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Abstract. Overactivity of the sympathetic nervous system and immunologic dysfunction have
been shown to contribute to development and maintenance of hypertension in the Okamoto
spontaneously hypertensive rat (SHR). In this study, the combined effects of reduction in sym-
pathetic activity and immunologic manipulation on spontaneous hypertension have been deter-
mined. Neonatal SHRs received sham implants or implants of thymic tissue from Wistar donor
rats. In addition, the thymus-implanted SHRs underwent bilateral renal denervation when they
were 6 weeks old. At the same time, the sham-implanted SHRs underwent sham renal denervation.
The denervations or sham operations were repeated when the SHRs were 9, 12, 15, and 18 weeks
old. Wistar-Kyoto (WKY) rats also underwent serial sham renal denervations. Tail-cuff pressure
measurements indicated that approximately 75% of the chronic hypertension in the SHRs was
prevented by the combination of thymic implants and renal denervations. Direct arterial pressure
measurements confirmed these results; when the rats were 21 weeks old, mean arterial pressure
averaged 177 £ 5.5 mm Hg in sham-operated SHRs, 134 + 2.7 mm Hg in implanted, denervated
SHRs, and 121 + 2.1 mm Hg in sham-operated WKY rats. These data indicate that overactivity
of the sympathetic nervous system and immunologic dysfunction account for the majority of the

hypertension in the Okamoto SHR. © 1986 Society for Experimental Biology and Medicine.

Overactivity of the sympathetic nervous
system contributes to the etiology of hyper-
tension in the spontaneously hypertensive rat
(SHR). Increased renal sympathetic nerve ac-
tivity would be expected to be especially im-
portant in the development and maintenance
of hypertension (1), and experimental evi-
dence indicates that renal nerve activity is el-
evated in the SHR (2, 3). Also, it has been
demonstrated that bilateral renal denervation
delays the development of hypertension in the
SHR (4). In addition, we (5) have determined
that chronic ablation of the renal nerves pro-
duced by serial bilateral renal denervations not
only delays development of the spontaneous
hypertension, but also prevents full expression
of hypertension in the SHR.

Dysfunction of the immune system in the
SHR has also been implicated in the patho-
genesis of spontaneous hypertension. The
function of the T-lymphocyte system is ab-
normal in the SHR (6, 7), and several types
of manipulations of the immune system in
these rats exert an antihypertensive effect.
Bendich et al. (6) have shown that short-term
treatment of SHRs with antithymocyte serum
will ameliorate the spontaneous hypertension.
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Also, we (8) have determined that chronic im-
munosuppressive treatment will delay the de-
velopment of spontaneous hypertension and
abolish about one-half of the hypertension
chronically. Furthermore, attempts to correct
the immunologic defect in the SHR by ad-
ministration of thymic hormones (9, 10) or by
implantation of thymic tissue from normo-
tensive rats into the SHR (9, 11) have resulted
in attenuation or prevention of the hyperten-
sion.

The purpose of the present study was to de-
termine whether hypertension in the SHR
could be prevented by chronic ablation of the
renal nerves in combination with manipula-
tion of the immune system in these rats. In
previous experiments we have shown that
chronic renal denervation will block approx-
imately one-third of the expected progressive
elevation of arterial pressure in the SHR (5)
and that thymic implants from Wistar donor
rats into neonatal SHRs will chronically pre-
vent about one-half of the spontaneous hy-
pertension (11). In this study we have com-
bined neonatal thymic implants with chronic
ablation of the renal nerves produced by serial
bilateral renal denervations in the SHR. The
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arterial pressures of SHRs that have undergone
these manipulations have been compared with
the arterial pressures in sham-operated SHRs
and sham-operated Wistar-Kyoto (WKY)
control rats.

Materials and methods. Thymic implants.
Neonatal thymic implants (n = 10) or sham
implants (n = 10) were made in the male off-
spring of timed pregnant Okamoto SHRs (Ta-
conic Farms, Germantown, N.Y.). As we have
reported previously (11), serial thymic im-
plants were given when the pups were 1, 8,
and 15 days old. The implants consisted of
freshly minced thymus gland (approximately
1- to 2-mm cubes) from 4- to 6-week-old male
Wistar rats (Charles River Breeding Labora-
tories, Wilmington, Mass.). The 1-day-old
SHR pups were anesthetized by hypothermia,
and approximately one-fourth of a donor
Wistar thymus gland was inserted subcuta-
neously with a pair of microforceps via a small
skin incision in the inguinal region of the rats.
The incision was closed with 1 or 2 7-O silk
sutures, and the pups were rewarmed on a
heating pad prior to returning them to their
mothers. The sham-operated, 1-day-old SHR
pups were anesthetized as described above and
microforceps were used to probe the subcu-
taneous space via a similar skin incision. The
SHR pups that received thymic implants or
sham operations were selected at random in
approximately equal numbers from each litter.
Thymic implants or sham implants were re-
peated using similar techniques when the pups
were 8 and 15 days old except that the older
pups were anesthetized with methoxyflurane.
Approximately one-third of a donor Wistar
thymus gland was implanted into the 8-day-
old SHRs, while one-half of a donor thymus
gland was implanted into the 15-day-old rats.

The SHR pups were weaned when they were
4 weeks old. Tail-cuff pressures were moni-
tored weekly in these 10 thymus-implanted
and 10 sham-implanted SHRs once they were
6 weeks old, and, in addition, in 12 male WKY
control rats (Taconic Farms). The weekly tail-
cuff pressure for each rat was determined by
averaging at least three readings obtained with
a Narco Biosystems programmed electro-
sphygmomanometer.

Renal denervation. Following the measure-
ment of control tail-cuff pressures when the
rats were 6 weeks old, the 10 thymus-im-
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planted SHRs underwent bilateral renal de-
nervation. The 10 sham-implanted SHRs and
12 WKY rats underwent sham denervation
procedures. The rats were anesthetized with
pentobarbital sodium (50 mg/kg). Renal de-
nervation was accomplished via a midline ab-
dominal incision by bilaterally stripping the
renal arteries and veins of all obvious nervous
and connective tissue. These renal vessels were
then painted with a solution of 10% phenol in
ethanol. The sham-denervated rats received a
similar midline abdominal incision, but the
renal nerves were left intact. Therefore, rats
were divided into three groups: sham-operated
WKY rats, sham-operated SHRs, and thymus-
implanted, renal-denervated SHRs.

As we have reported previously (5, 12, 13),
the renal denervations (or sham denervations)
were repeated at 3-week intervals to prevent
possible regeneration of the renal nerves and
return of functional renal nerve activity (14).
The rats were anesthetized as described above
when they were 9, 12, 15, and 18 weeks old
and the renal denervations or sham denerva-
tions were repeated. During these successive
bilateral renal denervations, all readily re-
movable fibrous tissue was cleared away from
the renal arteries and veins, and 10% phenol
in ethanol was applied to these vessels for a
few minutes with a fine brush.

Verification of pressure measurements and
denervations. Tail-cuff pressure determina-
tions were made weekly until the rats were 20
weeks old. When the three groups of rats were
21 weeks old they were anesthetized with pen-
tobarbital sodium and polyethylene catheters
(PE 90) with stretched tips were inserted into
the lower abdominal aorta via the left femoral
artery. These catheters were tunneled subcu-
taneously, exteriorized between the scapulae,
and filled with heparin sodium (1000 U/ml).
One to two days later the mean arterial pres-
sure (MAP) was monitored in the conscious,
unrestrained rats for a 1-hr period using Sta-
tham low-volume displacement pressure
transducers in conjunction with a Grass poly-
graph.

Following the MAP measurements, the rats
were sacrificed and the kidneys of the two
groups of SHRs were removed rapidly for de-
termination of renal norepinephrine content
to verify the effectiveness of the serial renal
denervation procedures. Both kidneys were
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minced and placed in ice-cold 0.1 N perchloric
acid. The kidneys were then homogenized, and
the homogenate was centrifuged for 20 min
at 20,000g. The supernatant was stored at
—85°C until norepinephrine content was de-
termined by high-pressure liquid chromotog-
raphy with electrochemical detection (15).

Following sacrifice of the rats, the hearts
were removed for determination of heart to
body weight ratios in the three groups. The
major blood vessels were transected at their
sites of entry or exit from the heart. Prior to
weighing the hearts, the ventricles were incised
and the hearts were blotted on gauze to remove
blood and surface moisture.

Statistical analysis. The tail-cuff pressures
in the three groups of rats were compared by
analysis of variance for repeated measures (16).
When the analysis of variance indicated that
overall group differences were present, the data
during individual weeks were analyzed by the
Bonferroni method for making multiple com-
parisons (17). Standard analysis of variance in
conjunction with the Bonferroni method was
utilized to compare MAP, body weights, and
heart-to-body weight ratios among the three
groups. The unpaired Student’s ¢ test was used
for comparison of the renal norepinephrine
content between the renal-denervated SHRs
and the sham-operated SHRs. All values are
reported as means = SE, and P < 0.05 was
accepted as a statistically significant difference.

Results. The initial tail-cuff pressures were
measured prior to the first renal denervation
or sham denervation procedures when the rats
were 6 weeks old. At this time the arterial
pressure averaged 95 + 1.9 mm Hg (mean
+SE) in the 12 WKY rats, 113 + 4.4 mm Hg
in the 10 sham-implanted SHRs, and 112
+ 2.9 mm Hg in the 10 thymus-implanted
SHRs. Therefore, both groups of SHRs had
slightly higher tail-cuff pressures than did
WKY control rats at this age. The 6-week-old
WKY rats weighed slightly more (118 + 3.1
g) than the sham-implanted (89 + 3.1 g) or
thymus-implanted SHRs (91 + 1.9 g). Four of
the SHRs in the implanted, denervated group
died as a result of hemorrhage from the renal
blood vessels at Week 9 during the first repet-
itive renal denervation procedure. A fifth rat
in the implanted, denervated SHR group died
inexplicably prior to the final tail-cuff pressure
measurements of Week 20.
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As shown in Fig. 1 the sham-implanted,
sham-denervated SHRs gradually developed
severe hypertension and the tail-cuff pressure
reached a plateau level of approximately 195
mm Hg by the time these rats were about 4
months old. In sharp contrast, the tail-cuff
pressure in thymus-implanted, renal-dener-
vated SHRs increased slowly to a plateau level
of only 140 mm Hg. The sham-denervated
WKY rats maintained a tail-cuff pressure of
approximately 120 mm Hg. The multiple
comparison tests indicated that the tail-cuff
pressures in both the WKY rats and the im-
planted, denervated SHRs were significantly
less than those in the sham-operated SHRs
during every measurement from Week 8§
through Week 20. The tail-cuff pressures in
the implanted, denervated SHRs were signif-
icantly higher than those in the WKY rats only
at Weeks 11, 12, 14, 16, and 20.

The direct measurements of MAP in the
conscious rats when they were 21 weeks old
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FIG. 1. Antihypertensive effect of thymic implants in
combination with serial bilateral renal denervations in
spontaneously hypertensive rats (SHRs). Implants of
thymic tissue from donor Wistar rats were given to the
SHRs neonatally and denervations were performed at ar-
rows. Arterial pressures were also determined in sham-
operated SHRs and sham-operated Wistar-Kyoto (WKY)
rats. Numbers in parentheses are number of rats in the
experiment as it progressed, and bars represent SE. *P
< 0.05 of WKY sham vs SHR sham or SHR implant,
denervation vs SHR sham; 1P < 0.05 of SHR implant,
denervation vs WKY sham.



ETIOLOGY OF SPONTANEOUS HYPERTENSION

also indicated that the combination of neo-
natal thymic implants and serial renal dener-
vations exerted a marked antihypertensive ef-
fect (Table I). If one considers the MAP of 121
mm Hg found in the WKY rats at this time
to be normal, then these measurements show
that approximately 77% of the spontaneous
hypertension was prevented by the combined
treatment. The measurements of heart-to-
body weight ratio also indicated that the spon-
taneous hypertension was dramatically re-
duced in the implanted, denervated SHRs.
Sham-operated SHRs had a heart-to-body
weight ratio approximately 31% greater than
that in the sham-operated WKY rats. The
majority of this increase was prevented by the
neonatal thymic implants in combination with
renal denervation, so that the heart-to-body
weight ratio in the treated SHRs was no longer
significantly different than that in the WKY
rats.

Measurements of renal norepinephrine
content in the SHRs indicated that the serial
renal denervations were effective (Table I). The
renal norepinephrine content in the dener-
vated SHRs was only approximately 17% of
that found in the sham-operated SHRs 3 weeks
after the fifth and final bilateral renal dener-
vation.

Discussion. One important factor in the
etiology of hypertension in the Okamoto
spontaneously hypertensive rat is overactivity
of the renal sympathetic nerves. Liard (4)
demonstrated that bilateral renal denervation
of young SHRs would delay development of
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hypertension in these rats by several weeks.
This procedure did not alter the hypertension
chronically. However, it was determined later
that functional regeneration of the renal nerves
in rats begins to occur in approximately 1
month (14). Therefore, the time course of
possible reinnervation of the kidneys coincided
with the period of delay in the development
of the spontaneous hypertension. In order to
determine whether increased renal nerve ac-
tivity might be important in the chronic phase
of hypertension in the SHR, we (5) prevented
functional renal nerve regeneration by per-
forming repetitive bilateral renal denervations
at 3-week intervals in the aging rats. This
chronic renal denervation resulted in both a
delay in development of the hypertension and
an amelioration of the spontaneous hyperten-
sion chronically. The renal-denervated SHRs
became only about two-thirds as hypertensive
as control SHRs. Other forms of interference
with the activity of the sympathetic nervous
system have been demonstrated to exert sim-
ilar antihypertensive effects in the SHR (5, 18).

The chronic antihypertensive effect of renal
denervation appears to be specific to the SHR
in that removal of the renal nerves does not
have a general effect to lower arterial pressure
chronically. Successive renal denervations
have no effect on arterial pressure in Wistar-
Kyoto control rats (5). In addition, we have
demonstrated that similar repetitive renal
denervations have no effect on development
or maintenance of - DOC-salt hypertension
(12) or on the chronic hypertensive level in

TABLE 1. MEASUREMENTS IN 21-WEEK-OLD SHAM-OPERATED WISTAR-KYOTO (WKY) RATS, SHAM-OPERATED
SPONTANEOUS HYPERTENSIVE RATS (SHRs), AND SHRs THAT RECEIVED THYMIC IMPLANTS NEONATALLY FROM
DONOR WISTAR RATS AND, IN ADDITION, UNDERWENT REPETITIVE BILATERAL RENAL DENERVATION PROCEDURES

SHR-Implant,

WKY-Sham Denervation SHR-Sham
(n = 10) (n=75) (n = 10)
Mean arterial pressure (mm Hg) 121 £ 2.1* 134 & 2.7%** 177 £ 5.5
Body weight (g) 388 + 12.8* 334 + 10.8** 322+74
Heart weight (g) per 100 g 0.294 + .006* 0.317 + .016* 0.386 + .007
body weight
Renal norepinephrine — 269 + 3.7* 161 + 16.8

(ng/g kidney)

Note. Values are means + SE.

* P < 0.05 of WKY-Sham vs SHR-Sham or SHR-Implant, Denervation vs SHR-Sham.
** P < .05 of SHR-Implant, Denervation vs WKY-Sham.
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rats with one-kidney, one-clip renal hyperten-
sion (13).

The concept that an abnormality of the im-
mune system is important in the etiology of
spontaneous hypertension is more recent.
Bendich et al. (6) and Takeichi ef al. (7) have
demonstrated that the functions of T lympho-
cytes are suppressed in the SHR. This reduc-
tion in the activity of the T-lymphocyte system
in the SHR is probably the result of gradual
deterioration of thymic function in these rats
(19). Notably, there is a reduction in the ac-
tivity of T-suppressor cells in the SHR, and
this type of change is frequently associated
with autoimmune disorders. Manipulations of
the immune system that decrease its overall
activity (6, 8) or that reverse its dysfunction
by increasing the activity of the T-suppressor
lymphocytes toward the levels found in nor-
motensive rats (9-11) attenuate the sponta-
neous hypertension. The effectiveness of these
diverse types of immunologic treatments is
compatible since suppression of the entire im-
mune response would be expected to directly
prevent any damaging effects of abnormal im-
mune reactions, while reversal of the T-sup-
pressor lymphocyte defect would correct the
basic abnormality that leads to the immuno-
logic dysfunction.

In a manner similar to the specificity of the
effects of chronic renal denervation in the
SHR, the effects of manipulations of the im-
mune system are not generally antihyperten-
sive. We have shown that chronic immuno-
suppressive treatment of normal Wistar or
WKY rats has no effect on their arterial pres-
sure (8). In addition, chronic immunosup-
pressive therapy has no effect on the devel-
opment or maintenance of DOC-salt hyper-
tension (8). We have also determined that
implants of thymic tissue from donor SHRs
have no effect on the arterial pressure of Wistar
rats, and that thymic implants from donor
Wistar rats have no effect on the development
or maintenance of one-kidney, one-clip hy-
pertension (11).

It remains to be determined exactly how
the abnormality of the immune system in the
SHR leads to development of hypertension.
The immunologic defect in the SHR may raise
the arterial pressure by causing vascular in-
flammation (20) or renal glomerular damage
(21). There is increasing evidence that im-
munologic mechanisms may play a role in the
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etiology of arterial pressure increases in other
models of hypertension as well as in some cases
of essential hypertension in humans (22-24).

The results of this study indicate that the
combination of neonatal thymic implants and
chronic renal denervation delays development
of hypertension in the SHR and attenuates the
hypertension chronically. The average tail-cuff
pressure of the implanted, denervated SHRs
did not become significantly greater than that
of the sham-operated WKY rats until these
rats were about 3 months old, whereas the
pressure in sham-operated SHRs was elevated
compared with that in the WKY rats initially
at 2 months of age. Following this time the
arterial pressure of the sham-operated SHRs
rose rapidly, while it increased slowly to only
borderline hypertensive levels in implanted,
denervated SHRs.

Thymic implants in combination with re-
petitive renal denervation chronically prevent
approximately three-fourths of the sponta-
neous hypertension and the majority of the
cardiac hypertrophy that normally occurs in
the aging SHR. The degree of amelioration of
the spontaneous hypertension suggests that the
effects of reducing sympathetic activity and
altering immune function do not interact in
an antagonistic or synergistic fashion (25, 26).
However, it is possible that these two factors
which contribute importantly to the etiology
of spontaneous hypertension may be linked.
SHRs have been reported to be sensitive to
the effects of stress, and this could result in
both overactivity of the sympathetic nervous
system and dysfunction of the immune system
in these rats (27).

In conclusion, the results of this study in-
dicate that the majority of the hypertension in
the Okamoto SHR is the result of overactivity
of the sympathetic nervous system and dys-
function of the immune system in these rats.
The slightly higher arterial pressures of the
implanted, denervated SHRs than those found
in the control WKY rats might be due to one
of several possible factors. The effects of the
chronic renal denervations and of the neonatal
thymic implants from the donor Wistar rats
may not have been totally successful in re-
versing 100% of the effects of elevated sym-
pathetic nervous activity or immunologic
dysfunction, respectively, in the SHR. Ele-
vated sympathetic nerve activity might also
have a chronic effect on arterial pressure in
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SHRs via an elevation in circulating cate-
cholamines (28), and renal denervation would
not have removed this mechanism. Finally, it
is possible that an additional factor may play
a role in the pathogenesis of spontaneous hy-
pertension.
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