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ABSTRACT
Adrenal steroidogenesis was studied in vitro and in vivo in rats which have

been specifically bred for susceptibility (S strain) or resistance (R strain) to
the hypertensive effects of salt. A marked quantitative difference was found
between S and R rats in the adrenal biosynthetic pathways which are sub-
sequent to deoxycorticosterone (DOC). There was a twofold difference in
the ability to 18-hydroxylate DOC to form 18-hydroxy-deoxycorticosterone
(180H-D0C) with the greater activity in the S rats. This increment in 18-
hydroxylation of DOC in S over R rats was offset by an equal decrement in
11/3-hydroxylation of DOC to form corticosterone (B) in S compared with R
rats. These alterations in metabolic pathways gave rise to characteristic 18OH-
DOC/B ratios for S and R animals that were obvious both in vitro and in
vivo.

The data suggest, therefore, that in selectively breeding rats on the basis of
blood pressure response to salt, a gene (or genes) which affects the 18OH-
DOC/B ratio has been segregated in the S and R strains. Although this
segregation is in itself good evidence for an effect of 18OH-DOC (or 18OH-
DOC/B ratio) on blood pressure in rats, it was also emphasized that there is
evidence for more than one gene affecting blood pressure in rats. Thus, the
steroid difference described is likely to be controlled by only one of several
genes affecting the quantitative character of blood pressure. Comparison of
18OH-DOC/B ratios in S and R strains with other strains of rats showed that
the high ratio in S rats was quite common, but that the low ratio in R rats was
rather unique. Thus, it seems that the low 18OH-DOC/B ratio of R animals
connotes resistance to salt, while the higher ratio in S and unselected strains
probably only connotes normal susceptibility to salt. The extreme sensitivity of
S rats to salt must therefore be accounted for by other genes.
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• The purpose of this paper is to review our
recent work on the formation of 18-hydroxy-
deoxycorticosterone (18OH-DOC) in certain
forms of experimental hypertension in rats.
18OH-DOC is produced by rat adrenals in
rather large quantities, second only to corti-
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costerone. 18OH-DOC is known to have weak
mineralocortieoid properties, but the hyper-
tensive properties of 18OH-DOC have not
been evaluated in chronic injection studies,
since this steroid is not available in quantities
sufficient for such work. A possible role for
18OH-DOC in hypertension is suggested by
the fact, herein reported, that certain strains
of rats with different propensities for hyper-
tension show marked differences in 18OH-
DOC secretion.

Methods
Most of the work reported here was done with

rats which have been specifically bred by Dahl et
al. for susceptibility (S strain) or resistance (R
strain) to the hypertensive effects of a high-salt
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Comparison of Steroid Secretion in Adrenal Venous Blood of SaltrSusceptible and SaW-Resistant
Female Rats Maintained on Low-Salt (04% NaCl) Diet*

Steroid

180H-D0C Gig/2 adrenals/hr)
B (/ig/2 adrenals/hr)
Aldosterone (Mg/2 adrenals/hr)
DOC (/xg/2 adrenals/hr)
110OH-P (jtg/2 adrenals/hr)
Body weight (g)
Right adrenal weight (mg)

Resistant

26.3 * 4.1
160.5 ± 10.3

1.08 ± 0.04
2.33 ± 0.44
0.80 ± 0.10
235 ± 2

24.9 ± 0.7

Susceptible

55.7 ± 9.2
116.6 ± 9.0

1.06 ± 0.15
2.34 ± 0.33
1.71 ± 0.34
239 ± 6

28.5 * 0.8

Level of
significance

0.01 -0.025
0.005 - 0.01

NS

NS

0.01 -0.025
NS

< 0.005

*The entries in the table are the mean ± standard error of six replicate samples. Adrenal
venous blood collected for one hour from the left adrenal was pooled from two rats so that the
steroid entries are mean *»g/2 left rat adrenals /hour. The significance level is for a t-test comparing
resistant and susceptible strains; NS = not significant, i.e., P > 0.05. The t-test on steroids was
done on logarithmically transformed data, although the untransformed means are given in the
table. 18OH-DOC = 18-hydroxy-deoxycorticosterone; B = corticosterone; DOC = deoxy-
corticosterone; and 110OH-P = 11/S-hydroxy-progesterone. (The data in this table have been
reprinted from Endocrinology,' by permission.)

diet.1 Data are also presented on rats selectively
bred by Rapp2 for high and low renal juxtaglo-
merular index (JGI), designated high JGI strain
and low JGI strain, respectively. Also, some
spontaneously hypertensive (SH) rats of Okamo-
to and Aoki3 were obtained from the National
Institutes of Health.* Wistar rats (Carworth
Farms, CFN) were used as the control strain for
SH rats. Where Sprague-Dawley rats were used,
these were Charles River CD rats.

Gas chromatographic methods were used in
quantitating the mass of 18-hydroxy-deoxycorti-
costerone (18OH-DOC), corticosterone (B),
deoxycorticosterone (DOC), aldosterone, and
11/3-hydroxy-progesterone (11/3OH-P). These
methods are given in detail elsewhere.4"6 The
conditions used for in vitro studies are given in
the table footnotes with results.

Results

Steroid secretion in adrenal venous blood of
S and R rats maintained on a low-salt (0.4S!
NaCl) diet showed that S rats secreted
approximately twice the 18OH-DOC secreted
by R rats. The higher 18OH-DOC formation
in S animals was roughly offset by lower B
formation in S compared with R rats (Table
1). Aldosterone and DOC were produced in
equal amounts by the two strains, but S
animals secreted about twice the 11/3OH-P
produced by the R rats (Table 1).

'Courtesy of Dr. A. Sjoerdsma and Dr. Y. Yamori.
Supple,

Adrenals of S and R rats were studied in
vitro. Rats for in vitro work were fed either
0.4% NaCl or 8% NaCl diets for 12 weeks after
weaning. S rats showed a characteristic blood
pressure response to salt, while in the R rats
blood pressure did not change on the high-salt
diet (Table 2). Adrenals quarters from these
animals were incubated in vitro with deoxy-
corticosterone-l,2-3H. Table 2 shows that S
rats formed approximately twice as much
18OH-DOC from DOC as R rats. This higher
conversion to 18OH-DOC was offset by a
lower conversion of DOC to B (11/3-hydroxyl-
ation) in S compared with R rats. The total
hydroxylation of DOC (18- plus 11/3-hydroxyl-
ation) was not different between strains, as
shown in Table 2 by the analysis of unmetabo-
lized DOC or by the analysis of the total of
18OH-DOC + B. The analysis of variance in
Table 2 also shows that salt diet had no effect
on the amounts of 18OH-DOC or B produced.

Since the 18OH-DOC formation is higher
and B formation is lower in S than in R rats,
this gives rise to characteristic ratios of 18OH-
DOC/B for each strain. The ratio of 18OH-
DOC/B formed in vitro from tritiated DOC
using adrenal tissue from individual rats is
given in Figure 1 for several strains of rats.
The difference between the high 18OH-
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\

Ratio of 180H-D0C/B (18-hydroxy-deoxycorticoste-
rone/corticosterone) produced in vitro from DOC-
1,2-3H by adrenal homogenates from individual
adrenals of rats from various strains. Each point is
the result from one rat of each strain: CD = Charles
River CD (Sprague-Dawley descendants); SH =
Okamoto's spontaneously hypertensive rats; CFN =
Carworth CFN (Wistar descendants); S = salt-sus-
ceptible; R = salt-resistant. All rats were females
seven to nine months old. The CD, CFN, and SH
rats were fed regular laboratory diet (Wayne Lab
Blox); where low salt diet (0.4% NaCl) is indicated, it
was fed for the entire life of the rat; where high salt
diet (8% NaCl) is indicated, it was started at five
weeks and fed until six months of age, at which time
these rats were switched to the regular laboratory
diet (approximately 1% NaCl). One adrenal (which
had been frozen for 16 days) from each rat was
homogenized in Krebs-Ringer bicarbonate medium,
preincubated 15 minutes without substrate, then
incubated at 37 C for 15 minutes with 7.5 fig
DOC/ml, 5 nCi DOC-l,2->H/ml, 8 mg adrenal ho-
mogenate/ml, 1 mg TPNH/ml, and 3.81 miu Ca+t.
Incubates were extracted, chromatographed on paper
in butyl acetate/formamide-water, and the radioac-
tivity in the various steroids determined by radio-
chromatographic scanning with digital integration.
(Reprinted from Endocrinology,7 by permission.)

DOC/B ratio (0.65 to 0.80) of the S and the
low 18OH-DOC/B ratio (0.20 to 0.45) of the
R strain is obvious. Apparently, the CD strain
(Sprague-Dawley descendants) contains in-
dividuals with phenotypes of both the high

and low 18OH-DOC/B ratio, with a prepon-
derance of high-ratio individuals (Fig. 1). The
existence of two phenotypes in Sprague-
Dawley rats is interesting, since S and R rats
were developed from Sprague-Dawley stock.
A few individuals of the SH and Wistar strains
were tested, and Figure 1 shows that these
rats all had the S phenotype for 18OH-
DOC/B ratio. Thus, the low 18OH-DOC/B
ratio of the R rats appears rather unique in
comparison with other strains.

18OH-DOC and B have been measured in
adrenal venous blood of several strains. The
results are given in Figure 2, where the
concentration of 18OH-DOC is plotted
against the concentration of B in adrenal
venous blood. Since the lines shown all
essentially go through the origin, the slopes of
the hnes correspond to the 18OH-DOC/B
ratio in adrenal venous blood. Figure 2a is
from the same data used in Table 1, and
demonstrates the characteristic difference be-
tween S and R rats. Figure 2fo suggests that
selective breeding for high and low JGI,
which started with Charles River CD
(Sprague-Dawley) rats, has also separated
two classes of rats with different 18OH-
DOC/B ratios. The separation is, however,
not as marked as between the S and R strains.
Figure 2c reiterates what was learned in
Figure 1, that SH and Wistar rats both have
the same 18OH-DOC/B ratio and that this is
the ratio characteristic of S rats.

18OH-DOC and B have also been measured
in peripheral plasma. Figure 3a shows that the
adrenal venous blood and in vitro studies gave
a valid reflection of the situation in peripheral
plasma: that the 18OH-DOC/B ratio in
peripheral plasma is greater in S than in R
rats. For comparison, Figure 3b shows pre-
viously published data6 on peripheral plasma
steroids from Charles River CD (Sprague-
Dawley) rats that either had adrenal regen-
eration hypertension (ARH) or were normo-
tensive controls. It is obvious that the
18OH-DOC/B ratio is not changed by adrenal
regeneration. Also, it is clear that the slope of
the lines in Figure 3b corresponds to that of
the S rats in Figure 3a. This suggests that
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Results of 2 X 2 Factorial Analysis of Variance on Blood Pressure and In Vitro Conversion of Tritiated Deoxycorti-
costerone by Adrenal Quarters from Soli-Susceptible (S) and SalUResistant (ffi) Strains of Rats on High- (8%) or Low-
(04%) Salt Diets*

High-salt Low
S

133

91.1
6,083

-salt
R

112

92.5
3,650

Strain

<0.005

NS

< 0.005

Significance levels
Diet

<0.005

NS

NS

Interaction

< 0.005

NS

NS

SB

3.4

5.0
516

Blood pressure (mm Hg)
Adrenal weight

incubated (mg/flask)
18OH-DOC (counts)
B (counts)
DOC (counts)

163

91.0
5,400

117

91.9
3,500

8,867 10,767 9,383 11,450
26,150 26,283 26,950 23,433

<0.005
NS

18OH-DOC + B (counts) 14,267 14,267 15,467 15,100

540
1,469

940

*Adrenal quarters were incubated in 2 ml of Krebs-Ringer bicarbonate medium containing 200 mg% glucose, 3.75
/iCi DOC-l,2-8H/ml, and 100 jig DOC mass/ml. Incubations were at 37 C in an atmosphere of 95% O2, 5% COa at
pH 7.4 for 75 minutes. Following incubation, tissue and medium were homogenized, extracted with methylene di-
chloride, and chromatographed on paper in butyl acetate/formamide-water. Chromatograms were strip counted and
counts in various areas quantitated by digital integration. There were 6 replicate flasks for the adrenal incubation
and 20 replicate rats in the blood pressure data, NS = not significant, i.e., P > 0.05; DOC = deoxycorticosterone;
18OH-DOC = 18-hydroxy-deoxycorticosterone; B = corticosterone; SE = standard error. (The data in this table
have been reprinted from Endocrinology,7 by permission.)

X 5
O

(a) (b)

20 0 10 20

CORTICOSTERONE

FIGURE 2

Relationships of concentrations of 18OH-DOC (18-hydroxy-deoxycorticosterone) and cortico-
sterone in adrenal venous blood for various strains of rats (S, R, Low JGl, High JGI, SH,
Wistar). Each line was based on six to nine samples. The regression lines are drawn so that
the length of the line covers only the range of the original data (they have not been extrapolated
beyond the data). All lines had statistically significant slopes (P < 0.05) and none of the slope
intercepts were statistically different from the origin (P > 0.1). Steroids were quantitated by
gas chromatographic methods. The lines in graphs (a) and (c) were calculated from data given
in detail elsewhere;7 graph (b) is from unpublished observations.

although the Charles River CD strain is
composed of individuals of both S and R
phenotypes (from Fig. 1), the S phenotype
must be present in much greater proportion
than the R phenotype.

Discussion

The data presented establish that there is a
marked difference in adrenal steroidogenesis

between the salt-susceptible (S) strain and

the salt-resistant (R) strain of rats. More

deoxycorticosterone is 18-hydroxylated (to

form 18OH-DOC) in S than in R rat adrenals.

The increment by which S is greater than R in

18-hydroxylation is offset by a decrement of

approximately equal magnitude by which S is

less than R in 11/J-hydroxylation. Thus, the
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FIGURE 3

The concentration of 18OH-DOC (18-hydroxy-deoxycorticosterone) is plotted against the
concentration of corticosterone for peripheral plasma of S and R rats in graph (a) and of
Sprague-Dawley (Charles River CD) rats with or without adrenal regeneration hypertension
(ARH) in graph (b). Each line was based on 10 to 16 samples. The regression lines are
drawn so that the line covers only the range of the original data. All lines had statistically
significant slopes (P < 0.05), and none of the slope intercepts were statistically different from
the origin (P > 0.1). Steroids were quantitated by gas chromatographic methods. The data
in graph (a) are given in detail in reference 7, and those in graph (b) in reference 6.

total hydroxylation (11/3+18) of DOC is
constant between strains, but the stoichiomet-
ric shift in pathways gives rise to 18OH-
DOC/B ratios which are characteristic for the
S and R strains.

It was possible to recognize two phenotypes
for 18OH-DOC/B ratio by incubating adre-
nals from individual animals in vitro. These
were a high (S-type) ratio and a low (R-
type) ratio. The S and R strains appeared
quite pure for their respective phenotypes.
Both phenotypes were seen in unselected
Sprague-Dawley rats, but the S type was
present in greater numbers. This plus the fact
that S and R strains were developed from
Sprague-Dawley rats strongly suggest that
selective breeding on the basis of the hyper-
tensive response to salt accurately segregated
a gene(s) controlling the 18OH-DOC/B ratio.
In view of the marked differences in hyperten-
sive response to salt by S and R rats, we
interpret the separation of 18OH-DOC/B
ratios in S and R rats as circumstantial
evidence for an effect of 18OH-DOC (or
18OH-DOC/B ratio) on blood pressure and/
or salt susceptibility in rats.

Although the above genetic evidence is
compelling for an effect of 18OH-DOC/B
ratio on blood pressure, it is equally obvious
that a high (S-type) ratio does not in itself
necessarily connote high blood pressure. This
is so because the S phenotype was common;
both unselected normotensive Wistar as well
as spontaneously hypertensive (SH) rats had
the S phenotype. Thus, it was the low ratio of
the resistant rats that appeared unique. There
is probably good reason for this apparent
uniqueness. SH rats were developed from
Wistar rats by selection for high blood
pressure.3 No rats were selected in the
opposite direction for low blood pressure. In
contrast to this, the breeding program for the
development of S and R rats selected rats for
decreased (R) as well as increased (S)
response to salt. Approximately equal and
opposite responses from the unselected strain
were obtained.1 It is only in the R rats,
therefore, that one can expect to see a
concentration of genes for resistance. Perhaps
the more common "high" 18OH-DOC/B ratio
connotes normal susceptibility and a low ratio
favors resistance to salt. In any case, there is
genetic evidence for the existence of from two
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to four genes which account for the difference
between S and R strains.8 Control of the
18OH-DOC/B phenotype is likely to be only
one of these, and the extreme sensitivity of S
rats to salt is in all probability due to other
genes.

Figure 2b presents data on rats which were
selectively bred for high or low renal juxta-
glomerular granularity. These strains were
developed starting with Charles River CD
(Sprague-Dawley) rats. In this case, as with S
and R rats, animals were selected in both
directions from the original stock. Young rats
from the low juxtaglomerular index (JGI)
strain have slightly higher blood pressure than
high JGI animals. The low JGI animals
develop an age-related hypertension three to
six months earlier than the high JGI strain.
Aging low JGI rats also have a significantly
higher incidence (59%) of mesenteric periar-
teritis nodosa than high JGI rats (22,%).* It
was suggested, on the basis of previous work,2

that selecting for juxtaglomerular granularity
was really indirectly selecting for blood
pressure differences, and that the change in
JGI due to breeding was the result of selected
blood pressure differences rather than the
cause of such blood pressure differences. Thus,
the apparent separation of 18OH-DOC/B
ratio in the low and high JGI rats is of
interest. While the separation of 18OH-
DOC/B ratios is apparently less complete in
strains bred for JGI (Fig. 2b) than in the S
and R strains (Fig. 2a), it is nevertheless
similar to the data on S and R strains. S and R
rats show, respectively, low and high JGI.9

Thus, there is a certain parallelism between
the two experiments. The S and the low JGI
strains have properties in common. Both
strains show relatively increased hypertensive
properties, relatively lower JGI, and a relative-
ly higher 18OH-DOC/B ratio than their
respective counterparts (R and high JGI
strains). Apparently, in both breeding regimes
involving selection for blood pressure, there
was selection pressure favoring separation of
genes controlling the 18OH-DOC/B ratio.

•Unpublished observations.

Finally, and somewhat incidentally, 18OH-
DOC has been implicated by in vitro studies
as a causative factor in adrenal regeneration
hypertension.10 It has, however, been conclu-
sively shown that 18OH-DOC is not increased
in peripheral plasma in adrenal regeneration
hypertension.6 Figure 3fe shows that the
peripheral plasma 18OH-DOC/B xatio is
unchanged by adrenal regeneration hyperten-
sion. Deoxycorticosterone is, however, in-
creased in peripheral plasma in adrenal
regeneration hypertension,11 and this phenom-
enon is almost certainly due to excess DOC
secretion and not excess 18OH-DOC secre-
tion.
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