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ABSTRACT The stroke-prone spontaneously hyperten-
sive rat (SHRSP) is a genetically determined model of “salt-
sensitive” stroke and hypertension whose full phenotypic
expression is said to require a diet high in Na* and low in K*.
We tested the hypothesis that dietary Cl~ determines the
phenotypic expression of the SHRSP. In the SHRSP fed a
normal NaCl diet, supplementing dietary K* with KCI exac-
erbated hypertension, whereas supplementing either KHCO3
or potassium citrate (KB/C) attenuated hypertension, when
blood pressure (BP) was measured radiotelemetrically, di-
rectly and continually. Supplemental KCl, but not KB/C,
induced strokes, which occurred in all and only those rats in
the highest quartiles of both BP and plasma renin activity
(PRA). PRA was higher with KCI than with KB/C. These
observations demonstrate that with respect to both severity of
hypertension and frequency of stroke the phenotypic expres-
sion of the SHRSP is (i) either increased or decreased,
depending on whether the anionic component of the potassium
salt supplemented is, or is not, Cl1~; (ii) increased by supple-
menting Cl~ without supplementing Na*, and despite sup-
plementing K*; and hence (iii) both selectively Cl~-sensitive
and Cl~-determined. The observations suggest that in the
SHRSP selectively supplemented with Cl~ the likelihood of
stroke depends on the extent to which both BP and PRA
increase.

Only as its chloride salt does dietary Na™ induce hypertension
(1-5). However, in both humans and rats, Cl~ loading without
Na* has repeatedly failed to induce such “salt-sensitive”
hypertension (6-8), and supplementing dietary potassium
with KCI has repeatedly been found to attenuate it (9-11).
Thus, it is generally assumed that dietary C1~ has no pressor
effect independent of that of dietary Na*. Yet, in the spon-
taneously hypertensive rat (SHR), dietary Cl- might exert a
Na™*-independent pressor effect (12) because of its Na*-
independent capacity to induce and enhance renal vasocon-
striction (13-17) that may affect the afferent arteriole (14). In
the SHR, and presumably also in its genetic substrain, the
stroke-prone SHR (SHRSP), narrowing of the afferent arte-
riole may give rise to hypertension (18-21). The extent of that
narrowing in the SHR varies directly with the severity of its
pharmacologically attenuated hypertension (21, 22). Thus, by
augmenting that narrowing, supplementing dietary CI~, even
with KCI, might both exacerbate hypertension and increase
plasma renin activity (PRA) (vide infra) and thereby induce
stroke in the SHRSP, much as does loading dietary CI~ with
NaCl (23-25). Unopposed by supplemental Cl~, supplemental
KHCO3 might induce in the SHRSP effects on hypertension,
PRA, and the frequency of stroke opposite to those of
supplemental KCI. We report positive tests of this hypothesis.

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

© 1997 by The National Academy of Sciences 0027-8424/97/9414748-5$2.00/0
PNAS is available online at http://www.pnas.org.

14748

METHODS

Weanling male SHRSP were obtained from the colony at the
University of Iowa (Iowa City). Rats were fed Purina rat chow
from 3 to 6 weeks of age; thereafter, until they were killed at
25 weeks, they were fed a Japanese style diet (Zeigler, Gard-
ners, PA) containing 0.5% K* and 0.4% NaCl. At 10 weeks,
rats were randomly assigned to three different dietary groups:
(i) no K" supplement, as a control (CTL, n = 20), or a 2% K*
diet formulated either with (if) potassium chloride (KCl, n =
17); or (iii) either KHCOj or potassium citrate (KB/C,n = 15).
Over the 4-week period preceding their randomization, all rats
were fed the last, “iii”, diet. In the feeding protocol we
employed, the average daily intake of food consumed in each
of the three treatment groups was calculated weekly. The
treatment group with the least daily intake of 1 week became
the target group of the next week. Deionized distilled water
was supplied as drinking water ad libitum throughout the study.

In each rat at about 8 weeks of age and at a body weight
(BW) of at least 180 g, we surgically implanted intraperitone-
ally a radiotelemetric BP measuring device in which a pressure-
sensing catheter inserted into the infrarenal aorta actuated a
battery-operated radiotransmitter attached to the peritoneal
abdominal wall (model TA11PA; Data Sciences, St. Paul,
MN). The radio-transmitted signal of each rat was captured by
a receiver near each rat. The receivers were connected to a
BCM-100 consolidation matrix (Data Sciences), which trans-
mitted the digitized signals to a Dataquest acquisition system
that enabled a direct continuous read-out of each rat’s BP
(Data Sciences). Rats were housed individually in metabolic
cages in a constant temperature room with a 12-hr dark/light
cycle (dark, 7 p.m. to 7 a.m.). All procedures were carried out
according to the guidelines of the University of California, San
Francisco, Committee on Animal Research.

In each rat, over the period extending from 9 to 24 weeks of
age, we calculated successive mean weekly values of systolic BP
(SBP) and diastolic BP (DBP) from successive mean 24-hr
values, which in turn were calculated from measurements of
SBP and DBP made telemetrically every 5 min over 5-sec
intervals. In individual rats, we analyzed the relationship
between the increase in SBP 4 weeks after assignment (dP/4w)
and that 14 weeks afterward (dP/14w) by subtracting the mean
weekly values of SBP measured at baseline from those mea-
sured at 4 and 14 weeks, respectively.

We examined rats daily for signs of stroke such as irritability,
lethargy, akinesia, and convulsions. On the death of each rat,
we inspected its brain for gross pathological abnormalities and
conserved it in 10% buffered formalin. In tissues stained with
hematoxylin/eosin, 3um sections of coronal slices were exam-
ined by light microscopy without knowledge of experimental
groups. Stroke was judged to have occurred only in rats with

Abbreviations: BW, body weight; CTL, control; DBP, diastolic blood

pressure; SBP, systolic blood pressure; KB/C, either KHCO3 or
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hypertensive rat; SHRSP, stroke-prone SHR.
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both clinical signs and histological evidence of stroke. At week
24 blood samples were obtained from the tail artery to measure
hematocrit. Rats were decapitated at the end of week 25.
Truncal blood samples were obtained to analyze plasma renin
activity (PRA). PRA was measured by using a radioimmuno-
assay for angiotensin I and expressed as nanograms angioten-
sin I generated per ml plasma during a 2-hr incubation at 37°C
and pH 6.5 (ng/ml/hr) (26).

To analyze the relationship between SBP and PRA, we used
averaged 24-hr SBP values from all measurements made in
each rat over the last 5 weeks of study. The values of PRA in
two KCl-supplemented rats that died of stroke 12 and 13 weeks
after randomization were assumed from the regression line
defining the relationship between BP and PRA in those
members of the KCI group that survived until the study ended.

BW of each rat was measured weekly. Twenty-four-hour
urinary excretion rates of Na*, K* and Cl~ were analyzed at
weeks 10, 14, 18, 22, and 25.

In a second group of SHRSP fed the same diets on the same
schedules as before, CTL (n = 15), KCl (n = 17), and KB/C
(n = 16), at week 13, 3 weeks after assignment, a femoral
arterial catheter was implanted and its outer end externalized
at the nape of the neck through a subcutaneous tunnel. At
week 14, a blood sample was drawn from the catheter at 5 a.m.
for the measurement of electrolytes, arterial blood PCO,, and
pH.

Because the mean weekly values of BP of individual rats
within treatment groups were not normally distributed, we
calculated differences between groups by a nonparametric,
bias-corrected bootstrap method (27). P values were calculated
as one minus the smallest confidence level for which the
corresponding confidence interval includes zero. The relation-
ships between SBP and the log-transformed PRA, and be-
tween dP/4w and dP/14w in individual rats, were analyzed by
linear regression. Urinary electrolyte excretion rates and val-
ues of PRA within dietary groups were analyzed by Kruskal-
Wallis test. The frequency of stroke was assessed by a x test.
The effects of diet on serum electrolytes and on arterial blood
gases were analyzed by ANOVA followed by Student—
Newman-Keuls method.

RESULTS

At baseline in 9-week-old rats, SBP, in mmHg (median and
95% C.1.), was 178 (174/184) in the control group (CTL), 173
(169/185) in the group given KCI (KCl), and 176 (173/181) in
the group given either KHCOj3 or potassium citrate (KB/C)
(P = ns); for DBP, the values were 125 (118/132), 124
(115/130), and 124 (117/129), respectively (P = ns) (Fig. 1).
Thereafter, in each group both SBP and DBP increased
progressively until 18 weeks, then plateaued and persisted at
maximal values over the last 5 weeks of the study. Supplemen-
tal KCl exacerbated, and supplemental KB/C attenuated, the
rate and extent of increase in BP relative to those occurring in
CTL. As expected, the attenuating effect of KHCO3; was
virtually identical to that of potassium citrate (whose anion is
converted quantitatively to HCOj5 in the liver). The divergent
effects of supplemental KCI and supplemental KB/C on BP
became significantly different from each other within 4 weeks
of assignment and from CTL within 8 weeks. The maximal
median value of SBP attained in CTL was 226 (212/235), in
KCl, 248 (230/258), and in KB/C, 204 (197/217) (P < 0.05);
for DBP the values were 161 (149/171), 179 (167/186), and 144
(140/156), respectively (P < 0.05).

In individual rats from all groups, the increase in BP 4 weeks
after randomization strongly predicted the increase 14 weeks
afterward (Fig. 2).

After BP had plateaued at maximal levels, stroke occurred
in 1/20 (5%) in CTL, 6/17 (35.3%) in KCl, and 0/15 (0%) in
KB/C (Fig. 3). The frequency of stroke was significantly
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FiG.1. The effects on SBP (4) and DBP (B) induced in the SHRSP
by supplementing dietary K* from 10 weeks of age with either KCl or
KB/C or nothing, as a control (CTL). Data are presented as median
and 95% C.1.; * denotes a significant difference (P < 0.05) between the
K*-supplemented groups; § denotes a significant difference between
the K*-supplemented groups and control.

greater in the KCI group than in the KB/C group (P < 0.05).
Strokes occurred in all and only those rats in which the levels
of both SBP and PRA were in their highest quartiles, >248
mmHg and >26.5 ng/ml/hr, respectively (Fig. 3).

The median value (and 95% C.I.) of PRA (ng/ml/hr) was
13.6 (6.8/26.9) in CTL, 17.4 (8.6/30.8) in KCI, and 6.2
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FiG. 2. Relationship between the increase in SBP 4 weeks after
assignment (dP/4w) and that 14 weeks afterward (dP/14w) in indi-
vidual rats supplemented with nothing (CTL), KCI, or KB/C.
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FiG. 3. The relationship between maximally attained SBP and
PRA and the occurrence of stroke in individual rats from all treatment
groups (A4) and in separate treatment groups (B and C) supplemented
with either KCI (#) or KB/C (O) or nothing (CTL, 0). The symbol ¢
indicates two KCl-supplemented rats that died of stroke before
completion of the study in which the value of PR A in each was assumed
from the regression line defining the relationship between BP and
PRA in those rats with KCI that survived until the study ended. Data
points affixed with the symbol + are those derived from rats in which
stroke occurred. The vertical and horizontal dashed lines demarcate
the highest quartiles for the values of SBP and PRA. In C, the dashed
line represents the relationship between SBP and PRA with KCI; the
dotted line, that with KB/C.

(4.7/11.2) in KB/C. The median value of the KCI group was
significantly higher than that of the KB/C group (P < 0.05).
When the severity of hypertension had plateaued at maximal
levels in all treatment groups, within each group and in that
combined from all three, the values of SBP and PRA from
individual rats varied directly and highly significantly with each
other throughout their range of variation (Fig. 3). With respect
to slope and intercept, the line of regression defining the
relationship between SBP and PRA in each K*-supplemented
group was virtually identical to that in the other and was not
different from that in the control group. The values of SBP and
PRA in the K*-supplemented groups partially overlapped and,
combined, comprised a normal distribution and just spanned
those in the control group. The direct relationship between
SBP and PRA was continuous across all treatment groups.

Throughout the study, urinary excretion of Na* was similar
and unchanging in all groups (Fig. 4). Urinary excretion of K*
was similar and unchanging with supplemental KCl and KB/C.
Urinary excretion of Cl~ increased only when KCI was sup-
plemented (P < 0.05). Four weeks after assignment, in the KCI
group the serum concentration of C1~ was slightly higher than
that in the KB/C and CTL groups (P < 0.05), and the plasma
concentration of HCOj3 was slightly lower (P < 0.05). Values
of serum concentration of Na* and K* were identical among
groups (Table 1). At the end of the study, the hematocrits of
the three groups were not different.

BW increased progressively with age and in all groups to a
similar extent (Fig. 5). Because rats with stroke gained less
weight than the others, after week 16 BW tended to be lower
in the KCI group than that in the other groups but not to a
significant extent. Rats with stroke ate less than those without.
When the BWs of the animals with stroke were omitted from
analysis, BWs of CTL, KB/C and KCI were virtually identical
throughout the study.
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FiG. 4. Time courses of urinary excretion rates of Na* (UVNa),
K* (UVK), and CI~ (UVCI): CTL (0O), KCI (#), and KB/C (O).

DISCUSSION

The current observations demonstrate that in the SHRSP fed
a normal NaCl diet, supplementing dietary K* with KCl
induced a persisting exacerbation of hypertension and strokes,
whereas supplementing KB/C induced a persisting attenuation
of hypertension and no strokes. These observations confirm
the antipressor (10, 28), stroke-preventing (10, 23), or stroke-
delaying (28, 29) effects of supplemental dietary potassium
when supplemented as KB/C in the SHRSP. That these effects
of K* were overridden by those of Cl~ indicates the strength
of the pressor, stroke-promoting effects of supplemental CI~.
That these effects of supplemental Cl~ occurred without
supplemental Na™* indicates the selective sufficiency of sup-
plemental CI~ to induce them. Thus, both the severity of
hypertension and likelihood of stroke in the SHRSP are not
only “NaCl-sensitive” (23, 30, 31) but also selectively “Cl~-
sensitive.” The question then becomes: to what extent does the
CI~ component of loaded dietary NaCl independently mediate
that salt’s pressor effect in the SHRSP? Given the strength and
selectivity of Cl~ sensitivity observed in the current study of
the SHRSP, the observation in this rat that NaCl loading, but
not NaHCOj; loading, exacerbated hypertension (31) suggests
that the CI~ component of loaded NaCl is both necessary and
sufficient to induce exacerbation with NaCl.

In the current study strokes occurred almost exclusively in
KCl-supplemented rats, in none of KB/C-supplemented rats,
but in all and only those rats in which the levels of both SBP
and PRA were in their highest quartiles (Fig. 3). These
observations complement those which suggest that the likeli-
hood of stroke in the SHRSP can depend on the extent to
which both BP and PRA are increased (23-25). Increased
PRA may be an important pathogenetic determinant of the
cerebrovascular damage and angionecrosis characteristic of
the SHRSP by increasing exposure of the cerebral vasculature
to angiotensin II (23), whose rate of formation, and that of its
obligate precursor, angiotensin I, is determined by the level of
renin.

The current observations are at clear variance with recent
assertions that full phenotypic expression in the SHRSP—i.e.,
the occurrence of stroke requires a high-Na*, low-K* diet, and
is independent of the severity of hypertension (32). In accord
with these assertions, in the one other published study of the
SHRSP in which both KCI and potassium citrate were sup-
plemented (10), each was found to similarly reduce the fre-
quency of stroke and judged to do so independently of any
attenuation of hypertension. But in distinction from the cur-
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Table 1. Effect of ingested potassium salts on blood electrolytes (mEq/1), pH, and PCO» (mm Hg)

Serum Arterial blood
Treatment Na* K* Cl~ HCO5 pH PCO,»
CTL 1413+ 1.9 50+03 103.5 = 1.5 281+ 1.1 7.46 = 0.03 403 =42
KClI 1413 =23 51+05 105.4 = 2.6* 274 * 1.2%* 7.45 = 0.04 393 +4.1
KB/C 140.0 = 2.8 52=x05 1032 £23 29.1 = 1.3 7.50 = 0.03%** 378 +29

Data are expressed as mean = SD.

#, P < 0.05, KCl vs. either CTL or KB/C; #*, P < 0.05, KCl vs. KB/C; %, P < 0.05, KB/C vs. either CTL or KCL

rent study, in that study, and in other studies of the SHRSP in
which the prevention (10, 23) or delay (28, 29) of stroke
observed with supplemental potassium citrate could not be
related to attenuation of hypertension, NaCl was loaded and
BP measured only acutely, relatively infrequently, and usually
indirectly in rats that were either anaesthetized or restrained.
BP so measured would provide no indication of its naturally
occurring rhythmic series of values integrated over time (33),
and hence would give only a rough estimate of the vascular
burden of chronic hypertension.

Four weeks after the rats were randomized, when supple-
mental KCl and KB/C were first discerned to induce divergent
effects on SBP, the increase in SBP in individual rats from all
treatment groups strongly predicted each rat’s ultimate in-
crease (Fig. 2). Indeed, the increase in SBP with KCI was
already half that ultimately attained (Fig. 2). Yet, the urinary
excretion rates of protein remained similar in all treatment
groups (unpublished observation), urinary excretion rates and
serum concentrations of Na* and K* in rats supplemented
with KCl were not different from those in rats given KB/C and
BWs and later hematocrits were near identical. Thus, neither
differences in degree of renal damage, nor differences in
intestinal absorption or renal handling of Na*, K*, or water
can be readily invoked to explain the initial and hence subse-
quent divergent pressor effects observed with supplemented
KCl and KB/C.

In the SHR there is considerable evidence that narrowing of
the afferent arteriole gives rise to hypertension (18-21), and
that the extent of that narrowing can be a major determinant
of the severity of hypertension (21, 22). Supplemental dietary
Cl~ that induces chloruresis induces an increased delivery of
Cl~ to the macula densa of the thick ascending limb of the
renal tubule, and that increased delivery can entrain constric-
tion of the afferent arteriole as part of the normal tubuloglo-
merular feedback response (34). In the SHR an exaggeration
of this response has been observed (35), even into adulthood
(36, 37), and proposed as a mechanism of hypertension (35, 37,
38). In the SHRSP, a Cl™-mediated constriction of the renal
afferent arteriole that further narrows it might then exacerbate
hypertension. An increased delivery of CI~ to the macula
densa normally entrains suppression of renin release from the
afferent arteriole (34). But in the SHRSP, a Cl™-mediated
further narrowing of the afferent arteriole severe enough to
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FiG. 5. Time courses of body weights in individual treatment
groups: CTL (0), KB/C (0), KCI (all rats) (#), and KClI (rats without
stroke) (¢).

impede transmission of systemic pressure to its distal-most
segment could increase its baroreceptor-mediated release of
renin and hence also the level of PRA (39, 40). If the extent
of afferent arteriolar narrowing were a major determinant of
the levels of both SBP and PRA in the SHRSP, these levels
might be expected to vary directly with each other throughout
their range of variation, as was observed across all treatment
groups in the current study. In the SHRSP, a Cl™-mediated
further narrowing of the afferent arteriole might explain the
occurrence of “paradoxical” hyperreninemia when NaCl load-
ing exacerbated hypertension and histological evidence of
renal injury was not yet apparent (23).

If selective chloride sensitivity is a phenotypic characteristic
of the SHRSP, it could also be a phenotypic characteristic of
genetically determined human hypertension. In a recent study
of patients selected only for essential hypertension, supple-
menting dietary K* with KHCO; induced at 8 weeks a
significant attenuation of hypertension compared with pla-
cebo, whereas similarly supplemented KCI did not (41). Major
attention has been directed toward genetically determined
mechanisms that cause human hypertension by increasing
renal tubular reabsorption of Na* primarily (42), and that of
CI~ secondarily, such that an increased renal retention of both
ions, together with a commensurate amount of water, effects
an expansion of plasma volume (43, 44). Renal retention of
Na™ and water that expands plasma volume is widely believed
to initiate the pathogenesis of human “essential hypertension”
(43, 44), and the genetically determined hypertension of the
Dahl “salt-sensitive” rat (20, 45). However, the fact of selective
CI~ sensitivity in the salt-sensitive SHRSP suggests the pos-
sibility that a genetically determined mechanism of salt-
sensitive hypertension might primarily affect the renal tubular
transport of CI~, or the capacity of ClI~ to stimulate renal
vasoconstriction (16, 17), which might take the form of an
exaggerated tubuloglomerular feedback response (35, 38) that
reduces medullary blood flow and the capacity of the kidney
to excrete salt (46). Whatever the precise mechanism of
selective CI~ sensitivity in the SHRSP, the phenomenon and
its demonstration with KCl, a salt well known to have natri-
uretic and diuretic effects, raise the possibility that an in-
creased renal retention of Na* and water need not be the
initial physiological consequence of all genetically determined
mechanisms of salt-sensitive hypertension either in rats or
humans. Given the likelihood that human essential hyperten-
sion is polygenic in causation in many of those affected, in
some the phenomenon of salt-sensitivity might reflect both a
primary increase in renal tubular reabsorption of Na* and a
Cl™-mediated exaggeration of the tubuloglomerular feedback
response.
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