. 

B) RESm.TS. 

Our observations were made in control animaIs (Fig. 53), sodium

restricted animaIs for 30 days (Fig. 54) and Mercury bichloride-treated 

animaIs (Figs. 56-62). AlI nerve fibers observed in this study were non

myelinated. 

"Axons" : number. 

The Ioose adventitial connective tissue contains various bundles of 

axons, accompanied by Sch,.,rann celis which usually coyer the outer aspect 

of the axons and somet~es aiso lie in between them (Figs. 53, 54). The 

mmtber of bundies aroWld an arteriole is qui te variable, and depends 

on the number of seriaI sections. However, in Mercury bichioride-treated 

rats, the number of bundies running on the surface of the vessels are 



- 146a -

PlATE xx 

FIG. 53. Kidney fran a nonnal rat. Light vesiculated nelVe p~ss 

--(VP), associated with 'a gnmular cell process of an afferent arte

riole. The vesiculated nelVe process has no Schwann cell (Sc) co

ver:ing ever part of its surface giving directly towanis the gnmu

J.ar cell but the upper portion of the micrograph is seen to be 

nr:>œ d~eply :incorporated in the Schwann-axon b.mdle. The axoplasm 

contains severa! mitochonc:lt!ia. ~ll (see text) and large vesicles 

with dark granules 01t;N~). Juxtagl6Jœrular cell grenules (G). 

Note also a small vesicle (.ArroN) t between the axole1Tlm3. and the 

baserœnt mambrene of the arteriole. x. 17 500. 

FIG. 54. Kidney of a rat receiv:ing a 100 salt diet for l J1X)Jlth. 

Light vesiculated p:rocesses (VP) at the left associated with a JG 

cell process, and at the right with a grenular cell. Schwann cell 

(Sc). x 17 500. 

PLATE XXI 

FIG. 55. Higher magnificat ion of fig. 54, showing large vesicles 

(VI) and small (V2). Mitochondria. (M). The large arrcM po:ints to 

a possible communication between a small vesicle and the axolernma. 

Note a small vesicle in the interstitial space (Small arrow). 

x 50 000. 

FIG. 56. Kidney of a rat treated with HgC1
2

• Various vesiculated 

processes (Arrows) associated with granular cells. Endothelium (Ed). 

x 7 500. 
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fCUld to be grùter than in cœtro1 and sodium-xestricted animals. 

'l11e axons dilatef..;U they appxœch the arteriolar \t&ll and form vesi

cnJated sacs or ~sses (Fig~ 5~) CQ'lsidexed as tem:inaJ. or neëIl'-

terminal a.2'a'lS areas. 

"Axals xelat:i.alship to other a»:I'lS". 

Axons diJüàtions wexe usually incanplete1y coveIed by Schwarm 

œll ; they we:re often sepamted m:m each other by portions of Sclnenn 
-----

cells tut in many .instances a close cootact between axons wexe seen (150-

300 AO gap between midpoint of plasma. membranes). The distance between 

the dark layera of the a.xon plasma. membrane and the SchEnn œll plasma. 

membrane is :relative1y CŒlStant tut occasicma1 expansiœs axe present. 

various axalS we:re seen associated with a single Schwann œll (Fig. il). 

gol1agen fibres we:re often canspicuals in the ~ adjacent to the axon-

Schwann cell complexe 

"Axcn :relaticmship te juxtaglone%Ul.ar œlls". 

The axcn-Schwann œll cxmplex, in which a Schwann œll :i.a associated 

with numeroos axons was fa.md adjacent to the juxtaglomerular granulated 

cells or to arteriolar SIŒXrth msele cells (Fig$. 56-62). 

Axons. dilatations ~ 1000 - ~.OOO AO from the outer layer of juxta

glanexular granulated cells, tut sone examples of closer contact were seen, 

with gaps of ooly about 700 AO
• This degree of CŒltact could be seen to 

be maintained over distanœs of 3 Il or ume in sorne cases (Fig. 59). No 

examples of contact closer than 700 AO we:re observed. The spice between the 

axon and the granular epithelioid cells or the SJOOOth msele cells in such 

places was filled with a basement nembrane-lÏJœ material. 'l11e axcn was 

never seen penetmting the cytoplasm of a SJOOOth macle cel1. HCMever, 
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PIATE XXII 

FIG, 57, Higher magnificat ion from fig, 56, Vesicular processes . 

(VP) show:ing srrall and large vesicles. Note corrmmication or dis

rupted zones between srrall vesicles and the axolenuna (Arrows). 

Note also a rnicropinocytic vesicle in the granulaI' œlls in front 

of the disrupted axolemrral" zones. Mitochondria (M). JG œIl gra

nules (G), x 32 500. 

FIG. 58. Higher rragnification of the right side of fig. 56. Various 

vesicular nerve processes (VP), Note in the inten:ellular space of 

'tW:) granular cells a vesicular nerve process, shooing snall and 

large granular vesicles (Arrow). JG œIl granules (G). x 32 500. 

PlATE XXIII 

FIG 59. Kidney of a rat treated with HgC12' Light (VP) and dark 

(DVP) nerve processes associated with JG œils of an afferent aI'-

teriole. Oollagen fibers'(Cf). x 7 500. 

FIG. 60. Higher regnification of a seriaI section from the right 

side of fig. 59. Light vesiculated processes, showing large and 

srrall vesicles (See text). Mitochondria (M). Schwann œll (Sc). 

Granular œil wi th evident granule confluence (Arrow), x 32 5 00. 
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PlATE XXII 
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angular projectiœs :in between two juxtaglomeIUlar granuU.ted ce11s 

could be observed ~Fig. ~8). Fxan fi~s 16 and 59 it appears tl1at 

individual axalS may have vesicul.ated prooesses or possible nerve ter

minal aNaS :in Nlaticn to JOOre than a granular 0811 or SJŒ)Oth JJUscle 

cells, and it is alse apparent that individual granular cells lEy be 

close1y Nlated to the tenninal. aJ:eaS of JIDn! than ale axa'l. 

"Axal contents". 

'!he axons ccntained mitochalClria, neurofil.aments and a variety of 

vesicles and granules. 

'!he mitochaldria are small and often elcmgated. 'lhey are mst comncn 

on the pal"t of the axons \IÏlere gœnula.ted vesicles were present. 

'!he neurofilanents appeëlX' :in saIe secticns to be packed at the 

entraDa of the vesiculated sac (Fig. 61). In sone axan sections, neuro

filanents and vesic1es appear to be part1y segregated, the vesic1es 1ying 

:in the inner half of the axan nearest the vesse1s, and the neurofil.a1œnts 

1ying :in the outer half of the axcn (Fig. 61, 62). 

The vesic1es found in the dilated axons (or sacs or vesiculated pro

cesses) are of various types. a) ,large vesicles, up 800 AO in dialœter 

(TypeV1I) conta:ining, in many cases, a m:x1erate1y opaque nateria1 and 

usually also a smal1 granule of vary:ing densi ty and of frequent1y in'egular 

shape (Fig. 53). b)Sna1ler vesicles 500-600 AO in diameter contain:ing a 

IIDderate1y dense naterial (TypeV/2) (Fig. 53), and c) other vesicles of 

similar size (600-600 AO) and density but containing a tiny granule or CDON 

(Type V /3). The type of vesic1es mst frequent1y encountered in our experi

mental materia1 were the type V2. The least frequent1y seen were those of 

Type V3. 
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In the JœI'CUI'Y bichloride-trea.ted animals, sorne vesiculated processes 

\'(aI"j gœat1S' :in electron density. Most of them appeéll' l'elative1y light, 

(Figs. 60 and 61), wt few of them were xelative1y dark (Fig. 62). This 

differenœ in eleetron density seems to be xelated not ally to aggœater 

cxnœntmtial of organelles (mst1y vesic1es of type 1l2) hlt also to a dar

Jœl' cytoplasm between them. The 1ight processes contain s:imilar elerœnts 

separated by a light cytoplasm. They appear to cantain xelative1y JJm'e 

vesic1es of type VI. l)aij(: and 1ight vesiculated pn:>Cesses may be seen as 

part of the same amn-Schwann œll complexe In no:rnal. and sodium-xestricted 

rats, no dark pnx:esses wexe famel. 

The total nwnber of microvesic1es when compaI':ing one experimenta1 

an:i.nal to another is difficu1t to eva1uate, sinœ there are wicle varia

tiœs not anly fran one an:i.nal to another ]:ut also betWeen canpara.ble 

a)(Ol'lS wi thin the saIœ an:i.nal. 

The microvesicles in saccular processes or terminal axons seems to be 

S)re nwœroos :in the zœes being :in contact or direct ~tioo with 

the plasna nembrane an the uncovexed aspect, facing tCMaItls the gnmular 

cells, than al the aspect which has a Schwann cell cover:ing. A "ëtxeam:ing" 

or cn:JWd:ing;; of microvesicles tCMaMS the uncovered surface is often seen 

as a possible· charactecistic feature of terminal a)(Ol'ls. MembIane coJJllUl'li

catials (Figs. 57 and 58) between axolenma and smal1 vesic1es were quite 

often foùnd :in animals txeated wi th rnercury bich10ride. No evidenoe of such 

rœmb:rane conmmicatials were observed :in control or sodium-restricted animals. 

HCMever, :in the latter, the basenent Jœmbrane may be occasional1y attenu

ated, thus giviIig the :impression of possible coJJllUl'licatioos (Fig. 55). 

• 
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PIATE XXIV 

FIG. 61. High rnagnification from fig. 59. Light vesiculated 

nerve processes (VP). Neurafi1aments (Large arrow). Schwann 

œil (Sc). Dark vesiculated process (Small arrow). x 32 500. 

FIg. 62. H~ rnagnification fram fig. 59. Dark vesiculated pro

œss (DVP). Note that both this Clark vesiculated process and 

the light of fig. 6l.form part of the sarre axon-Schwann COmplexe 

Schwann cell (Sc). Mi tochondria (M). Juxtag:)nrœrular œil gra

nules (G). Collagen fibers (Cf). x 32 500. 
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It is difficult to be Da:e pœcise, sinee they weN often obseI'ved 

:in elecmmnmicfographs, within a.IeaS of :incIu.sed oSJOOphilic extencling 

acl'OSS the axol.eJJlna.. ~ly, a sinïJ.e vesicle of the same chamcteristics 

as the type 1l! was observed :in the spaœ interval between the axol.emma 

and the JG œU meJDbrene (Fig. 53). 

c) DlsaJSSIŒ. 

Directatividenœ sharlng the fine neuro-gt\mUl.ar epithelioid Nlation

ship :in the juxtagl.aœn1l.ar appamtus of the N.t bas been lacking fmn the 

few electron microscopie studies al.n!ady plblished by other a.u1:llo%'S (364, 

365). 

In the mcnlœy, Barajas (364) bas sha4n light and darlc veliicl11ar ~sses 

separated f:rom ~~rgranular cells by an interval which varied :in width fran 

1000 to 2000 AO. However, this author did not show :in the N.t vesicul.ated 

&XalS :in contact with the gnmul.ar epithelioid oells, and his electIal 

micrographs shot..led only a light vesicul.ated nerve process near a smooth 

mscle oell, ccncluding that few nerve sacs associated with the juxtaglo

nerular appara.tus are present in the N.t. 

Our findings in rats have shawn a relatively rich nerve supply of 

the juxtaglonerular granulated oells. 'Ibis nerve supply was Jrore marked 

in a1ÜJ9als treated with neroury bichl.ori.de, :in which clark vesiculated 

processes similar to those described by Barajas (364) in the nœlœy were 

observed. However, their possible relationship with kidney nerve fibres 

exhibit:ing different affinities for silver stains as described in light 

microscopic~c,studies (282, 288, 360) rena:ins speculative. 
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1) POssible aynaptic natun! of the vesicular nerve œçcesses 

in the arteriolar wall. 

Electron JDi.cnlscopic studies of synapses in the centml ne%'VeS 

system have :revealed a numbel' of chal'actecistics. Presynaptic axonal 

dilataticns are seen with mitocha1c1l'ia and large numbel' of synpatic 

vesicles (523. 524. 525. 526). Similar vesicles are desccibec1 :in the 

reœptor ~s of the :retina (527). A pœsynaptic thialœning of 

the axoplasmic JDeJJlb:r:Iane is separated from the postsynaptic memb:œne by 

an interval synaptic cleft JœaSUI'ing appxoximately 200 AO
• GIlly (523) 

found neurot:ul:ul.es in certain axanal terminals of the visual an!a of 

the cortex. Robertsal et al (528) also found neurotul:W.es in the pre

synaptic axoplasm of the club endmg of M&utlmer cells of the goldfish. 

In pel'iphe:re.l sympathetic ganglia (529, 530, 531, 532, 533, 534, 535) 

a simil.ar presynaptic cülatatian of the axoplasm cantaining clusters 

of synaptic vesicles bas been noted. They also ccmtain JDi.tochondria, 

large vesicléa with a large sphetoidal. droplet of finely granular tex

ture and variable clensity (533. 53~), and small vesicles contain:ing ir.re

gular dense granule or co:re (533). 

In the· sympathetic ganglia of the bulIftog, the plasma nembrane 

in the presynaptic axoplasm presents zones of thicJœning in saœ aMaS 

of nembnme and membrane contact (53~), in the p,)stsynaptic axoplasm 

adjacent to this ~ of thicJ<éning, Taxi (53~) bas found a sub-synaptic 

plate neasu:ring 0.5 Jl in length and 500 AO in thickness. In the sympa

tbetic ganglial of the cat, Efl~in (531, 532) :reported dense oSJOOphil.ic 

naterial of varying thickness associated with cytoplasmic su:rface of the 

postJyna.ptic nernbrene. 
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Based on a single observation Thaemert (536, 537) stated that 

the :int:imate neuI'OVascular :relationships al the vascular walls "seem 

to be rare", suggesting that net11lmme-tfJ!!llJŒ!Jllbra intervals wider 

than 770 AO are not functional neuronuscular junctials. However, 

it should àlso be :recalled that ne\1XQIUscul.ar junctials of the stri

ated s1œletal nuacle are not a membrane-te-membrane contact. The:re 

is a primary and secondary synaptic cleft :interposed between the 

plasma. net11lmme of the nerve ending and that of the JIlj.se1e celle The 

elèft is occupied by a basenent-1ilœ material, :refern.!d to as an 

"a.JOOrphous surface material" by Zachs and Bl\.Ullberg (538). 

Fawcett and Selby (541) have shown micrographs of the turtle atriwn 

depicting intervals of about 1500 AO between pœ and postsynaptie compo

nents at p:reswnptive nerve tenninals : they do not speeify whether the 

tenninals are adrenergie or cholinergie in nature. Richanison (539) and 

Jabone:ro (540) have suggested that axons passing elose to nusc1e fibers 

may not possess definite endings rut release ttansmitter substances at 

:intervals along their 1ength. 

The innervation of the arterioles in general, as denalstrated by 

e1ectIal mieroscopy, has received the attentioo of a number of authors. 

Sare studies of the inneI"latial of the vascu1ar sroooth nuscle in rœuimaJ.s 

have been reported by Ca.esar et al (542) and by Rhod:in (5'3) and Zel.al1der 

(544). HCMever, the firet acccunt of an e1ectron microscopie study of 

presumptive vaSOJIDtor neI"les was reported in 1961 by Lever "and Estertruizen 

(545). Working on pancreatic arterioles, they described vesiculated axons 

l.ying in the adventitial coat which in places are not covered by Schwann 

ce1l processes and are separated from SImOth nuscle on1y by basement mem-
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brane at :intervals whieb varied :in width from 1. 000 to 4. 000 AO
• Later, 

Lever et al (546) reportèd in pancreat:i,c arterioles a closer neunwas

culal' interval fran 830 to 4 000 AO
• Similar findings have been reported 

:in heart arterioles (547), and :in kidneys arterioles (364). Appenzeller 

(549) has described the nearest point of nerve processes to nuscle al 

arteriolar walls of rats as 600 AO
• In the present :investigtion :inter

vals of 700 to 2 000 AO have been found. 

In spite of the divergences which might be accounted far by diffe

rences in embedding procedures and optical variatiœ in electron ~scopes 

between ale laboratory and another, strong evidence bas been adduced from 

various and :independent soorces pointmg to the fact that the shorter 

distance of nerve to Jll1scle an arteriolar walls in manmals is about three 

tiJœs wider than the typical intrasynaptic space foond at myœeuml junctions 

:in slœletal nusële (550) and at other chol:inergic nerve endings. However, 

Hartroft et al (366) claimed to observe :in the frog, Jœmbrane-to-membrane 

contact of a nerve vesiculated process with projections of juxtaglaœru,lâr 

cells. 

No zones of thicJœning of the axoplasma Jœmbrane in the Caltact region , 

with SJOOOth JIUscle cells have been found in this study or in others. 

We have observed, in two instances, however, vesicular processes in

between two granular cells of the afferent glomerular artèriole (Fig. 58), 

:indicat:ing that, at least :in a few cases, the ultimate neurovascular rela

tianship might occur in the :interoellular space limit:ing the m:x:1ified SJOOOth 

JIUscle cells. Similar observatioos have been described by 'Thaemert (551) 

:in the extemal muscularis of the :intestinal wall of frogs and :in the renal 

arleries of sheep (548). However, the JOOst frequent finding :in this study, 
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which agrees with ather investigators, is that the ultimate neurovascular 

:relationShip occrurs across the adventitia. 

Appa:rently, "flle synaptic ~iallt between macle and nerve in the 

vascul.aJ:t walls of maJIIJBl.s seems different ftœ1 that .in the œntml. ne%\

voos system and pecipheml. ganglia. 

The question of membnme cant:inuity between micxovesicles and uclemna 

has not been canpletely setta.ed~!by the present study. This, ~i1e in many 

instanoes this cont:i.nuity caüd not be denr:mstmted, in others, it was at 

least stIalgly suggested (Fig. 57). A s:iJnil.ar observatial was also mai!le by 

Lever et al (546) in the vesicul.ated a.xcns in :relation to arteriolar SIIKXrth 

JJIlscle :in the pancreas, suggesting the probability of huJooral release into 

the neurovascular interval. 

Anather :interesting finding of this investigatial is the fact that 

individual arteriolar nerves have an intimate and significant :relatiœship 

to gMIlular epithelioid cells over relatively extensive tenninal areas. At 

these a.:reas, axons are denuded of Schwarm covering and sepamted from nuacle 

by baseIœ1!t nembraœ within an interval varying ftan 700 to 2.000 AO• It 

seems that(Fig. 59) DOre than ale granulated cell may be served by a single 

axan and severa! axoos may serve varioos individual nuacle cells (Fig.56 ). 

Similar results have also been repoI'tad by RichaIùsal (552) in the vas defe:rene 

and by Lever et al (546) in arte:cioles of the pancreas. Accoroing to lever 

(546) it is inappropriate to refer to nerve endings on arteriolar walls. 

Instead thos.e parts of axons bearing the intimate relatialship with SJIOOth 

IInlscles described in this study should be refe~d to as""nerve terminal areas". 

The issue of whether these nerve terminal areas are synaptic in nature 
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could not be definitely proven by bhis investigatial.Nevertheless, the 

abmdant :i.nc~enœ of microvesicles at the ~xjmity of the Sul'face con

tact or the appeaNnCe of zaleS of .cliscantinuity in the axoleJIma, woul.cl 

lend. support to the cœtentioo that these vesjcülar pnJœsses might be 

synaptic in na:tûre. 

Definite proff about the identity of the nerves described bas not been 

provided in this investiption and it wa1ld therefOIe beünwise to do DKm! 

than speculate upan the nature of the material conta:ined within the micro-

vesicles at their ~s. Nerve processes of the autcnomic nervous ~stem· 

may cantain "synaptic" vesicles :œnging in number from a few to many. Sa.ah 

vesicles, :œngmg in size f:rom 300 to 1 000 AO :in diaJœter, ~ described 

as agranular or . gramllar, depending on the presence or absence of electron

opaque-oo:res. These cores nay vary in diaJœter fram 200 to 800 AO• 

Granular vesicles are prevalent in a) the nerve processes within the 

SlŒ)Oth nuscle tissue of the vas defe:nms (552, 553, 554), b) arterioles (545-

547), c) dilator DUscle of the iris (555) within the a.cinmal medulla (556), 

d) pineal gland (557), and e) can:1iac mscle (558, 559, 560). 

Nerve processes in which agranular vesicles ~ prevalent bave been 

observed in a) sm:>oth DUSCle tissue of the gastrointestinal tract (533, 531, 

535, 554, 561) and b) sphincter IUPillae (562, 663). Only agranular vesicles 

bave been reported to be present in the nerve processes of the SJOOOth mscle 

tissue of the urinary bladder (537), and ciliary muscle (554, 564). 

It bas been found with the use of fluorescence nethods (565, 566, 567, 

568, 569) for the histochemical derIalstIation of catecholamines, that nervous 

and nerve processes mich contain catecholamines are present .ln various vis

ceral organs. These nethods bave shown that the nv:>re intense the fluorescence, 
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the g:naater the anamt of catecholamines. ElectIal microscopie studies, 

have revealed that those organs whose nerve processes exhibit intense 

fluoresœnce aIe pNdominantlyendaed with gNl'lUl.ar vesieles. 

Nerve pI'OCesses containing granular vesieles are infrequently seen 

in the nuscularis exte:mae of the gastJ:!ointestmaJ. tmct. This finding 

eorrelates well with the nuoreScence study of NOl'berg (568) toi1o showed 

that fluorescent fibIiIiIYs were sca:n:e in the IlUSCle layera of the intestine. 

However, he did dëtect intense fluorescence :in the mesenteric plexus :in 

which nerve prooesses with granular vesieles are ume frequently found. 

Nilssen (363) using a sim:i.lar nethod, described nezve terminals in the 

small a.rteries of the kidney including the affe:rent arteriole, aIid ean

sidered them as adrenergie. These observations fit well with the elechon 

microscopie studies of Barejas (36ij), Hartroft (365) and ours. 

Cholinergie fibera have been Ïdentified using the tMochGl:ine nethod 

and they have been detected :in the anterior segments of the :r:a.bbit eye (567). 

Heavy staming for nerve tenninals (or pzooesses) canta:ining acethylchol:in ... 

este:r:a.se was seen in the sphincter p.1pŒ.llae and ciliary IlUSCle. AccoI'd:ing to 

electtal rn:i.croscopie studies, these structures contain nezve processes 

which are predom:inantly endowed with agranular vesicles (551J, 562, 563, 56ij). 

Ven Euler and Hillarp (570) and von Euler and Hèller (511) liave shown 

that noradrenaline is in a granule-bourMI form :in horoogenates of adrenergie 

(sp1enic) nerves. They further suggested that each of these granules is 

covered by a membrane, s:ince :re.pid release of nora.drenaline :into free solution 

occurs when granule suspension were treated with detergents. Following :in

jections of norepinephrine :into :r:a.ts, Potter and Axelrod (602) found that 
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the endogenous and tritiated norep:inephidne in honogenates' ôf heal't. 

vas deferens, sul:fIaxillary and pineal gland were prirnarily localized 

in particles associated with the microsomal fractiœ. In an electran 

microscopie study of ret hearts, Michaelsœ et al (572) observed thàt 

vesieles with d:ia.rœter of 500 AO were ~sent within the microsanal 

fractiœ. A few of the vesicles cantained electron-opaque cores. This 

evidence seems to :implicate vesicles in the storage of catecholamines 

within the tissues of the heart. Wolfe et al (573, 574), with the use 

of autoradiography and electron microscopy have shawn that, after the 

injection of trit:iated norepinephrine :into rats, sections of their 

p:ineal glands revealed that only nerve processes cmta:in:ing gnmular 

vesieles aOCUJIUlated the injected norep:inephrine. This observation promp

ted these investigators to conclude that norepinephrine resides in the 

electral-opaque core of the gnmul.ar vesieles and that the presence of 

the latter can be used as . a. criterlDn fOI" the identification of adnmer

gic sympathetic axons :in elecm:m micrographs. 

It appears from the forego:ing discussion that i t may be possible 

to dist:inguish be~en sympathetic and parasympathetic nerve processes 

on the basis of their vesicular content. The present :investigation of the 

granular epithelioid cells shows clearly the presence of grenular vesicles 

of various sizes within the tenn:inal axons. 

A significant accurrulation of rnicrovesicles upon the free surface of 

these axons nearest to granular epithelioid cells does OCCUI'. It seems 

possible, therefore. that the juxtaglonerular granulated cells are supplied 

by an adrenergic :innervation. 

2) Possible role of the nervous system :in the juxtaglOJœrular cells. 

Severe! lines of :investigation strongly suggest that the nerves asse-
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eiated with the afferent artecioles may have a significant influence 

œ the regulatial of the seeretory activity of the juxtaglomerular cells 

and possibly œ the regulation of glanerul.a:r:' circulatiœ and systemie bloocl 

pœssure. Elaut :œported in 1934 (491) that hypertensiœ proc1uœd in dogs 

by section of the carotid sinus is aecanpanied by hyperplasia of the 

epithelioid cells of the afferent arterioles, O1emigcuskii (575) fcund 

an incœase of renal ren:in content within ale and ale half JIDlth after 

sectiœ of carotid sinus nezves, and disappearance within three weeks 

after kidney denervatiœ. Ratner and Eisengarot (576) studied the effect 

of renal denervatiœ an renal b100d flow, glome:rular filtration œte and 

renal :œn:in content of nonIDtensive :ra.bbits and in rabbits with section 

of carotid s:i.rrus nerve. In the secœd and thinl week the:œ~were no.ssigni

fiœnt changes in renal blDod flow and glomerular filtœtion œta. The 

nmal denervaticm produced a decrease:in :œnal:œnin :in bath nonootensive 

and hypertensive animals. However, the drop of the :œn:in c:xJl'1tent was more 

pronamced in the hypertensive animals because of their :increased initiil 

1eve1. Introzzi et al (578) have claimed that nmal denervatian causes 

depletion of :œn:ÏJl-like activity. Tobian (492) ha&- foond in rats fol.lGlwing 

a ,-:unilatenù :œnal denezvation a decrease of the JGI of gnmularity and 

of :œnal :œn:in cœtent. Taquini et al (202) described a decrease in renin 

:œ1ease in dogs after rena1 denervatiŒl. Vander (496) deJIa1.Strated that di

rect elëàtrical st:i.m..ü.atiœ of the ~ neI'V'es :inc:œased renin re1ease. 

Bunag, McCubbin and Page (579) and Hodge, 1l:Me and Vane (497) deJIalst:r:a.ted 

:increased renin :œlease and plasua angiotensin-1ike materia1 respective1y 

:in dogs during "nœ hypotensive" heJlDrrl1age and found that this re1ease 
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coulcl be prevented by gangl.ialic blockade or l.mœl anestheaia of the 

nmal nerves. Vander and luciano (580) have reportecl that nmaJ. nerves 

axe of :importance in the ren:in reSpcllse to acute salt depleticn produœd 

by chl.oromerodrin. rnte innervated lddney secreted large quantities of 

xenin :in ccntrast to that libemted by denervatecl kidneys. ~, 

wathen et al (1+91+) and &mag, Page and Mc Cubb:in (581) have famd 't:haj 

acute Ïllfusials of œtecholaidnes in dogs ptœuce an increased ren:in 1'8-

lease. Acute degmnulAtial of JG cells has been dena1stmtecl 1inder s:iJni

Jar calditians of catecholamine :infusicn :in cats (582) and :in :rats (1+95). 

Augmentation of the gnmular œU index œn the :rat by either short: 

or prolonged die1:aIy salt restrictial bas been prevented by reserp:ine 

or by norep:inephcine :injections (1+98). 

It appears from the foregoing discussiœ that the sympathetic net'

vous system bas an jmportant relationship to the juxtaglOJœI"Ul.ar cells 

and the secretion of :renin. 
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ŒlAPl'ER VI 

A) THE JUXI'AGLOMERUIAR COMPlEX IN "ENDOCRINE 1<IDNEY" OF RATS WITH OR 

wrmOt1I' HY'PERl'ENSION. LIGHl' MICROSCOPIC STUDIES. 

'l'here still :renains considerable doubt as to the nature of the 

stimulus which causes the JJX)rphological changes :in the juxtaglaœ:rular 

cells (stretch reœptor theory t or tub.ù.ar osroolarity theory through 

the macula densa). One way :in which additional :informaticn might be 

provided, would be the use of an experinental lOOdel in which no fil

trate l'eaches the meula densa : the "endocrine kidney". 

a) MA'TI:RIAL AND MEl'HODS. 

The experiment was perfonœd :in Sprague-Dawley rats of both sexes 

and c;livided into 2 groups. Each rat was kept :in an individual metatolic 

cage, on stanclaro laboratory purina, and tap water "ad libitum". 

Group I. ''Endocr:ine kidney" (EK) : 30 rats with satisfactor,;i:ly produced 

"endocrine kidneys" canprise this group. In 12 rats weighing 140-150 g., 

the "endocr:ine kidneys" were obta:med using the technique of Selye and 

Stone (505) by a partial constriction of the aorta between the origins 

of the two renal arteries, accornplished by placing the style of a No 22 

subcutaneous injection needle alongside the aorta and ty:ing a silk thread 

tightly around style and vessel. Following subsequent reIllO\1al of the style, 

the lumen of the aorta was :œduced approximately to the thickness of the 

wi:œ. The ureter of the "ischaemic kidney" is ligated and sectioned. In 

18 rats weighing 260-280 g., the "endocrine kidney" was obtained by the 

complete ligature of the aorta between the two renal arteries, accompanied 
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by the ligature and section of the ureter of the "ischaemic Jddney". 

Sinœ the b100d pressure changes and the JOOrphological appeanmœ 

of the "endocrine 1d.dney" were s:imilar, with either teclmique, rats 

of both groups âre included in table 21. In order to stOOy the chro

no1ogioal changes, the rats were divided mto three subgroups : 

a) SubgrQ.lp Ia 1 .. rats, sacrificed at the eruk:of the firet week. 

b) Subgroup lb 7 rets, sacrificed at the end of the second week. 

c) Subgroup Ic 9 rets, kil1ed at the end of the thinI week. 

Group II. Aorta ligature (Ao-lig) : 13 rets of larger size and weighing 

3"0-360 g. with §atŒsfaatOrily produœddsmall kidney were studied. The 

aorta was 1igated between the :renal arteries and the rets were killed 

at the end of the second week. The ureter was nat touched. 

'lbe criteria of satisfactorily produced small kidneys or for endo

crine kidneys were SUIVival of the :renal tissue without macroscopic 

infarcted -zones or hydronephrosis. 

In addition, 10 rats weighing from 200-350 g. were used as contro1s. 

AlI animals were living at the end of the experinent. 

At the end of the firet, second and third week, b100d pressure was 

neasured direct1y :fu:>m the carotid artery and recorded on a po1ygraph 

(~ss Mode1 SD). 

After macroscopical eValuation, "'che,'kidneys'were reJIDved and eut 

:in two halves ; one half was fixed in Zenker-fonro1 10% and stained for 

juxtaglomerular granules ; the other half seI"led for histochemical stu

dies (Glucose-6-phosphate dehydrogenase (G6PD), 6-phosphog1uconic dehy

drogenase ~6PGD), an:i 4g1ycerophosphate dehydrogenase (GPD». 
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In sorne animals, plasma :renin activity (PRA) was determined by 

the mic:romethod of Boucher et al (50~). 

b) RESULTS. (Tables' 21, 22). 

1) Blood pressure. 

The blood pressure of the control animals varied from 90 to 135 mn Hg 

with a Jœarl value of 115 + 16. We therefo:re, eonside:red as hypertensive 

aninals those with blood pressure readings above 1~0 mn Hg .. 

Group 1. EK. (Table 21). 

In subgroup la, (1 week) 5~ % animals becarre hypertensive. In sul>

group Th (2 weeks) 33% and in the subgroup le (3 weeks) 78% we:re hyper

tensive. 

GrouP II. Ao-lig. (Table:.22 ). 

The percentage of hypertensive animals rose at the end of the second 

~ek to 85%. 

2) Histologieal findings. 

Juxtaglonerular granulation index (JGI) 

Group 1. EK. In subgroup la, a significant inerease (P< 0.01) m granu

larity was found when eornpared to the control group. This inerease is 

in parallel to the period of iSchaemia. At the end of the thin:1 week, 

the JGI was of 68 + 34. 

In contrast to the endocrine kidney, the contralateral kidney showed 

a significant hypogranularity at the end of the first week (subgroup la) 

JGI = 10 1:. 7 CP < 0.001). As the period of ischaemia becones more prolonged 

(end of thiro week) the granularity of the juxtaglorœrular cells al.Jrost 

totally disappeared C see table 21 ) in the contralateral kidney. 
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B100d pressure (BP), juxtQglomerular granulatioo (JGI1 and glucose-
6-phosphate dehydrogena.se activity in the macula densa (MDI) :in endocr:ine 

(L) and cootralatera1 kidney (R). 

Sub- IXtra- No of BP/rnm Hg JGI G6PD MOI 
tioo rats L R L R 

ra 1 1 200 40 6 82 46 
~ek 2 120 23 2: 36 43 

3 120 15 7 38 43 
4 130 50 11+ 45 56 
5 90 .29 11 95 70 
6 180 53 6 86 50 
7 120::;· 41 9 45 61 
8 160:::;, 40 6 101 62 
9 --- 78 1 -- --10 190 30 7 65 62 
11 180 40 24 60 65 
12 190 37 22 75 ~B 
13 165 36 20 - -14 75 15 12 - --

1- - - • - - - - - -. - - - - - - -- - ------ .......... ~ .. .. - .. .. 
M3an + sn 148 "" 41 38 + 16* 10 + 7* 66 ~ 23*~ 58 + 11*21 - - - 100--=--1- - - • ------11----- .. --.... ------ .. .... - .. 

Th 2 1 --- 60 2 - -
~ks 2 135 66 0 106 31 

3 140 7 1 -- --4 135 50 5 38 36 
5 100 70 7 74 46 
6 85 76 2 -- 40 
7 200 77 1 118 52 -- - - ----- .. ----- 1----- - - - - - - .......... 100 - - - -~-

Maan - sn 132 + 39 58 + 24* 3 + 3* 84 + 6*t 41 ... 8* - - - . - - - .. .. .. ~ .. .. .. .. 
1- - - - - ------ ........ - 1- - - - - -

lc 3 1 140 55 0 -- --
~eks 2 150 44 0 -- --

3 230 45 1 68 54 
4 180' 44 0 75 56 
5 85 110 2 96 65 
6 90 63 0 110 45 
7 150 70 1 125 68 
8 155 46 0 -- --
9 155 140 0 73 44 

1- - - • - - - .. .. .. ~ .. .. .. .. ~ ...... ------- .. ...... - 1- - - - - -
Maan + sn 148 + 44 68 + 34* 0.4 ~ 0.7j 92 t 23*t 55 + 10** 

* "p" significant « O. 05) vs cootrol group. 
** "p" no significant ~ 0.05) vs control group • 

... "p" significant «0.05) vs contralateral kidney. 
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TABLE 22 

GROOP II 

B100d presSure (BP), juxtag10nerular granulaticn (JGI) , 
and glucose-6-phosphate dehydrogenase activity m the 
macula densa (MDI) :in ischaemic (L) and contralateml 
kidney (R) 1~ days after <Xm\plete aorta ligature. 

GSPD 
BP/nm Hg JGI MDI 

L R L R 

200 80 1 67 60 

180 42 0 84 " 35 

160 69 1 123 42 

210 82 0 79 46 

90 100 1 70 45 

145 83 1 -- --
180 100 0 62 35 

170 65 1 64 57 

170 12 2 60 44 

180 86 0 83 33 

145 60 0 38 43 

150 79 0 31 63 

100 79 0 37 76 

~an + sn 160 + 35 72 + 2~* 0.5 + 0.6 66 -ot 25**1' 48 + 13** - - - - - -
JGI 1 G6PD 

Control BP/nm Hg MDI 
values (10 rats) (10 rats) 

Mean ... sn 115 + 16 1 23 + 5 57 + 9 - - -
~~ "p" significant «0 ;05) vs control group. 

** up" no significant (> 0.05) vs control group. 
1" "p" significant « 0.05) vs ccntralateral kidney. 
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GrouP II. Ao-lig. A high degree of granularity was encounteredm-itile 

ischaemic kidneyat the end of the secaldweek (JGI : 72 +- 24), and 

was signifiœntly higher than in the rats of subgroup lb. At that 

time granulari ty al.TIost totally disappea.red in the contralateral 

kidney. 

In both groups l and II, interlol:ular and interlobar arteries 

of the ischaemic kidneys showsd the presence of granular epithelioid 

cells ; these findings were often observed in the corticomedullary 

region. However, these arterial granulated cells were not included 

for the estimation of the JGI. furtherm:>re, in sorre instances, srnall 

arteries at the hilus of the kidney, presented granular epithelioid 

cells in the IlUscularis. Fig. 63 • Even the efferent glorrerular arte

riole often showed granular epithelioid cells. 

"Lacis cells". 

The lacis cells in the subgroup la of the group l were well pre

served and appeared as nurœrous as :in the control group. However, in 

the r:Jubgroup lb and Ic of the group l and in group II, their number 

was decreased. 

Macula densa cells. 

In both groups and even in kidneys with high degree of renal ischaernia 

cluster of na.cula densa cells were encountered. However, its l"lOI'phological 

pattern is distorted. In SUbgroup ra nurœrous mitotic figures were observed 

in the endocrine kidney, rnostly jn the corticomedullary region, and on a 

lesser extent in the contralaterel kidney.' 
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PLATE ";ON 

FIG. 63. Small artery at the renal hilus shCM:ing (:in the média) 

grenular cells (Arrows). I..eft "endocr:ine kidney". BcMie rrodified 

stain. x 50g. 

FIG. 64. Arteriole showing rrany granulated cells in the media 

(Arrow). TWo ' w=eks after corrplete aortic ligature (left kidney). 

Bowie nodif ied stain. x 500 • 

FIG. 65. Glucose-6-phosphate dehydrogenase of macula densa (type 

IV). ''Endocrine kiclney" after three w=eks. Nitro-ID'-Co-Ba mathod. 

x 670. 
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3) histochemical finCÜllgs. 

The MDI (G6PD) mean value in control animals was 57 !. 9. 

GIœp I. EK. ;rn SUbg:ro.lp !a, no statistically significant changes 

(P> 0.2) were foun:l :in HOI (66 :!:. 23) in the endocrine kicl1œy after 

1 week of nmal. ischaemia when compared to the control group. In 

spite of these f:il'1dings shawn in table 21, 5 aninals out of 11, pI'esented 

values above the upper limit famd in ccntrol rats. But :in subgroup lb, 

a significant :increa.se (P<.O.OOl) in the MDI (84 :!:. 36) was foond when 

compared to the control one. Similar findings (MDI = 92 ±. 23) were ob

SerYed in subgroup le. 

In the contralateml kidney, the MDI (58!. li) of subgroup la 

did not show any significant changes as canpared to the control one 

or to the ischaemic k!Ldney (P> 0.2). But after 2 weeks (subgroup Th) 

a signifiœnt decrea.se was fOl.md (MDI = 4l-! 8) as canpared to the 

control (P<O.Dl) and to the ischaemic kidney (P<0.05). In subgroup le, 

no significant changes (P> 0.6) were fo.md in the MDI (55 ... 10) as corn-
. -

pared to the control group, although a significant diffe:renœ (P <. O. 01) 

was observed when canpared to the ischaemic kidney. 

Group II. Ao-lig. No significant difference :in MDI was foond in the is

chaemic kidney of this group when compared to that of the control group. 

However, the mean MDI of the ischaemic rats was significantly different 

(P .. 0.05) when compared to that of the contralateral kidney. 

'!he 6-phosphogluconic dehydrogenase activity of the macula densa 

was roughly similar to that of the glucose-6-phosphà.te dehydrogenase 

in the ischaemic and contralateral kidneys. In sone anirnals when these 

1 ! 
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enzymatic activitiea weI'e increased in the meula densa cella. The 

afferent artei!iole also showed a high activity in these enzymes. 

In about U,.3 50% of the isehemic kidneys, the CIt-glycerolilosphate 

dehycirogena.se activity appea.red to he increased at the vascular pole 

of the glaœruli, as compared to the contIol ani.nels. However, the 

or-glyœropheaphate dehydrogenase and the pentose-phoSJilate shunt enzy

JœS studied appea.rec1 to he incn!ased in the int:iJna and Edia of the 

small arteries and arterioles of the cœtmlateral kidney. 

Geneœll.y, the capsular epithelium of the gloneruli and the cortico

medullary region of the ischaemic kidney of both groups showed a high 

activity of the GSPD and 6PGD activity. However, in the tuhllar outer 

cortex (except the meula densa) there was an almost total absence of 

enzyrnatic activity. On the other hand, proxinal and distal tuOOles of 

bath peripheral cortex and cortiCOJœd.ullary region of the contralateral 

kidney, presented high enzyrnatic activity of the pentose-phosphate shtmt 

enzymes when cornpa.n!d to the cœtrol groups. 

4) Plasna renin activity (PRA). 

Control values of plasna renin activity in control rats are 

(19 Z. 8 ng) (p. 120) • They correspond closely with those reported by 

Boucher et al (504) (17 + 9.5 ng). 

In a few rats fran both group l and II, plasm renin activity was 

marJœdly increased (400, 100, 150, 63, 40, 60 ng) :indicating that these 

"endocrine" or "snall" kidneys liherated excess of renin. 

c) DISCUSSION. 

'l11e experinents deScrihed are based on the CŒlsÏderatiœs reported 

by Selye and Stœe (505). If the hydrostatic pressure :in the glomeruli 
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is de~sed to a level ClOI"responding to the sum of the osnotic pressure 

of the blood and the hydrostatic pressure of the urine in Bowman' s cap

sule, then the filtmtion mat œase. The renal. a:rtery originates direc

tly fIaIl the aorta and splits up repidly into its snallest branbhes. Hence, 

intreglOJœrUl.ar pressure is much higher than capillary ~ssure elsewhere 

in the body. This is indispensable for the formaticn of urine 1:ut the or

dinary capillary pressure is quite sufficient for interna! secretion as 

shown by the other em.ocrine organs. This is why we fel t that, by total 

constricticn of the aorta between the two renal a:rteries, to-".the extent 

that will decrease capillary pressure in the glorœruli to approxirnately 

the satœ level as nonnally prevails in other endocrine glands, we walld 

nat interfere with the secretory activity of the juxtaglOJœrUl.ar complex 

rut would nmder filtmticn impossible. We sudœeded in derocnstrat:ing the 

validity of this assumpticn us:ing the teclmique employed by Selye and 

Stone, and the teclmique of producing "endocrine kidney" by complete 

canstriction of the aorta and ureter ligature in rats f:rom 250 to 280 g. 

as described Ùl chapter I. However, as shown in the same chapter, animals 

from 320-lf.OO g. frequently developed hydronephrosis. We also were interes

ted in comparing an:inals of group l in which urine was not formed, with 

animals of Group II in which urine is formed in a high percentage of rats. 

Our findings contradict the theory (585) acconting to which hyper- ~ . 

. tension cannot resul t from a· "clamped kidney" if the latter is non

fw1ctioning so f~ as urine excretion is concemed. In spite of the fact 

that neither non-infarcted zones nor hydronephrosis were observed in the 

kidneys studied, the. percentage of hypertensive aninals is higher in the 

Group II than in the pure "endocrine kidney", al though the an:imals in 
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Group II were older. It is possible thàtoage might well he an important 

factor to considere 

tè found in a number of animals eJ.imhlated fran these experiments, 

that their blood pressure was nonnal or s!ightly increased when they 

presented hydronephrosis. It is of interest that Selye and Stale did 

nat observe:lany excessive proliferatial in the juxtaglomerular cells of 

the "endocrine kidney" and expressed the possibility that the tuhü.ar 

cells were respalsible for the endocrine productiŒl of renin. It is to 

be nated that these authors did not use any special stains for c:lem:ms

trating juxtaglomerular granules. 

In our experiments a narked hypergranularity was encamtered in 

spite of the absence of urine formation and of the fact that no intm

tub.llar fluid reached the macula densa, since the tuh1lar lumen is re

pl.a.ced by tubular cells proliferation. These findings provide convincing 

proof that the tonicity or osroolarity of the tùh.ù.ar ur:ine at the level 

of the nacul.a densa is not essential for the stinulation of juxtaglorreru

Jar cells granularity. 

The presence of granulaI' epithelioid cells in the interlobar an:i 

interlob.ü.ar ~eries and less frequently in the small arteries of the 

renal hilus, gives the special capacity to the SJOOOth muscle cells of 

the small renal arteries to he transformed into these granular cells. 

It is obYâœs-ttbat, in such granulaI' cells, the l'Ole of the nacula densa 

mst be ruled out. The presence of granular cells in the efferent arte

riole aclds further evidenœ in favor of considering such arteriole as 

a part of the JG complexe 

;-
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Canpamble experiJœnts were those of Tribe and Heptinstall (214). 

These authors produced scars in rat lddneys by experimental pyelanephri

tis and localized traunatic lesions to the nmal. papilla in oroer to 

procluce :œgions of tul:W.ar atIOphy and loss wi th persistence of the 

glaneruli. JG granules were demœstrated in bath these types of nmal 

sœrs and increased when the rats were subjected to bilateral adnmalec

tomy, with sodiwn suppleœnt. 

'lhe expeci.Jœnts by Tribe an:! Heptinstall (214) and CUI' :œsults are 

furt!ber evidence f.àrr.:: the st:œtch reœptor theory, as st:i.m.üas of the JG 

cells, although the possible innuence of other stiruli such as the plas

ma volUBll!, huJIw;)raJ. factors or nervous system œnnot be ruled out. 

The low or absentt JG cells granulari ty in the "untouched kidney" 

in :rats mich failed to develop hypeI'tensioo is difficult to explain if 

we consider degranulàtioo as a' consequence of an inc:reased perfusion pres

sure. A possible explanation is the high angiotensin levels 6n spite of 

the blood pressure levels of the animaIs) from the ischaemic kidney sup

p:œssing renin synthesis in the contralaterel one. 

In addition, angiotensin injèctions were sham to produce degranu

laticn of the JG cells. Even with this possibility, we carmot exp&.ain why 

these rets did nat develop any increase in blood pressure. 

Our :œsults in the "endocrine kidneys" after 3 weeks of ischaemia 

establish a panülel :œlationship between the JGI and MDI. Slmilar:œsul ts 

were reported by Fisher in the clipped kidney of rats, after 4 weeks of 

renal ischaemia. (140) • 

The findings reportèd by Hess and Pearse (322) and Hess and Regoli 

(157) ~quire special corraœnts. Hess and Fearse studying the chrono~ 
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of Ienal. changes :in clipped Jddneys of nmal hypertensive rats showed 

after 3 days of renal isohaemia normal activity of the GSPD in one animal, 

and increased :in another. '1l1e GSPD in the unt~ched kidney was normal. 

After 18 days theGSm was incœased in aU ischaemic kidneys, tut was 
. . 

nonnal in the untruched kidneys in al:la1t the half of the a:nima.ls. later, 

Hess and Regoli (157) reported in the sane type of experiments {in ~la

tively few animals) that after 5 days an increase of the G6PD in the 

meula densa usually occurs in the ischaem:i.c kidney accompanied by a 

decreased actiYity in the same cells of the untouched "kidney.· Dley sug

gested that the retrln fonnatian appeared to he lI'elated to the changes 

of the GSPD activity and not to the JG cells granularity. 

Our results during the ~ first weeks of ischaemia derrmstrate that 

no correlatial exists between the JGI and MDI, between MDI and PM. or 

between-.the ~ parameters studied ana the blood pressure. I\n'Yt:henrore, 

according to Fisher, (lIJO), G6PD activity in the macula densa appeared 

to he IOOstly related to the degree of ischaemia as reflected by aœophy 

of the ischaemic kidney. In support of this observation are the results 

obtained shaiing that the degree of kidney atrophy is nuch ~ narted 

in the -endocrine kidney· (Gr. l Ao-lig + ureter ligature) after 2 weeks 

of nmal ischaemia that in the s:i.mply ischaemic kidney (Gr. II Ao-lig), 

and corœspond to GSPD activity when bath gxeups are compared at the 

same experimental period. 

Our failure to observe a significant decrease in the enzynes studied 

in the contmlateral kidney in J'lOst of the animals studied does not neces

sarily œan that oar observations are in direct conflict wi th those of 
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other authors since the degree of lesions in the small vessels of the 

untouched kidney is much more pronounced following our aortic ligature 

·procedure than that of the clipped renal artery. It should be recalled 

that Hess and Regoli pointed out the increased G6PD activity in macula 

densa cells when the arteriolar lesions in the untouched kidney are very 

pronounced. 

Since no relationship of the MDI with JGI or PRA was found, various 

possibilities could be suggested for the role of the macula G6PD in such 

experimental conditions. A possibility could be that since it appeared to 

be related to the degree of ischaemic atrophy, a relative degree of is

chaemia by itself could increase the hexosemonophosphate pathway in the 

macula densa. Such findings were reported by Vagner (583) during the ini

tial period of acute myocardial infarction in man. Bing's group (584) has 

also described in dogs that following myocardial infarction, the HMP enzy

mes and the rate nf lipid synthesis were increased in the affected areas. 

B) ELECI'RON MICROSCOPIC S11JDIES OF mE .nJX.TAGw.1ERULAR CCNPLEX (JGA) IN 

ISCHAEMIC AND CONTRALATERAL KIDNEYS OF RATS WIm RENOVASCULAR HYPERTENSION. 

Since there is no marked difference by light microscopie studies in 

morphological Changes of the JGA in kidneys of rats with hypertension in

duced by unilateral renal artery constriction as campared to those obtained 

by the aortic ligature between the origin of the two renal arteries, it 

appeared of interest to extend the studies to the ultrastructures of the 

JGA as seen by the electron microscope. This section deals with hyper

tensive rats with "clipped~' kidneys. 
, 
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a) MATERIAL AND METHODS. 

Severe ischaemia was produœd :in 20 nale Wistar rets weigh:ing 

200-250 gr. by pl.ac:ing the style of a No 24 or 25 subcutanerus :in

jection needle alongside the le ft renal artery and tying a sill<: 

thread tightly around the style and vessel. Follow:ing subsequent reJIDVal 

of the style the lwœn of the art-éry was reduced approx:i.nately to the 

thickness of the wire. Blood pressure was recorded by taU plethys

rrographyand five hypertensive rets were chosen for this :investigation. 

The exper:i.ment was ended at the end of the second rronth after 

renal arterial constriction. The fixation was accomplished :in vivo 

by perfusing 1.5% buffered (rtalo-dipotassium phosphate WlO) glutaral

dehyde, thrrugh the aorta, and by dripping cold ruffered osmium tetro

xide 2% on the kidney's surface. Follow.ing the procedure described :in 

chapter l, the thin sections were stained with Reynold's rœthod. In 

addition, three other rats submitted to the sama experirœntal protocol 

sezved in order to analyze their JGI in the iscl1aernic and contralateral 

kidneys. The fixation and stainhlg procedures for denonstrating juxta

glorœrular granules was perfomed as previously described. 

b) RESULTS. 

~. The values of the ischaemic kidneys of the three aninals studied 

were 58, 67 and 70 with al.rIost total absence :in the contralateral kidney. , 

Juxtaglorœrular cells. 

Ischaemic kidney. lm increase in the granularity and size of granular 

cells appeared to occur. In sorœ instances, light and clark cells were 

seen hl the madia of the afferent arteriole. In the light cells the dif

ference hl electran density seems to he related not only to lesser can-
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PlATE XXVI 

FIG. ~6. Glonerular arteriole (eut obliquely) show:ing light gra

nulated cells (:u;) and clark (DG). Arteriolar lurren (In). Clipped 

rat· kidney after two m:mths. x 4 500. 
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FIG. 67. Electronmicrograph showing continuation of the endoplas

mie reticulum cistema content with the matrix granules (Arrows). 

Clipped rat kidney after"h«> ronths. x 50.000. 

PlATE XXVII 

FIG. 68. Electronmicrograph shCM:ing the Golgi appare.tus (Go) of 

a granular cell from a clipped rat kidney after too IIalths. Gra

nules (G). Nucleus (N). x 50 000. 

FIG. 69. Electronmicrograph showing a vacuole-like formation (see 

text) in a granular cella Note the ovoid light bodies making digi

tations into the vacuolar lurœn (krro~. Clipped rat kidney after 

two m:mths. Endothelium (Eci). x 17 500 • 



PlATE XXVI - 171b·-

• 

• 



. 
,.' ,.<- .... '. 
"t·.-., . 
..... / .,"" 
,0' , 

,- ! 

" . 
'r\ l: • .... " .... 

. .'. 

/ . 

" 

J' t :,_fI ~." ~ . 
. . 6 .... , ~r' ',~ 

~. 

~: " ,. 

'~~:.~ . 
, 

" 
" j':t:' 

"' .. ( ·"t .. ~~. 
'" 

- U1L -

66 

.,'",-

. ... .. ~ '~~:." r~ .' 
• \(".\.:'. , ~~ .. \.~ .. l'.c;' .. 

~~~~~~~~~'~f~t.~ .. :~~~~:~:~ .~. 1_;' '~_' '., 

. ~ ... ~ . . . 
,..'." .... , 

'·; .. ,'/w: 

'!~<~~:~~{~'::,$" :'. 

67 

. "i 
, 

.~~ .' 

, " 

. #\'" '.~:. 
. . ~ " ." '. ' . 

• • ;,", ~ t" 

' •• J 
,'t·, 

" '-, 

~ ;1 

" 

.,' 

, 
:-, 
: 

'1 

Î " 

~ ~, . 1 ..... 
'," ~, 

,. 

; . 



. " 

-; ; .~ 

-,111"" ..... W,.'-

PlATE XXVII 
,,'., • 



," 
t. 

. ~.~ ~ . .::~, .'" " .... 
' .. , . • 

'::n~ 
~.~~ 

PlATE XXVII 

", ... -. 

.1' 

·N 

. .~. 

( t; 

j' 

~ " "".,. 

" .:.~ 

... ~ . -\ ' 

"-

.. 

- 171c -

. " 
• • 'IIIr. .. , 

. '. 
. ' 
)0 " 

/' .... "':. 

,~ 

68 

69 

1 

i 

1 
! 

1 

! 
1 
1 

! 
1 

1 
'1 

1 



- 172 -

centration of organelles, but also to a lighter cytoplasm between them. 

The light cells (Fig. ~6) are filled with a few mitochondria, the number 

of granules appeared to be less numerous than in the dark gr~lated 

cells. However, their morphological characteristics were similar. The 

endoplasmic reticulum was moderate. The Golgi apparatus was prominent, 

and no myofilaments were seen. 

The dark granulated cells had similar characteristics as those described 

in sodium-restricted rats. However, endoplasmic reticulum generally exhi

bited more considerable dilatation and its cisternae contained material 

which had greater electron opacity in the ischaemic kidney. As mentioned 

in chapter IV, in the formative stages of sorne of the granules, the plane 

of section passed through distended endoplasmic reticulum where it was 

directly continuous with the limiting membrane of a granule (Fig. 67) or 

where its contents were confluent with the matrix of a granule. 

The lamellar sacs and the small vesicles of the Golgi apparatus 

(Fig. 68) seem to be as numerous as in sodium-restricted rats. Myofila

ments and microspheres were a common finding. Occasionally sorne vacuole

like formations were found (Fig. 69). However, they were limited by a 

double membrane and light round bodies impinging upon it. They contain 

a flocculent material of the same density as the vacuole-like formations. 

Contralateral kidney. An almost total absence of granular cells occurs 

in the afferent arteriole, and the medial layer is formed exclusively 

by smooth muscle cells (Fig. 73). 

Lacis cells. 

No major differences in the lacis cells of the ischaemic and contra-



- 172a -

PlATE XXVIII 

FIG. 70. M3.cula densa cell (MD) from a kidney with severe ischernia 

(after 2 1IOl1ths)of clâmping). Note the few rnitochancir:ia present 

and the large sub-basilar compartrrents. Granular cell (GC). 

x 4 250. 

FIG. 71. Seria! section frorn the upper region of the macula densa 

cell of fig. 70 showing a basal Golgi apparatus (L3rge arrow) and 

the relative abundance of endoplasrnic reticulurn and ribosorres 

(Srœ.ll a.rrow~. Nucleus (N). Mitochondria (M). x 17 500. 

FIG. 72. Electronrnicrograph of a rat kidney with severe ischem:ia 

(after two oonths) showing the recula densa cells (MD). The arrows 

point to lipofuscin-droplets in the recula densa. Note the absence 

of granules in the lacis cells (LC). Granular cells (GC). x 7 500. 
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lateral Jddney were seen when ~ to those described in cha.pter IV. 

Maoula densa. 

Ischa.emic Jd.dney. In sane :instances t SaIe clistorted cluster of nacul.a 

densa aells were found (Fig. 70). The nuclei are semetimes ir.regular. 

The cytoplasm has few mitochaldria in the œll and seme of them appeared 

to be swollen. Lipofuscin droplets JIOstly located in the basal region 

welle often fOl.Uld (Fig. 72). The Go~apparetus was localized in the 

basal :region. In sorne sections t the anoont of endoplasmic reticulum and 

f:ree rÏbosoJœs appeared nUJlÈ!!als. The â:nfolded zœmbranes at the base of 

the œlls were practicallyabsent and the extrecellular or sub-basilar 

compartnents (Fig. 71) we:re nwnerous and enlarged. Macula densai:cells 

digitation (Fig. 72) bordering granulated cells we:re observed in sone 

planes of section. Nerve fibers were also fO\D1d Iiear the macula denaa 

and granular cells. 

Gontre.late:œ.l kidney"' .• The JIDst striklng featuIe observed quite often 

W3.s the presence of nacula densa cells in sorœ plane sections with dif

ferent electron density (Fig. 73). The light electron dense cells differ 

rra:inly from the dark e1ectron dense cells not only :in possessing a lighter 

cytoplasm bJt also :in their mitoàhondria which appea.red to be less nunerous 

than in the dark celle A basal Golgi apparatus is illustre.ted in a light 

cell in fig. 74 and, a paraluminal location of the Golgi apparetus is shawn 

in a dark cell in fig. 75. 

The endoplasmic reticulum is nore developed in the dark cell than 
...... --. _ .. --

in the light cells. 

The basal JœJllbrane of macula denra was clearly limited, infolded 

nembranes are very few as canpared to the opposite celll of the same part 
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PIATE XXIX 

FIG. 73. Untouched kidney of a clipped hypertensive rat. Topogra

phie view show:ing : a glorrerular arteriole (GA) in which there are 

only smJOth JIUlscle cells (SM), lacis cells (LC), macula densa (M!). 

Note the presence of light rracular œlls (lM) and clark (DM). Note 

also the irregular distribution of the rnitochondria and the near ab

sence of infoldmg rrembt'anes m the rracula densa. The opposite side 

of the distal tubule shows a regular pattern of rnitochondria and 

mfolding rrembranes. x 4 250. 

PLATE XXX 

FIG. 74. Higher rragnification of fig. 73, show:ing light rracular 

cells (lM) and dark (DM). Note the srrall mitochondria of the light 

cells. The arrow points to the Golgi apparatus of a light celle 

Note the prorninent nucleolus of the dark œlls. x 7 500. 

FIG. 75. Higher rragnification of the upper right portion of fig. 

73 showing the paraluminal localization of the Golgi apparatus 

(Arrows) . of a dark cell. Tubular lurren (Lu). x Il 500. 
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c) DISClJSSION. 

- 174 -

Light microscope· studies of ischaemic kidneys show an increasecl 

gœnularity of the juxtaglomenllar ceUs. 

Few elect:ron miCI9scopic studies have been done :in the juxtagl.ane:rular 

apparatus of the ischaemic kidne~ of rets and JIDst of them have been rela

ted to the juxtaglomerular gt'aIlulated ceUs. 

'lbe light gœnulated ceUs :in the ischaemic kidney :resemble those clea 

Slll')Uen hypergranulated ceUs described :in ischaemic kidneys in zabbits by 

Hatt et al (603). Furthenro:re, Hatt et al (3&~) have shown :in rats tIeated 

with DCA and scxliwn clUomde the sarre type of ceUs, a1though with a nuch 

lesser degree of grenulation. They suggest that the 1ighter cytoplasm could 

be due to ceU edema. 

Since the general norphological features of the dark ce11s :in the is

chaemic kidney are essentially the sarre as those described :in sodium-:restricted 

rats, only saœ features wiU :requi:re further ca:nments. Barejas and latta (16) 

have suggested that cells wi th few granules tend to have a large GoJ.&i; appara

tus and conversely ceUs wi th lEllly grenules to have a small Golgi COmplexe Our 

observations with seria! sections do not support tilis view, neither in sdditum

restricted rats, nOI" in the ischaemic kidneys, in which severa! hypergranulated 

cell; have been shown with prominent Golgi systems. 

In the gnmular cells of the ischaemic kidney, the :relatiaùrl.p of endo

pla smic reticulwn to sone granules occurs to a greater extent than in sodium

restricted rats. Direct b:ensfer from endoplasmic :reticulwn to granules is 

highly suggested (Fig. 67). 
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The vacuole-like formation indented by the light ovoid bodies cao 

weil fit with the light microscopical observations that we have described 

in chapter 1. However, due to the presence of a double membrane limi ting 

the cavity it is tempting to considerthem as possible cytolysosanes. Si

milar figures as those already described have been also found by Hatt et 

al (603) in the juxtaglanerular granular cells of the rabbit ischaemic 

kidney. 

Our research work in rats does not support the suggestion of the au

thors (37) concerning the transformation of the lacis cells into granulated 

cells. Howevel', we cannot completely rule out this possibility in other 

animal species, or mder other experimental conditions. 

The presence of such large sub-basilar compartments in the macula densa, 

the basal Golgi apparatus and the thin basal membrane in some places suggest 

that some tubular fluid could pass to the juxtaglomerular or to lacis cells. 

However, the same kind of compartments were found in other parts of the ne

phron in the ischaemic kidney. It appears therefore, that these alterations 

in the ischaemic kidney are not specific for the macula densa. Furthermore, 

the lipofuscin droplets were also encountered in other parts of the distal 

tubule. It is difficult to say if the endoplasmic reticulum is quantitatively 

increased as compared to that of the control animaIs. In sorne sections, the 

endoplasmic reticulum appears to be much better developed than in control or 

sodium-restricted rats, even if the mitochondria are not increased in number. 

It is very hard to mderstand that the increased activity of the glucose-6-

phosphate dehydrogenase of the macula densa cells 6f the ischaemic kidney is 

only related to the localization of this enzyme in the mitochondria as sug

gested by Hess and Pearse (322). The arnounts of dot-like fonnazan deposits 
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shawn in their figures do nat corn!spœd iD any instance to the anomt of 

mitoc'htniria reported in the elec1:I'cm miCt'Oscopy studies. It is tempting 

to suggest that the locatial of the helCCseJIalO];hosphate slumt enzymes might 

well he located :in the mitochon.dl'ia as weil· as in the microsaœs aB j;é bas 

been found by o1:hel' authors (297-300). Since we failed to observedin the 

ischa.emic kidney quantitative or flUalitative changes :in the mitochondria 

of the nacula densa it is highly suggestive that the locaJjzation of the 

enzynes of the hexcsem:mophosphate slumt might be associated with the micxo

somas. The :increases in lipofuscin droplets in the nacula densa may be rela

ted to the increase of glucose-6-phosphate dehydrogenase fam.d after :renal. 

ischaemia. 

Caltmlateral kidney. Since no gœmù.es were obse%Ved in the afferent 

aI'teriole of the glarexulus, and anly SJŒ)Oth nuscle cells were encounterèd 

it may be possible thkt an inverse process to thàt described in cha.pter IV 

(section B) ean occur. 

No explanation can be advanced for the light macula densa cells obser

ved.However, co:incident with our observations are the light microscopic 

studies in nan and dog by de ~lder (281, 282) who has described the pre

sence of light and dark cells in the macula densa. In addition, Hatt et al 

( i.;35) presented electronmicrographs show.ing light macula densa cells in rats 

treated with DCA and sodium chloride. Both authors interprete these f:indings 

8S œpresenting an edematous state of the cells. A curious f:inding was the 

locatim of the Golgi apparatus, saretimes in the parabasal region. and in 

other cells in a paraluminal location (as shawn in fig. 75). 

Since no major diffenœœs in the mitochaldria or the endoplasmic reti-

1 ::. 
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culwn of the macula densa cells in these expeciments weN famd when can

pared to control mts t the relativelt r decrease :in hexoseur.:mophosphate 

shunt eBZyJœs activity may be due to the preeenœ of less active light 

cells • 
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GENERAL DISaJSSION 

One of the DDst reliable teclmi.que for sta.ming the gxanul.es of 

the JG cells is that of Bowie (22). HoweveI', as it bas been po:inted 

out by seveI'al authors (596, 601) the nethod as origtiaJ ly desar.i.bed 

itas tine-conswning and presented severa! technical. difficulties which 

rendered the results variable. 

We bave achieved sailtisfacrt:ory results by introducing DDiificatiœs 

in seveI'al procedure steps involved in the teclmique and which have been 

extensively discussed in the appropriate chapter. This stepa :involve : 

a) fixatives DDdificatians, b) shorten:ing of the JIDI'dant period, and 

c) improveme.nt of contrast by increasmg the concentmtian of the neù

tœl stain and by the use of another neutI'al stain (nethyl violet mix

ture). FUrtheI1JDre, sinee it is important to COI"I'elate light and elec

troll microscopic elram:i.nations of the JG cells, we have heen able t03.apply 

such procedures to glutaral.dehyde-fixed kidneys with sim:il.ar results. 

Established histochemical nethods for deJIDJlstreting the activity 

of various dehydrogenases were used. HOweveI', sinee ~ bave various 

limitations which were also previously pointed out by theiI' own authors 

<157, 296), seveI'al DDdifications were nacle. In the case of nethods for 

detection of dehydrogenases of the hexosenonophosphate shunt BaCl
2 

and 

CoC12 were used simultaneously in the incubating ned:i.a containing Nitro-Bl' 

or 'letrenitro-Bl'. In the case of the teChidque devèloped by Hess and Pearse 

(251) for the deIIDIlstration of at-glycerophosphate dehydrogenase, Nitro-Bl' 
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or Tetl,wlin.Br was used instead of Mn'. 

lm index of the he~seJIDl'lOphosphate slumt eœynes activity of the ma

cula densa was devised in onler to measure seDm-quant:iZatively the activity 

of such enzymes. 

'Ille reproducibility of the techniques used and the reliability of the 

index were consistently verified by re-examining slides without previous 

knowledge of the experitœntal protocol. 'Ille macula densa index (MD1l bas 

proved ta he very useful when results of large series of animals nust he 

canpal!ed especially in relation with the juxtaglanerular gnmulation :index 

(JGI). 

Our accidental. observation that the xxmplete ligature of the aorta 

between the two renal arrteries in rets weighing over 300 g. results in 

atrophic left kidney accompanied by hypertensioo intrcx:luces a simple and 

repraiucible nethod in the production of experimental hypertensicn. This 

procedure bas ilet appeared in the li tereture as yet. However, parsonal 

camunication ba~e made it available to other workers in Whose hands it 

appears to he equallyeffective and relüble (593, 59~). 

* 
Ir Ir 

Healthy rets of s:i.mil.ar body weight rut of different streins and 

sexes were studied for possible differences in JGI and MDI. No differences 

were obseI'llJed, although sone rats ln:lependently of the strain or sex:seemed 

to have higher JGI an:i MDI, than ethers. 

A furrther observation of probable rut uninown functional significance 

waS the fincHng in the epithelium of the renal pelvis of granulaI'epithelial 
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cells, showing a high activity of the hexcsemcnophosphate slumt enzyrœs. 

'lbe distcihltion of the JGI and MDI in the nmal. OOl'tex of the mt 

showed ..i correlatial of these t1D paramaters, bath being higher in the 

outer cert:ex and lower in the corticanedull.ary :regicm. HtM!ver, ~ the 

lateral ~ cortex (LRC) and ned:ial l'el'lal. cortex (MRC) wen! studied 

(see fig. 30 p.lll) no ~ was found. JG œll gnmularity was 

higher in the LRC than in the MRC. M:>reover, MDI was ~ :in both àides. 

Further work will be necessary to assess the possible ftmctional signifi

cance of this observations. 

The distrihltion of the JG cell gra.nularity was studied :in healthy 

dogs and beavers, possessing lang and Sbatrt: Henle loops, respectively. 

Once JIDre, :in. dogs, a difference was found :in JGI between Lm and MRC. 

JGI leS higher :in the outer cortex :in both dogs and beavers than :in the 

corticanedullary zone. G6PD activity :in dog meula. densa leS shawn to he 

lCMer than in rats. 

'lbese observations emphasize the importance of cOWltlÏng (JGI, MDI) 

:in the slides the total ~ cortex :in omer to get a semi-quantitative 

evaluation of the changes occur:ing :in the JG Complexe 

The differenœ :in distrib.1tion of the JGI and ren:i.n content :in the 

renal cortex seems difficult to expla:in t-ilen the superficial and deep 

part of the cortex are considered. We have presented evidenee that it 

does not depend on the length of the Henle loops as postulated by Fried

berg (48), sinee both dogs and beaVe1?S presented similar patterns of 

distriOOtion. 
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The diffenmœs in distrih1tion of the MOI from the superfic:i.al. 

to deep parts of the cortex in normal. :œts and which axe sim:i.l.al' to 

those of the JGI, suggest that both pammeters my te :related to ale 

another. 'lUblJ a r sodium caltent.and OSJOOlarity in the :region of the 

mcWa densa could te diffe:rent tetween the supert;iiœl and deep parts 

of the cortex and both JGI and MDI oould te influenœd by them. 

Diffenmces in nerve supp1y of the effenmt arterio1es ~ve been 

deSCl':i:bed :in glOJœrUli of the outer oor'tex and the juxtaR.Jëdrtliaiyr. cor

tex (362). Thus, :in the fonner practical1y no nerve fibers have been 

detected whi1e in the latter a hig1ljcy rich supp1y has teen observed. 

The opposite situation is encounte:red :in tenns of renin conteBt. in the 
/ 

affe:rent arteriole of these gloneruli (very high caltentG in the. outer 

cortex and very pool' :in the juxt~ :region). This disc:repancy 

m ight beaE a ftmctional significanœ. One of the theories of the action 

of renin is its constrdction of the efferent artecio1e through the pr0-

duction of angiotens:in (198). 3rt would Seem logical that this mechanism 

could te operative' in the outer cortex. However, in the juxtanedu1lary 

cortex it ~uld appear that the vasoconstriction might te large1y tmder 

nel'VOUs cxmtrol. 

In cxmsider:ing the st:l!tch receptor theory of Tbbian (137, 203) 

another possibility ccu1d well te a pressu:re differenœ in the afferent 

arterio1es of the superficial and deep part: of the cortex. 

Studies on ama1 heJoodynam:i.cs indicate that the autoregulation of 

rena1 b100d f10w OCCUl'S p:cimari1y in the outer cortex and that the juxta

medullary zones are capable of aùy limited :regulation (378). The presence 
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of relatively 10w JGI and MDI :in this zme might he of interest :in this 

respect. 

In ncmtal rats and dogs, granul.ar epithelioid cells wen! also Ibmd 

in the effarent arteriole of the glanen1lus. However. these f:indings are 

relatively \BlC01IIJD1'l. Granular cells in the afferent g1œm:ul.aI' arteriole 

near the interlob.üar artery was a relatively c:aDncn finding in œts. 

Little is known about the degree of granularity of the JG cells in 

relatial with renin secretial. The present series of experiments have ptIO

vided direct "evidence that, iD sane chralic experimental conditions affec-
. las . 

ting sodium bal.anœ, an lllcrease as well a decrea.se of JG cell grenUlarl.ty 

can represent a state of renin hype:ràecretiœ. tbreover. the largest values 

of plasna renin activity were encountered \oilen a marked degranulation occurs. 

(âs in rats 2 weeks after adrenalectanyÀ this fiming dem:mstrates that the 

JG cells can also follow a degœnulation process in fr.e same nanner as other 

secretory cells when they are stinulated. 

In our studies, no quantitative correlation was obse:rved between the 

degree of JG œll granularity, plasnarenin activity and G6PD activity of 

the macula densa of œts receiving various sodium intaJœs, or in adrena

lectomized an:iJaals. 'IThis obseI"'latiœ mises nany questiœs conœnrlng the 

l'Ole of the macula densa in renin production. The hexosanalophosphate (HMP) 

shunt enzynes have been implicated in IDJltiple functions and ale of them 

is the sodium balance. Changes in sodium balance mst !lie very marlœd in 

oroer to give significant histochemical variatiœs as in the case of ~na

lectanized rats or DCA + Nâ.Cl treated animals. 
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'!he electron microscopie obserYaticns showing the pna&enœ of secxe

tory vesicles in the Golgi appamtus and, the cootinuity hetween the œis

ternal materlal of the endoplasmic Mticulum and the gnmules matrix during 

their fontatioo, :indicate that the JG cell is following a slmiJar nœpho

lOgic pattern in the formatiœ of seCI'etary granules as other secœtory 

cells. However, the release of the granule content seems to he diffenmt 

and the following hypothesis is proposed. '!he presence of granules incom

pletely surrounded by meJJllmmes and the pI'8sence inside such granules as 

well BeaI' the JG cell meJJllmme ,of mic:rosphen!s of s:i.m:i.l.ar characteristics, 

suggest that such microspheres might well repnasent the form of release of 
~ 

the biologically active materiaJ. (renia) in the JG cells. 

The fine JDJr),:ho~ of the meula densa ShCMed that. in sodium- restricted 

rats, the Golgi apparetus beCaJœ in saœ cells very prominent, and did not 

always keep its basal localizatioo. This finding, in relàtian with the en

larged intercellular canpartment. suggests that sone re-absorptive procesees 

are occuring in the macula densa cells. No discontinui ty of the macula densa 

basement nembrane was observed. 

Al though i t has been suggested that the lacis cells can be tnmsfatstefl 

into JG cells, our f:iru;tings do not support this hypothesis. The :lacis cells 

did not contain any granule of the same type present in the JG cells and 

they did not present any secretory characteristics. 

Fine norphological evidenee has heen given of the transformatioo of 

the arteriolar SJIDOth mscle cells into JG cèlls. A norphologically active 

process seems to accur dur:ing the stages of their transfornation :in wch 
the norphological equiprent of the snooth JlIlscle cells is completely ncdi

fied to a secretory celle Sranular epitielioid cells have been also encoun-

... 
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t~ :in the media of other renal. arterioles and snall renal. arteries. 

" 
" " 

The find:ings of a rich nerve suppl Y of the rat JG cells in the 

affe:rent arteriole of the glomerulus give the m::>rphological basis fôr 

the :influence of the neI"JOUS system an the secretion of the JG cells, 

as cne of the postulated mechanisms for :ren:i.n secretion. 

F\1rtheI'fllJre, it is suggested that the vesicular processes descri

bed rnight weil :represent possible synaptic and nerv:ing similar to those 

fOl.U'ld at the nwmeural jtDlctiœs in sltêletal mscle. The presence of gra

nular veücles in such vesicular processes also suggests that the :inneI'

vation of the juxtaglomerular cells is ad:renergic in natuœ. 

" 
le le 

Tubllar fluid content at the macula densa level has been emphasized 

as œe of the st:inul.i which cause JG cell changes and renin sec:reticn 

(see P'63 ). We.:-have studied the "endocrine k!idney" produced by oor rne

thod (canplete aorcta ligature bemJeen the ~ renal arteries ... ligature 

of the ure~r) and by the technique8described by Selye and Stone (505). 

This experimental m:xiel was chosen because no urine is farmed and. the:re

fore, no filtrate reaches the macula densa. Results showed that, at least 

in this exper:iJnental m:xiel, the JG cell gnmularity, plasma. :renin activity 

and the G6PD activity are independent of the urine fonnatiœ. No :relàtion

ship of any of these parameters with blood pressure was observed. F\1rtheI'

no:re, in the exper:iJnents with "endocrine kidney", the G6PD Activity of the 
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meula densa is unrelated to the deg:ree of illLacell granularity. showing 

sorne degœe of independenœ of the mcul.a densa, in reganl to the JG 

cells. 

* 
* * 

The findings of light and dark granulated cells :in the gl.oJœrular 

afferent ~eriole of the "clipped" kidr~y of renal. hypertensive rats 

as well as the observation of light and dark nacula densa cells :in the 

contralatera.l kidney mise the question of possible :intn:lcellular edema. 

Although the Golgi apparatus :in the nacula densa cells is genemlly 

localized :in the basal or parabaScU regicm, it was observed that :in sorne 

m:lCUla. densa cells of the caltmlatera.l Jcildney of renal-clip-hypertensive 

rats, it was localized :in the paraluminal region. These results might :in

dicate a different functianal state of sorne meula densa cells. 

The IOOrphological pattern of the macula densa :in severe renal isbbaemia 

is largely distorted, nevertheless, SOJœ clusters of cells were observed. 

In such œlls, the anly llDI'phological feature :in l''erlàticm with the G6PD 

activity was Il well-developed endoplasmic reticulum. t.he abundance of free 

ribosomes and the appearence of mitochondJ:ü1. swelling. without any increase 

:in their numbers. 'l'herefore, it is difficult to expla:in the increased G6PD 

activity in such mcula densa cells only byt the localization of that enzy

me in the mitochondrial 

'!he lipofuscin droplets in the macula densa might possibly he related 

to the increased G6PD activity. sinœ the HMP shunt is closely related to 

lipid metabolism. 
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'!he present findings stIalgly suggest a nDrphological and functional 

:iJlI'iependenoe of the macu1à densa. cells fl:an JG cells for nmm fannation 

am secretim. However, it does not rule out the possibility that changes 

of the interstitial tonicity éUQ.D'lCl the macula densa or other sectiœof 

the nephral nme or less in CŒltact with the JG cells could :influence the 

activity of the JG cells. Other factors such as the nexvous system, blodd 

volurœ or perfusion pressure mst he ccmsidered in oroer to explain the 

changes in JG granularity and nmm secretion. It appears that the st:im.ùi 

acting on the JG œlls nay he the sumnation of a complex and variable in

terection am::ng aU these factors. 

.,. 
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CONCWSIONS 

Studies of the juxtaglonerulaI' complex tmder normal and eXperinental 

Calditions led to tbe following conèlusicns : 

1. Helly's JOOClified fluid or Stieve's JOOClified fluid were the best 

fixatives for denœstratmg the JG complex with the Bowie JOOClified method. 

2. The eombined additicn of BaC1
2 

and CoCl
2 

m the mcubatmg medium 

for histochernical deIIalstration of heXOseJIalophosphate slumt enzynes m 

the presence of Nitro-BI' or Tetranitro-BT, gives excellent histochemical 

results. These techniques are highly mp:rod.ueible. 

3. THi!bsemi-quantitative maculà c,iensa mdex(MDIl of œPD aetivity 

devised by the author appears to be a reliable and useful procedure when 

a "semi-quantitafive analysis is indicated. This MDI permits to make statis

tical evaluations and comparei1;he results with other parameters. 

4. The simplieity of the method described to produce atrophie kidneys 

accompanied by hypertension is highly reprodueible. This exper:iJœntal con

dition is often accanpanied by cardiopathyl 

5. No significant differences in JGI and MDI were observed m rats in .. 
~ 

relation to their sex or strain. However, a zonal distrib.ltion of the JGI 

and MDI in the renal cortex was observed, being higher in the ooter cortex 

than in the corticomadullary region. The same zonal distrib.ltion of the JGI 

was also pomted out m dogs and beavers. 

6. lm increase of the JGI accompanied by an mcrease of PRA was observed 

in adult rats receiv:ing a sodium-deficient diet. However, no significant 

changes occur :in MDI. High sodium intake in rats p:rod.uced a marked decrease 
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of JGI, without s:i8nificant deerease in the MDI, or in PRA. MoIeover, 

~en DCA is added, a significant decrease of the tlll!ee pamrneters was 

observed. 

7. Adnmalectomiaed rats can either display a state of hypergranularity 

Qr degranulation of the JG cells depending al the sodium intaJœ, in either 

case PRA and MDI are increased. °HOwever, the higher PRA values ~ observed 

in those rats with the mst marlœd degranulatian of JG cells. 

S. The. fine DDrphologica1 appeaI91'lce of the JGccells in normal rats 

and in rats under various experitœntal conditims (sodium ~striction, renal 

isœhaemia, and nerœric bichloride ~ted rats) stxœgly suggest that the 

fonnation of JG granules follœs a similar pattern as other sec~tory cells. 

The intensive study of the fine DDrphologycef the "lacis ° cells" does not 

support the concept of transfornation of such cells into !1GGcells. 

9. Under exper:iJœntal situations which inc~ase the JGI evidence was 

obtained to deJOOnstrate the origin of the JG cells from arteriolar SJOOOth 

muscle cells. 

10. The fine DDrphologic study on the innervation of the JG cells has 

shown that vesicular nerve processes cantaining granular ves~cles B!!If/é: 

9fteBsaesaziated with JG cells. Intervals between 700 to 2..000 AO we~ found 

between the axolenma of the vesiculated processes and the JG Sell membr\:me. 

The intenœmbranaus space is filled by the baserrent JœJIIbrane of the arteriole. 

11. The fine roorphologic study of the nBc".l1.a densa shows the following 

findings 

a. No discontinuity of the ba.senent nernbrane of the nacula densa 

was observed in any experimental studies. 
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b. In sodium restricted rats, marked sub-basilar canpaI't:Jœnts 

were observed, as wall as a praninent Golgi appamtus whieb in saœ oells 

loses ïts usual basal locaJization. 

c. The cluster of meula densa cells o~:r:ved in the clipped 

kidr1ey of :renal hypertensive rats presented also marked sub-basilar can

partments mitochoncirial swelling withOllt an inœease in number, ~ 

endoplasmic reticulwn and lipofuscin-like droplets. 

d. The mcula densa of the kidney contralateral to the clipped 

one has sham light and Ilark cells. In soma clark oells, the Golgi apparatus 

is localized j»aralumi.nal.}y 

12. In "èndocrme kidneyl:l" the JGI, PRA and in many instances the MDI 

ware increased in spite of the fact that no urine is formed and no tub.ù.ar 

fluid reaches the mcula densa. 

In sumnary, it appears that 

a) A state of hypergranulation as wall as degranulation of the 

JG cells can be followed by an increase in plasma renin activity. 

b) A noI']?hological independence can be found between the campo

nents of the juxtaglaœrular eomplex. 

e) Both JG eells and the macula densa may be involved in the 

renal regulation of sodium balance. 

d) JG cells have a rich neIIIJe supply, probably adnmergic in 

nature. 

e) "Tubular sodium content at the macula densa level does not 

appear to play a major mle ID JG cell granularity and renin release in 

our exper:Ïlœnts. 
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CI.AIMS TO ORIGINALI'lY. 

'!he studies ccntained in this thesis contr.i.blte several original 

observations. 

Fran the point of view of nethodo1ogy, ëidvantageous modifications 

have been introduoed to histo1ogica1 (fixatives and stains) and histo

chemiœ.1 (HMP) procedures, rendering them roore :reproducib1e and 1ess

t:Ïlœ-consuming. Th.e fIÙthœ' has devised a nethod for the semi-quantitative 

determination of G6PDactivity in the macula densa (MOI1. f.'he author 

also proposes the ligature of the aorta be'Men the ~ renal arteries 

as a simple and :reprodu&l:e new technique for the production of experi

nenta1 hypertension in rats. 

A new approach to the study of the juxtag10nerular comp1ex has 

been presented whieb consists on the sÏTIu1taneous exploration of a 

triaa of para.neters. 'nlis approach bas enab1ed the author to examine 

the juxtaglone:rular œU: granularity (JGI>, G6PD activity of the macula 

densa (MJ)Il and the plasma :renin activity (PRA) in the same experimenta1 

p:reparation using intact, or ad:renalectanized animals as wall as rats 

with an "endôcrine kidney". The major' findings of this correlative study 

under various conditions of sodium intaJœ, are surrmarized in "eonc1usions" 

and need not to be :repeated. he:re. 

A comparative study of the entire :renal cortex in species with 

different types of nephrons bàs:-:also been undertaJœn for the first t:Ïlœ. 

The :resul ts .indicate that the:re is nor.relationship between JG œlls gra

nularity and the 1ength of Henle' sloop. 
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Purther contributions have been derived from the studies with 

the electron microscope. Evidence is presented for the origin of JG 

cel1s fram arteriolar smooth muscle cells. New aspects concerning 

the innervation of JG cells have also been exp1ored. Macula densa 

cells have also been studied in sodium-restricted rats and renal

c1ip-hyperte~ive rats • 
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