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The granular juxtaglomerular (j.g.) cells are modified smooth muscle
cells that comprise part of the media of the afferent renal arteriole.1'2 The
production of renin is an established endocrine function of these cells.', 4
The proteolytic enzyme, renin, acts on a plasma globulin, resulting in
angiotensin, a potent pressor which also stimulates production and re-
lease of aldosterone.5 6
The stimuli responsible for increasing the secretory activity of j.g.

cells generally cause a decrease in renal blood flow or in the volume of the
renal vascular bed, i.e., renal hypovolemia.7'8 Accordingly, partial con-
striction of the renal artery, narrowing of the suprarenal aorta or oli-
gemic shock are associated with an increase in secretion. The decreased
pressure or stretch exerted on the j.g. cells is thought to serve as the
actual stimulus for their activity.8 Overdistention of the renal vascular
bed, as by transfusion polycythemia, or a high head of perfusion pres-
sure, decreases secretion.7'8 Sodium deficiency increases, while salt
loading decreases their secretion.8 9 This data is based largely on parallel
studies of the renal renin content and histologic appraisals of the secre-
tory state in j.g. cells.
Lowered renal cortical oxygenation may occur with some, or most

of the known stimuli that increase j.g. secretory activity. Exactly what
role, if any, renal hypoxia plays in j.g. stimulation is not known. In order
to examine this parameter alone, renal hypovolemia must be avoided.
The degree of hypoxia must not be so severe as to cause relaxation of
vascular smooth muscle, nor should the oxygen tension be so low that
cellular secretory functions cease. Negative results have altered the use
of carbon monoxide in the study of j.g. cells in the hypoxic state.10 This
may be related to the severity of carbon monoxide-induced hypoxia;
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this agent not only ties up oxygen binding sites on hemoglobin, it also
inhibits the release of bound oxygen from hemoglobin.11

In the present work the altitude and duration of exposures, as well as
the age and sex of the rats selected, were known to result in polycythemia
with a very low mortality rate. Furthermore, it was known that neither
systemic blood pressure, nor renal blood flow would be diminished during
this schedule.12 In addition to permitting an evaluation of hypoxic states
on j.g. cells, the altitude experiments allowed investigation of the rela-
tionship between these cells and erythropoietin production.

Erythropoietin (ESF) is a humoral agent that appears in the blood
in detectable levels most commonly in response to hypoxia.'3 14 It may
be a sialic acid-containing glycoprotein produced largely by the kid-
ney,15"" the cortex rather than the medulla having been implicated in
its production.'7 A relationship between j.g. cells and ESF has been
sought by others,'8" 9 but unfortunately the stimuli used to induce hy-
poxia have also caused renal hypovolemia. Therefore, the observed
hyperplasia of j.g. cells accompanying high levels of plasma ESF could
have been fortuitous -the j.g. cells having responded to hypovolemia,
and the ESF appearing as a result of the effects of hypoxia on other cells.

In the past, a major problem in delineating a valid relationship be-
tween j.g. cells and ESF has been the inability to extract active ESF
from the kidneys readily.20 21 A partial solution to this problem has been
obtained in the present experiments, and has permitted a closer correla-
tion between j.g. cells and ESF.

MATERIAL AND METHODS
Bioassay of Erythropoietin (ESF). This was determined by Stohlman's method.22

The percent of a known amount of Fe59 which is incorporated into red cells of starved
rats following 2 daily injections of the assay material is used as an expression of the
ESF content of the material. Plasma as well as tissue extracts were analyzed by this
method. Every sample was assayed simultaneously in 5 rats. The volume of injected
material was always I per cent of the starved rat's body weight.

Histologic Methods and Evaluation of Juxtaglomerular (j.g.) Cells. Kidneys
fixed in Helly's fluid were sectioned and stained with Bowie's stain.9 The granular
j.g. cells were enumerated by a technique that quantitates their number and
granularity sufficiently well for biologic comparisons.23 The number obtained is the
juxtaglomerular index (J.G.I.). Other organs, including heart, lung, liver, spleen,
adrenal, stomach, duodenum, cecum, ileum, pancreas, testis, bone, skeletal muscle
and a portion of each kidney were fixed in io per cent buffered formalin and sec-
tions were stained with hematoxylin and eosin. In some instances the alcian blue stain
and the periodic acid Schiff reagent were utilized to evaluate changes in tissue
mucopolysaccharides.

Altitude Studies. A chronic intermittent schedule of exposures in altitude cham-
bers, known to induce polycythemia in rats, was used. Sprague Dawley rats, ap-
proximately 200 gm each, and between 8o and go days in age, were exposed to
"25,000 feet" for 6 hours per day, 5 days per week, for 6 weeks, the rate of "climb"
being 2,000 feet per minute.24 The animals were housed in the chambers within cages
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that assured adequate ventilation. Temperature was maintained at approximately
220 C, and Purina lab chow and tap water were given ad libitum. Animal weights were
individually recorded.
At the conclusion of each experimental situation the rats were bled by aortic

puncture and the organs quickly removed. Aliquots of blood were taken for hematocrit
determination and then the plasma was promptly separated and stored frozen un-
til assayed for its erythropoietin content. In general there were 4 to 6 rats in each
experimental group, and their plasma was pooled in order to have sufficient volume
for the bioassay. Sodium levels were determined on aliquots of the various plasma
specimens by flame photometry. Blood volume was determined in some of the rats
by dilution of radio-chromium tagged red cells. Rats of the same strain, sex, age
and weight kept at normal atmospheric pressure served as controls.

In acute experiments the effects on j.g. cells and ESF of I and 2 exposures at 30,000
feet were studied on a group of similar rats.

Deoxycorticosterone Hypertension and Salt Loading Experiments. Thirty Sprague-
Dawley female rats each weighing about iIO gm were subjected to unilateral ne-
phrectomy; a 25 mg pellet of deoxycorticosterone acetate was implanted subcutane-
ously 4 days after the nephrectomy. They ate Purina lab chow, but a i per cent NaCl
solution replaced tap water for drinking. Thirty untouched rats of the same strain,
sex and weight were given a 3 per cent NaCl solution to drink, while an equal number
of control rats had ordinary tap water. Purina lab chow was fed ad libitum to all 3
groups. After 22 weeks on these regimens the animals were sacrificed and the organs
promptly removed and then processed for histologic examination and assay of tis-
sue erythropoietin content.
Aqueous extracts of renal cortices and livers were prepared by first homogenizing

the freshly excised tissues in the cold, 2 gm tissue per ml of triply distilled H20. The
whole homogenates were incubated at 370 C in closed vessels under a variety of
conditions including different overlying gaseous atmospheres, and the presence or
absence of plasma. The whole homogenates were then centrifuged at 4,000 X G for
20 minutes at 50 C; the supernate was then assayed for erythropoietin activity.

RESULTS

Chronic intermittent exposures to simulated high altitudes for a pe-
riod of 6 weeks resulted in marked polycythemia and expansion of the
total blood volume. During the development of polycythemia, rats were
sacrificed at periodic intervals; some just before, others immediately
after, an exposure in order to study any parallel changes in the juxta-
glomerular (j.g.) cells and the circulating erythropoietin (ESF) levels.
The results are summarized in Table I. In order to decrease the mor-
tality rate during the initial periods of this schedule the first exposure
was at i8,ooo feet, whereas all subsequent ones were at 25,000 feet.

In the first week, 3 successive exposures elevated the average J.G.I.
(Figs. i and 2). The amount of ESF liberated into the circulation at this
time was high, causing 24 per cent of the injected Fe59 to be incorporated
into the circulating red cells of the assay rats. By the end of the first 5
exposures on Friday the juxtaglomerular index dropped below its high
mid-week level of 67, but remained well above normal. The Friday
circulating ESF level of 14 per cent was considerably lower than
Wednesday's 24 per cent.
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JUXTAGLOMERULAR CELLS

After a weekend of rest the J.G.I. on Monday, prior to exposure, was
6i, and then 50 following the 6-hour exposure. A correspondingly large
amount of ESF was present in the plasma, causing a 26 per cent incor-
poration of Fe59 in the assay rat. On Friday of the second week the dif-
ference in the J.G.I. pre- and post-exposure, was small, from 54 down
to 48, respectively; the parallel circulating ESF level after exposure on
this day was i 6 per cent. The J.G.I. and ESF levels behaved in the same
manner during the third week. Large decreases in the J.G.I. occurred
after exposure early in the week and were accompanied by high plasma
erythropoietin levels. Slight drops were observed in the J.G.I. post-
exposure later in the week, which were correlated with low levels of
plasma ESF.
The increased secretory activity of j.g. cells occurred in the face of an

expansion of total blood volume, and in the presence of normal plasma
sodium levels (Table I). The viscera, especially the kidneys, had an
increasingly plethoric appearance as the hematocrit rose. Microscopi-
cally, renal glomerular capillary congestion paralleled the hematocrit
value.

Examination of other organs from the rats sacrificed at the intervals
shown in Table I failed to reveal histologic evidence of increased secre-
tory activity by other groups of cells. There were, however, some micro-
scopic alterations in structure. Focal areas of fatty change in skeletal
muscle, increased cellularity of marrow, and focal degeneration of semi-
niferous tubular cells were among the changes observed.

In the acute hypoxia studies (Table II) normal rats exposed once or
twice to a simulated altitude of 30,000 feet showed a lowering of the

TABLE II
ACUTE ALTITUDE STUDIES *

Control Values A B C
ist 6-hour exposure Ist 6-hour exposure Same as B

i8 hours rest plus i8 hours rest
2nd 6-hour exposure

J.G.I.t
30 33 48

39
(22-44) (19-43) (39-55)

(28-4I)
ESF t

19.I% I6.2% 5.2%
4%

* Exposed to 30,000 feet.
t The average and range of juxtaglomerular indices are shown.
$ The per cent of Fe' incorporated into red cells of assay rats, following injection of
exposed rats' plasma is shown. Values represent the average from five assay rats.
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J.G.I. immediately after exposure. When an i8-hour period of rest was
added before sacrifice, however, the average J.G.I. rose to 48, signifi-
cantly above normal.

Erythropoietin was readily extracted from the normal rat renal cortex
but anaerobic incubation was a prerequisite (Table III). Supernates
from whole homogenates, which were incubated under 95 per cent N2:
5 per cent CO2 at 3 70 C for i hour, contained significant amounts of ESF.
Serum added to aerobically incubated homogenates failed to influence

TABLE III
CORRELATION OF TISSUE ERYTHROPOIETIN CONTENT AND JUXTAGLOMERULAR INDICES

Homogenates * Homogenates t
incubated in air incubated anaerobically

Supernate Supernate § Supernate Supernate
Extracts alone plus serum alone plus sialidase J.G.I.**

37
Normal renal 6% tt 4% I6% 5% (24-51)
cortex

3
DOCA hypertensive- 5 5 4 - (o-5)
renal cortex

8
3% salt loaded 6 4 6 - (O-II)
renal cortex
Normal liver 4 6 5

* Incubated at 370 C, for I hour.
t Incubated at 370 C, for one hour; overlying gas phase 95% N2: 5% CO2.
t Volume of supernate injected was always I% of assay rats body weight.
§ Serum obtained from same rats whose kidneys were extracted. Final concentration of
serum was 5%.

** The average juxtaglomerular index and range are given.
tt These values represent the per cent of Fern incorporated into circulating red cells of

assay rats following injection of the various supernates. The averages from five assay
rats are shown for each group.

the amount of ESF in the supernate. Sialidase15 inactivated the erythro-
poietin extracted as a result of anaerobic incubation of normal renal
homogenates. The deoxycorticosterone and salt loading regimens caused
a marked drop in the number and granularity of j.g. cells. The average
J.G.I.'s were 4 and 2, respectively (Table III). Extracts prepared from
such kidneys did not contain measurable amounts of ESF. The correla-
tions between granular j.g. cells and extractable tissue erythropoietin are
summarized in Table III. Hematoxylin and eosin stained sections of
these kidneys failed to reveal the tubular epithelial vacuolization charac-
teristic of potassium deficiency.

DISCUSSION

The foregoing data indicates that hypoxia, unaccompanied by renal
hypovolemia, results in a stimulation of the secretory activities of the
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granular j.g. cells. These experiments have also shown a distinct cor-
relation between the granularity of the j.g. cells and the level of circu-
lating, and extractable renal erythropoietin.

During the 25,000 feet exposures there were no episodes of renal hypo-
volemia. It has been shown by other investigators that during such stimu-
lation the blood pressure rises slightly and renal blood flow does not
decrease.12 After exposure, these hemodynamic parameters return to
normal. More severe episodes of hypoxia, such as those induced by
carbon monoxide poisoning, do cause a marked decrease in renal blood
flow. Severe hypoxia of this degree, however, should not be equated with
that induced at a simulated altitude of 25,000 feet.11 Dehydration ap-
parently did not occur to any significant extent during exposure as evi-
denced by the lack of change in hematocrit values before and after
exposure (Table I). In spite of the absence of renal hypovolemia, the
J.G.I. increased. This rise could not be attributed to alterations in plasma
sodium levels either (Table I). The most prominent aspect of the ex-
posures was hypoxia and it seems, for the above reasons, to be valid to
suggest that the j.g. cells were stimulated by this factor alone.
Whether the hypoxia, that may occur with some of the usual hypo-

volemic j.g. cell stimuli (renal artery constriction, shock, etc.), is respon-
sible for the increased secretory activity of these cells can not be clarified
by the foregoing experiments. It may well be that the j.g. cells respond
to several types of stimuli, hypovolemia, hypoxia, and sodium deficiency.

In assessing the endocrine functions of the granular j.g. cells the rela-
tive rates of production, storage and release of granules must be con-
sidered. Depending on its intensity, duration and method of application,
a secretory stimulus may have varying effects on the 3 secretory steps
and the J.G.I., which is the result of a balance among the 3. For instance,
within a few hours following a first sodium deficient meal the J.G.I.
drops. If the diet is prolonged over several weeks, however, the J.G.I.
rises very high above normal.25

Correlating the three separate steps in cellular secretion with levels
of a circulating or extractable hormone permits a more valid analysis of
the cells' endocrine activities. It is not possible to correlate a secretory
release of j.g. granules with the simultaneous appearance of a circulating
humoral agent if a constant stimulus has been used. The usual j.g. cell
secretory stimuli such as ligation of a renal artery or a prolonged sodium
deficient diet result in a fixed granularity of the j.g. cells. By its inter-
mittent nature the hypoxic-polycythemic schedule used in the present
work facilitated an intimate correlation of production, storage and re-
lease of j.g. granules with circulating levels of erythropoietin. This was
best demonstrated by the pre- and post-exposure values.
On Monday of the second week (Table I) the pre-exposure J.G.I. was
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high and plasma ESF was not detectable. Following the hypoxic stimu-
lation a significant drop occurred in the J.G.I. accompanied by high
plasma ESF levels. Furthermore, the magnitude of the daily drop in the
J.G.I. paralleled the amount of erythropoietin released. On Friday of
this week for example, the J.G.I. decreased to a lesser extent than on
Monday, and the amount of ESF liberated was likewise less.
The differences between Mondays and Fridays in the same week, in

J.G.I. and ESF, are interpreted as exhaustion phenomena. Five suc-
cessive exposures to a simulated altitude of 25,000 feet is a rigorous
schedule. It is known that continuous and severe hypoxia, e.g. 19,000
feet for 48 hours,'4 results in a cessation of ESF elaboration. This ex-
haustion aspect of ESF production fits well with the observed differences
in the Monday and Friday pre-exposure J.G.I. levels and the lower
amounts of ESF liberated at the end of the week on Fridays (Table I).
The acute, 30,000 feet exposures (Table II) were designed to show

what a very severe stimulus might do. Goldfarb and Tobian 26 attempted
to show that j.g. cell granularity was not related to ESF elaboration on
the basis of similar acute altitude studies. They reasoned that if j.g. cells
did produce this material then an acute stimulus, known to release ESF,
should be accompanied by a lower J.G.I. at its conclusion, demonstrating
secretory release of the granules. The simulated altitude used, I9,000
feet, released ESF, but did not affect the J.G.I. In the present work a
higher altitude was employed, 30,000 feet. Immediately following this
the J.G.I. was considerably lower than in matched controls kept at nor-
mal atmospheric pressure (Table II), suggesting a related secretory re-
lease of j.g. granules.
The correlations between the extractable renal erythropoietin and the

J.G.I. (Table III) are in harmony with the data derived from the altitude
exposures. The DOCA and salt loading regimens are reliable methods
for decreasing the number and granularity of j.g. cells. The purpose of
this series of experiments was to simply show any relationship between
the number of granular j.g. cells and the amount of extractable renal
erythropoietin. These regimens have far reaching systemic effects and
may also cause other changes in the kidneys, such as tubular epithelial
vacuolization secondary to potassium deficiency. Damage to other renal
cells could, therefore, have been incriminated in the lowering of the ESF
content of DOCA and salt-loaded kidneys, but on the basis of careful
histologic examination few or no changes consistent with potassium de-
ficiency were seen. The only regularly observed changes in these kidneys,
in addition to depletion of j.g. granulated cells, was minimal hyaliniza-
tion of some afferent arterioles.
Why anaerobic incubation was necessary in the extraction of erythro-
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poietin from renal cortices is not clear. It could be related, however, to
the sialic acid moiety of ESF. In tissues, sialic acid may be bound to a
basic grouping of another substance, possibly a basic protein. If this is
the case then hydrolysis of such a bond may be required to release ESF
in its active form. It may well be that anaerobic incubation of the homo-
genates facilitated the cleavage between the sialic acid in ESF and the
basic groups of another substance. Whether such a process is operative
in vivo during hypoxia can not be ascertained at this point. The lactic
acidosis and changes in cellular redox potentials wrought by hypoxia,
however, could affect hydrolysis of such bonds.
The chronic intermittent hypoxic schedule described in the present

work involved acclimatization to hypoxia. This is a rather complex
physiologic process with several unknown parameters. The participation
of the j.g. cells in acclimatization is certainly suggested by the data in the
altitude experiments. Whether the resultant increased secretory activi-
ties of the j.g. cells also caused an increase in plasma angiotensin, through
their release of renin, is not known. Angiotensin could be involved in
acclimatization through its direct cardiovascular effects and its aldoste-
rone and adrenal cortex stimulating properties.5'6

It has been shown that renin is not erythropoietin27 nor is the poly-
peptide, angiotensin, related to ESF. If the granular j.g. cells do elabo-
rate erythropoietin this would be their second endocrine product. This
is harmonious with the ultrastructural demonstration of the variety of
granules seen in the j.g. cells.28

SUMMARY
The renal granular juxtaglomerular cells have been shown to respond

to hypoxia. Chronic intermittent exposures to simulated high altitudes
did not involve a decrease in the size of the renal vascular bed. In spite
of this, the j.g. cells showed increased secretory activities.

It was shown, furthermore, that the release of large amounts of ery-
thropoietin could be correlated with a secretory discharge of granules
from the j.g. cells. A method of extracting erythropoietin from renal
cortices was devised and was useful in showing a correlation between the
granularity of the j.g. cells and the amount of extractable renal erythro-
poietin.
The increased secretory activities of the j.g. cells are felt to play a role

in acclimatization to high altitudes, firstly by increasing the circulating
red cell mass through the liberation of erythropoietin and secondly by
the release of the enzyme renin which causes an increase in the produc-
tion of angiotensin. This in turn affects aldosterone production by the
adrenal cortex.
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LEGENDS FOR FIGURES

FIG. x. Afferent renal arteriole, normal control rat. Two granulated cells are evi-
dent in its wall. This number of cells and the degree of granulation is representa-
tive of normal rats. Bowie stain, X I,200.

FIG. 2. Afferent arteriole, rat exposed intermittently to a simulated altitude of 25,-
ooo feet for S days, allowed a weekend of rest, and sacrificed on Monday of the
second week. Three to 4 cells in the arteriolar wall are heavily granulated. Ap-
proximately one third of the granular juxtaglomerular complexes encountered
in such kidneys showed this degree of increased granularity. Bowie stain, X I,200.
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