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A relation between levels of plasma sodium and potassium and the
adrenal cortex has been demonstrated in both animals and man. Evi-
dence has indicated that the zona glomerulosa of the adrenal cortex is
concerned specifically with the production of mineralo-corticoids.
Adrenocorticotrophic hormone (ACTH) primarily affects the zona
fasciculata but an analagous trophic hormone has not been found for
the zona glomerulosa.'®

Dunihue has demonstrated hypergranulation of the juxtaglomerular
cells of the kidney in adrenalectomized animals.*® The Hartrofts have
shown a correlation in rats and dogs between levels of dietary sodium,
the degree of granulation of the juxtaglomerular cells, and the width
of zona glomerulosa of the adrenal cortex.®” Therefore, adrenals and
kidneys obtained at necropsy were examined to see if any of the above
relationships might be demonstrated in man. Previous work on the
juxtaglomerular apparatus in man has emphasized changes associated
with various disease entities.®1°

MATERIALS AND METHODS

Kidneys from an unselected series of 200 necropsied patients were
sectioned and stained by a modification of the Bowie technique, as
described by Cowdry,' in order to demonstrate granules in the juxta-
glomerular cells. The degree of granulation of the juxtaglomerular cells
was determined by a semiquantitative method previously described.?
This procedure yields a juxtaglomerular granulation index (JGI)
which can be correlated with clinical and other pathologic findings.

Staining Technique

Thin slices of tissue are fixed in Helly’s fluid (Zenker’s solution
without acetic acid but with addition of 5 cc. of formalin per 100 cc.
immediately before use) for 48 hours and washed in running tap water
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for 24 hours. Specimens are mounted in paraffin blocks which may be
trimmed and treated several hours with Mollifex (The British Drug
Houses, Ltd.) in order to soften the tissue. Sections should not be
more than 4 p in thickness. If albumen is used as an adhesive, care
should be taken to avoid excessive amounts, as it may interfere with
the staining.

Preparation of Bowie’s Stock Solution. Dissolve one gram of Bieb-
rich scarlet in 250 cc. of distilled water and filter through a rapid filter
paper into a beaker. Dissolve 2 gm. of ethyl violet in 500 cc. of dis-
tilled water and filter a small amount at a time into the same beaker
with frequent stirring. The end point of neutralization is indicated
when a small amount of the mixture placed on a filter paper does not
show any color (other than the precipitate itself). The mixture should
then be filtered and the precipitate dried. The stock solution is made by
dissolving 0.2 gm. of the dried precipitate in 20 cc. of 95 per cent
alcohol.* Up to 100 cc. of stock solution can be obtained from one
batch if the end point is carefully determined.

Staining Procedure. (1) Take paraffin sections rapidly through
xylols and alcohols to alcoholic iodine. Immerse for not more than 3
minutes in iodine and 3 minutes in sodium thiosulfate. Wash in run-
ning tap water for 5 minutes. (2) Mordant in 2.5 per cent potassium
bichromate at approximately 40° C. over night. (3) Rinse with dis-
tilled water and immerse sections over night in 20 per cent ethyl
alcohol to which has been added 10 to 15 drops of Bowie’s stock solu-
tion per 100 cc. (4) Blot sections with bibulous paper. (5) Dip quickly
2 to 3 times in 2 changes of acetone to remove excess stain. (6) Differ-
entiate in a 1:1 mixture of xylol and clove oil until section appears red
or reddish purple. Microscopically, renal parenchyma should be red
(or magenta) in contrast to elastic tissue of vessels which should be
blue-purple. Juxtaglomerular cell granules, where present, will be the
same color as elastic tissue. The latter provides a convenient criterion
for determining completion of differentiation. Red blood cells are
usually amber as a result of previous bichromate mordanting. (7) Rinse
in 2 changes of xylol followed by 2 changes of benzene. Mount with
benzene balsam or Permount.

Selection of Cases

The clinical charts of the 200 patients were examined, and data
concerning levels of blood pressure, electrolyte determinations, age,
race, and sex were extracted. Of these 200 cases, 24 had had at least
3 determinations of the level of plasma sodium within the last week of
life. These 24 cases form the chief basis of this report, as fewer than 3
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determinations within the last week of life did not give an adequate
representation of the levels of plasma electrolytes for correlation with
cytologic findings at death. Some of the observations on the remainder
of the 200 cases, however, are also included here. The average was
taken of levels of plasma sodium, potassium, and nonprotein nitrogen
determined during the last week of life. In some cases where the
nonprotein nitrogen was unavailable, the level of blood urea nitrogen
was substituted.

Adrenal glands were examined from the selected group of 24 cases.
The reticulum pattern proved the most satisfactory method for defining
the limits of the cortical zones.!? Frequently the boundary between
zona glomerulosa and zona fasciculata was extremely irregular and
difficult to determine. Consequently, the thickness of the zona glo-
merulosa was measured at 20 to 30 randomly selected sites and an
average taken. All measurements and counts were done without the
observer knowing the clinical data from the case.

Weights of heart, kidneys, and adrenals were noted at necropsy,
and the degree of hyalinization of the preglomerular afferent arteriole
was recorded as none, slight, moderate, or advanced (o, 4+, +-,
+-4+4). The statistical relationships between these elements were
evaluated. Data from this group of cases are found in Table I.

REsuLTs

In the entire series of 200 cases, the degree of granulation of the
juxtaglomerular apparatus was less in children under one month of
age than in older children or adults. (Seven of 12 had no detectable
granules, and the remainder only a few.) No elevated JGI was noted
before one month of age, and only one instance occurred in the one-
month to one-year group. There was great overlap in the range of
values found in the remainder of the age groups. Because of the skew-
ness of the distribution of values of JGI (a few values were greatly
elevated, but most were less than 10), the median rather than the
arithmetic mean perhaps gives a better picture of the normal. Al-
though the average JGI for males (10.9) was higher than that for
females (5.6), and the average for whites (9.0) higher than that for
colored (6.9), the median values were not significantly different (males
4, females 2, white 2, colored 2), and there were great overlaps in the
range of values. Consequently, significance could not be assigned to
these factors in this series. See Table II for a summary of character-
istics of the series as a whole (200 cases).

In the smaller group of 24 cases defined above, the JGI correlated
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inversely with the level of plasma sodium (Text-fig. 1) and directly
with the width of the zona glomerulosa (Text-fig. 2). The log,, (JGI
~+ 10) was used for correlation in order to obtain linearity.’* In the
group of cases with o or 1+ degrees of hyalinization of the preglo-
merular arteriole, the JGI was significantly higher than in those with

TasLe II
Summary of Characteristics of 200 Cases
Number of cases Age JGI
Males Females White Colored Total Average  Range Average Median Range
110 9o 159 41 200 45.6 o-86 8.6 2 o-120

2+ or 3+ hyalinization. (t = 2.15; p < 0.05). No significant corre-
lation of JGI was found with levels of blood pressure, plasma potas-
sium, nonprotein nitrogen or with the weights of the heart, kidneys, or
adrenals. On the other hand, the correlation established by Peschel
and Race between the thickness of the zona glomerulosa and the die-
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Text-figure 1. The inverse correlation of the juxtaglomerular granulation index (JGI)
with the level of plasma sodium in 24 selected cases.

tary sodium intake in man was supported, because the width of the
zona glomerulosa was found to correlate inversely with the levels of
plasma sodium® (Text-fig. 3; Figs. 9 and 10).

The anatomic changes of the juxtaglomerular cells with hyper-
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Text-figure 2. The direct correlation of the JGI with the width of the zona glomeru-
losa in 24 selected cases.
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Text-figure 3. The inverse correlation of the width of the zona glomerulosa with the
level of plasma sodium in 24 selected cases.
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granulation were fairly consistent. When only a few granules were
present in the cell, they were usually found in perinuclear sites, al-
though they could be found anywhere in the cytoplasm (Fig. 1).
Granulation could be of sufficient amount, however, to fill the cell
completely (Fig. 3). Such degrees of granulation were unusual in
these studies on man. Granules were, in general, more difficult to find
in human kidneys than in those of most laboratory animals. In view
of the very low JGI normally found in man, degranulation could not
be evaluated as readily as in animals. In the rare instances of extreme
hypergranulation, the granular cells extended proximally from the
glomerulus nearly down to the origin of the arteriole (Fig. 4). Those
surrounding the preglomerular arteriole increased in number. The wall
of the arteriole became thicker in an eccentric manner and appeared
to bulge into the lumen of the tubule (Figs. 5 and 6). The thicker side
lay next to the macula densa. Intermingled with the granular cells,
cells with clear agranular and afibrillar cytoplasm could be seen
(Figs. 1 and 4). Although hyperplasia of the juxtaglomerular elements
usually was associated with hypergranulation, hyperplasia was not
studied sufficiently to state whether dissociation of hyperplasia and
hypergranulation occurred frequently.

In the sections stained with hematoxylin and eosin, advanced degrees
of hyperplasia could be detected and increased granulation assumed.
If many glomeruli with unusually large nodules of cells at their vas-
cular poles were seen, or the walls of the afferent arterioles were
unusually thickened by several layers of cells, then hypergranulation
was frequently present (Figs. 1 and 2). Hypergranulation was not
always found in such cases, however, so that a stain to demonstrate
granules was always necessary (Fig. 7). In this laboratory the Bowie
stain was the most satisfactory for this purpose, but the Masson
trichrome and the McManus periodic acid-Schiff stains also served to
demonstrate granularity.

The juxtaposition of the macula densa and juxtaglomerular cells
suggested an associated function. The primary emphasis of this study
was not on the macula densa but upon several types of changes which
were noted in it. The macula densa cells ranged from cuboidal to co-
lumnar in height (Figs. 5 and 6). In some cases the ratio of the number
of maculae densae to glomeruli was increased over normal, indicating
an increase of the former. Basilar vacuolization was noted frequently
(Figs. 5 and 6). In some instances in which tubular degeneration was
observed, the macula densa appeared relatively spared. No correlation
of these changes with the clinical factors studied was demonstrated.
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DiscussioN

The specialized elements in the walls of preglomerular renal arteri-
oles referred to as the juxtaglomerular apparatus were first noted by
Ruyter!* in 1925 although it was not until 1927 that their existence in
the human kidney was established.’® Goormaghtigh pioneered the
attempt to define the function of this group of cells. He felt that they
had an endocrine function and postulated that they were the source
of the vasopressor, renin.!®!” Hypergranulation of the juxtaglomerular
cells has been shown to occur during the early stages of experimental
renal ischemia® but has not been noted to accompany benign hyper-
tension in man. The early work in this field was concerned primarily
with the phenomenon of hyperplasia rather than hypergranulation.

Variation of granulation in the juxtaglomerular apparatus with the
level of plasma sodium further suggests an endocrine function. The
behavior of the granulation, if hypergranulation can be equated with
increased function, is that which would be expected if the granules
represented a trophic hormone or its precursor. In response to a low
level of plasma sodium, hypertrophy of the zona glomerulosa and
increased secretion of mineralo-corticoids would be anticipated. This
concept is also compatible with the observation of Dunihue (supported
by a case in this series of primary atrophy of the adrenals) that hyper-
granulation is found in adrenalectomized animals.*® However, these
data are not in accord with the conception suggested by Dunihue and
Robertson® that granulation is correlated inversely with the blood
level of mineralo-corticoids.

Juxtaglomerular cells have been proposed as the source of renin.'®7
The data presented here are compatible with this hypothesis if it is
assumed that the renin-hypertensin system is essentially a homeostatic
mechanism analagous to the carotid sinus reflex. A fall in blood pres-
sure would call forth a renin response, and a rise would decrease the
output and be reflected by the presence of fewer granules in the juxta-
glomerular apparatus (low JGI). Other evidence, however, suggests
that renin is found primarily in the proximal convoluted tubules.?

The possibility that the juxtaglomerular apparatus produces a hor-
mone which has combined vasopressor and sodium retaining properties
should be considered. Renin extracts have been shown to increase the
thickness of the zona glomerulosa, and thus appear to have a trophic
as well as a vasoconstrictor effect.?? The relationship of blood pressure
and sodium metabolism is so intimate, however, that their regulating
mechanisms may well be combined at times.

Although in this group of cases the level of nonprotein nitrogen
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(NPN) did not correlate significantly with the JGI, many of the cases
with an elevated JGI were noted also to have an NPN which was
elevated to some degree. However, in the absence of a low plasma
sodium level, an elevated JGI was not found even with a greatly ele-
vated NPN. A high level of plasma potassium, although not significant
in itself, seemed in some cases to enhance the effect on the JGI of low
plasma sodium levels. Some of the cases with the highest JGI had, in
addition to low plasma sodium levels, evidences of hyperkalemia. The
specific nature of the disease process did not appear important with
respect to the elevation of JGI. Indeed, as indicated by McManus,*
cirrhosis, hypoxic nephrosis, malignant hypertension, and Addison’s
disease were frequently noted to be associated with hypergranulation
of the juxtaglomerular cells. A number of these patients also had low
plasma sodium levels at death, but in those cases in which the plasma
sodium was normal terminally, no hypergranulation was found.

The height of the blood pressure, which has frequently been related
to the juxtaglomerular apparatus, was not found to be correlated sig-
nificantly with the JGI in this group. The tendency, if any, appeared
to be an inverse one. In animals an inverse relationship of this nature
has been established.?® Perhaps a larger group of cases would show
significant correlation, but if this were so, it would probably be readily
obscured by any associated changes in levels of plasma sodium. The
definite inverse correlation of JGI with preglomerular arteriolar hya-
linization is somewhat surprising in view of this observation and sug-
gests that further studies should be done.

It is tempting to try to associate the sparsity of granules in the
juxtaglomerular apparatus in the kidney of the very young with the
known immaturity of renal function in the infant. However, this fea-
ture may only be indicative of the nature of the disease and the
rapidity with which infants die.

The relationship demonstrated between the JGI, the width of the
zona glomerulosa of the adrenal cortex, and the plasma sodium level
extends the earlier work carried out in animals to man.

SuMMARY

Sections of kidneys procured from an unselected group of 200
patients at necropsy were stained to demonstrate granules in the juxta-
glomerular apparatus. A sub-group of 24 cases was selected on the
basis of the availability of adequate studies of plasma sodium levels
during the last week of life. Three determinations during this period
were deemed sufficient for this purpose.
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The degree of granulation of the juxtaglomerular apparatus was
found to be correlated inversely with levels of plasma sodium and
directly with the width of the zona glomerulosa of the adrenal cortex.
Other factors considered in the study were thought to play subsidiary
roles in this association. An inverse relationship between the levels
of plasma sodium and the thickness of the zona glomerulosa has been
demonstrated in animals; this study shows that the relationship holds
true in man, as well.

The possible functions of the juxtaglomerular cells are discussed.
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LEGENDS FOR FIGURES

Fic. 1. Case18133. Cross section of an afferent arteriole adjacent to a glomerulus.
Granular and agranular juxtaglomerular cells cause thickening of its wall
(JGI=104). Note the perinuclear distribution of granules when only a few
are present. Bowie stain. X 1,200.

F1G. 2. Case 18133. Cross section of an afferent arteriole with cellular thickening
of wall. Hematoxylin and eosin stain, to be compared with Figure 1. X 1,200.
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F1c. 3. Case 18133. Section through a glomerular root, demonstrating advanced
hypergranulation of the juxtaglomerular cells. (JGI=104). Bowie stain.
X 1,000.

F1c. 4. Case 18133. Section of an afferent arteriole proximal to a glomerulus,
showing granular cells extending down an arteriole. The glomerulus is above
the field shown. (JGI = 104). Bowie stain. X 1,000.
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Fic. 5. Case 18338. Section of a glomerular root. Eccentric hyperplasia of juxta-
glomerular cells causes bulging into the lumen of the distal tubule (JGI = 40).
Note basilar vacuolation of macula densa cells. Bowie stain. X 1,000.

Fi1c. 6. Case 18338. Section at a different angle from that shown in Figure s,
demonstrating eccentric hyperplasia of the juxtaglomerular cells. Hematoxylin
and eosin stain. X 1,000.
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Fic. 7. Case 18217. Cross section of an afferent arteriole with apparent thickening
of its wall. In a section stained with Bowie’s stain increased granulation was
not shown (JGI = 2). Hematoxylin and eosin stain. X 1,900.

Fic. 8. Case 18133. Section through an afferent arteriole and macula densa with
eccentric hyperplasia of juxtaglomerular cells. Hematoxylin and eosin stain.
X 1,000.
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F1c. 9. Case 18114. Adrenal cortex from a case with normal plasma sodium level.
Boundary between reticulum patterns of zona glomerulosa and zona fasciculata
is irregular. Wilder reticulum stain. X 100.

F16. 10. Case 18107. Adrenal cortex from a case with low plasma sodium level.

Widening of the zona glomerulosa is apparent although the boundary with the
zona fasciculata is irregular. Wilder reticulum stain. X 100.
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