
185

Nitric Oxide Mediates Immune Dysfunction in
the Spontaneously Hypertensive Rat

David W. Pascual, Virginia H. Pascual, Kenneth L. Bost, Jerry R. McGhee, and Suzanne Oparil

The immune system of the spontaneously hypertensive rat is dysfunctional compared with that of
normotensive control strains. Previous studies from our laboratory have shown that immunodepression
in the spontaneously hypertensive rat was mediated by macrophages. The current study examines the
mechanism for the depressed proliferative responses to concanavalin A typically observed by splenic
mononuclear cells of spontaneously hypertensive rats. We tested various inhibitors of known macrophage
products responsible for suppressing lymphoid function. The nitric oxide synthetase inhibitor 7VG-mono-
methyl L-arginine produced dose-dependent derepression of the proliferative responses of splenic
mononuclear cells to concanavalin A. In contrast, indomethacin and catalase exhibited only weak
derepression of the proliferative responses. Subsequent analysis showed that splenic mononuclear cells
from spontaneously hypertensive rats generated greater nitric oxide levels than cells from Wistar-Kyoto
rats, and nitric oxide levels were reduced when the inhibitor was added to splenic mononuclear cell
cultures from spontaneously hypertensive rats. We further demonstrated that L-arginine is required for
the development of the depressed mitogen-induced proliferative responses in these cells. Addition of
L-arginine in excess of 10 jtM to cultures diminished cell proliferation and increased nitric oxide.
Polyclonal antibodies to murine interferon gamma reduced nitric oxide accumulation by approximately
50%, suggesting that interferon gamma is partially responsible for enhancing nitric oxide production in
mitogen-stimulated splenic mononuclear cell cultures from spontaneously hypertensive rats. Thus, this
study provides evidence that the immune depression observed in the spontaneously hypertensive rat is
nitric oxide dependent. (Hypertension 1993;21:185-194)

KEY WORDS • leukocytes, mononuclear • nitric oxide • lymphocytes • interferon type II •
macrophages • hypertension, essential • rats, inbred SHR

Past studies have demonstrated an immune com-
ponent in the pathogenesis of systemic hyper-
tension in both humans and animal models,

including the spontaneously hypertensive rat (SHR)
(for review, see References 1 and 2). The SHR has been
shown to exhibit thymocytotoxic autoantibodies3 and
impaired T and B cell function.4-6 Thymic tissue ob-
tained from normotensive rats and implanted in the
SHR both reverses the T cell dysfunction and attenu-
ates the subsequent development of hypertension, sup-
porting the notion of an immune component in the
development of hypertension.78 Other studies have
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given evidence that immune depression in the SHR is
mediated by increased T suppressor cell numbers, ac-
tivity, or both,4-589 leading to the hypothesis that the T
cell dysfunction observed in the SHR is an intrinsic
defect. However, evidence from our own laboratory
suggests that T cells from the SHR can function nor-
mally if derepressed.6 We observed that the ability of
the SHR to respond in mitogen-induced cell prolifera-
tion assays decreases with advancing age and the con-
comitant development of hypertension.6 The mitogenic
responses of splenic mononuclear cells (MCs) from
prehypertensive SHRs to concanavalin A (Con A) and
lipopolysaccharide were similar to the mitogenic re-
sponses of splenic MCs from age-matched Wistar-Kyoto
(WKY) rats. In contrast, mitogen-induced proliferative
responses of splenic MCs derived from SHRs with
established hypertension (>12 weeks of age) were re-
duced compared with age-matched, normotensive WKY
rats. This diminution in the proliferative response of
splenic MCs derived from SHRs was attributable to
active depression of T cell function rather than to an
intrinsic T cell defect with aberrant CD4/CD8 ratios.6

The diminished proliferative response of lymphocytes
from SHRs with established hypertension was reversible
on depletion of macrophages from splenic MC cultures.
Such depletion resulted in substantially enhanced pro-
liferative responses by T and B cells compared with
lymphocytes isolated from the WKY rat. This observa-
tion suggested to us that the T and B cell depression
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that developed in the course of maturation in SHRs was
secondary to the effects of other cell types or their
soluble products.

The concurrent development of immune dysfunction
and hypertension in SHRs suggests that these two
abnormalities may share a common etiology. In this
report, we provide evidence of a common pathway
between the immune and cardiovascular systems. The
current study demonstrated that the splenic adherent
cell population in SHRs contributed to the production
of nitric oxide (NO), which exhibits the dual properties
of immune suppression and relaxation of blood
vessels.10

Methods
Rats

Male SHRs («=9) and WKY rats (n=9) were ob-
tained from Taconic Farms, Germantown, N.Y., at 3
weeks of age for monitoring of blood pressures. Rats
were maintained on Purina rat chow containing 1%
NaCl (basal chow) and water ad libitum for 9-14 weeks.
Additional rats studied between 12 and 17 weeks of age
were purchased at age 10 weeks and maintained on the
above regimen until the time of study. Rats (>12 weeks
of age) were killed by CO2 asphyxiation, and lymphoid
tissues were obtained. Animal usage described in this
work conforms with guidelines set by the Animal Wel-
fare Act and was approved by the University of Ala-
bama at Birmingham Institutional Animal Care and
Usage Committee. The University of Alabama at Bir-
mingham is accredited by the American Association for
Accreditation for Laboratory Animal Care.

Blood Pressure Measurements
Systolic blood pressure measurements were obtained

as previously described11 in SHRs and WKY rats begin-
ning at 4 weeks of age. Systolic blood pressure was
measured biweekly in conscious, prewarmed, restrained
rats by the tail-cuff method with an electrosphygmoma-
nometer and physiograph recorder (Narco BioSystems,
Austin, Tex.).

Cell Isolation
Spleens were excised aseptically and pressed through

wire sieves to make single cell preparations. To obtain
the mononuclear cell fraction, we applied washed cells
to lymphocyte-rat density gradients (Accurate Chemical
Co., Buffalo, N.Y.) and centrifuged them for 30 minutes
at room temperature. Cells were removed from the
interface and washed in complete medium consisting of
RPMI1640 (Whittaker Bioproducts, Walkersville, Md.)
and 10% fetal calf serum (Hyclone Laboratories, Inc.,
Logan, Utah) plus supplements (GIBCO, Grand Island,
N.Y.) containing 100 units/ml penicillin, 100 /xg/ml
streptomycin, nonessential amino acids (0.1 mM), L-glu-
tamine (0.2 mM), sodium pyruvate (0.1 mM), and
HEPES (10 mM). Media, fetal calf serum, and supple-
ments contained < 0.025 ng/ml endotoxin. In some
instances, splenic MCs were further fractionated to
remove the adherent cell population by passing cells
over Sephadex G-10 beads (Pharmacia, Uppsala, Swe-
den) equilibrated in sterile phosphate buffered saline
containing 2% fetal calf serum. Cells that were unable
to bind to the G-10 beads are referred to as the G-10

nonadherent cell subpopulation (splenic MCs depleted
of macrophages). Cells that remained adsorbed to G-10
beads are macrophages. Nonadherent cells collected
from G-10 passage were washed in complete medium.

[3H]Thymidine Uptake Assays
To assess the proliferative response of SHR splenic

MCs to Con A, we suspended cells in complete medium
and plated them in 96-well microtiter dishes (Costar
Corp., Cambridge, Mass.) at 5xl0 5 cells per well in a
final volume of 0.2 ml containing varying doses of Con A
(Sigma Chemical Co., St. Louis, Mo.) (1.25-5 Mg/ml).
Cells were cultured for 3 days at 37°C. During the last
16-18 hours of culture, cells were pulsed with 0.5 /xCi
per well of [3H]thymidine ([3H]TdR) (New England
Nuclear, Wilmington, Del.). Subsequently, cells were
harvested onto glass fiber filter disks for the detection of
incorporated radioactivity and were counted with a
model LS6000IC scintillation counter (Beckman Instru-
ments, Fullerton, Calif.). Data are presented as the
mean value obtained from quadruplicate wells in counts
per minute (±SD). SHR G-10 nonadherent cells, WKY
splenic MCs, and WKY G-10 nonadherent cells were
evaluated for their T cell proliferative responses in a
similar fashion. In some experiments, graded doses of
catalase (Sigma), indomethacin (Sigma), or NG-mono-
methyl L-arginine (L-NMMA) (Calbiochem Corp., La
Jolla, Calif.) were added to splenic MC cultures to test
the ability of these agents to derepress the SHR prolif-
erative responses.

To assess the contribution of L-arginine to cell pro-
liferative responses, because RPMI 1640 used in the
complete medium contains approximately 1.15 mM
L-arginine, we formulated medium containing low levels
of arginine. Using a Select-Amine kit (GIBCO), we
formulated RPMI 1640 to lack L-arginine and supple-
mented it with 100 units/ml penicillin, 100 /xg/ml strep-
tomycin, sodium pyruvate (0.1 mM), HEPES (10 mM),
and fetal calf serum that contained approximately 8.0
/xM L-arginine (personal communication by Hyclone) in
10% solution. Rat mononuclear cells to be cultured in
this medium containing low L-arginine were isolated as
discussed previously but were washed in Earle's bal-
anced salt solution (Sigma), pH 7.15, plus 2% fetal calf
serum. Thus, efforts were made to minimize exposure of
these cells to media containing L-arginine. These cells
were used in [3H]TdR uptake assays as previously
discussed.

Nitric Oxide Production Assay
Splenic MC and G-10 nonadherent 4-day cell cultures

from SHRs and WKY rats were similar to those used for
cell proliferation assays, with the use of either complete
medium or low-L-arginine medium. Although direct
measurement of NO was not possible because this
molecule is rapidly metabolized, the product of its
reaction (conversion to NO2~) could be measured in
culture supernatants. NO2" can also be further oxidized
to less reactive nitrate (NO3") and accumulates at a
NO2~/NO3~ ratio of 3:21213; consequently, only the
conversion of NO to nitrite is measured by our assay.
Measurements were made after 4 days in culture to
obtain maximal nitrite levels. All chemicals were ac-
quired from Sigma. Using the method of Ding et al,14 we
incubated 50-/xl aliquots of cell culture supernatant
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TABLE 1. Systolic Blood Pressure for Spontaneously Hypertensive and Wistar-Kyoto Rats

Age (weeks)

4

9
13
17

n

9
7
7
6

SHR mean SBP
(mm Hg)

136.1+2.0

188.7+2.4

230.1 ±4.1

232.0 ±6.9

WKY mean SBP
(mm Hg)

123.8±2.2

142.3±4.1

132.6+3.8

133.1±1.9

P
<0.005

< 0.005

< 0.005

<0.005

SHR, spontaneously hypertensive rat; SBP, systolic blood pressure; WKY, Wistar-Kyoto rat. SBP
measured via the tail-cuff method. Unpaired Student's t test was performed on SBP values for SHR and
WKY animals at each age measured. Values are considered significant if /><0.05. Values are
mean±SEM.

with equal volumes of Griess reagent (1% sulfanil-
amide/0.1% naphthylethylenediamine dihydrochloride/
2.5% H3PO4) at room temperature for 10 minutes.
Sodium nitrite was used to generate a standard curve
for NO2" production, and peak absorbance was ascer-
tained at 540 nm with a Kinetics Reader model EL312
(Bio-Tek Instruments, Winooski, Vt.). Cell-free me-
dium contained <0.5 /uM of NO2~. Each value was
expressed as micromolar nitrite accumulation per 5 x 105

cells and represents the mean of quadruplicate wells.
Results were corrected for background NO2~ levels. In
some instances, we added polyclonal rabbit anti-mouse
interferon gamma (IFN--y) (Bio-Source International,
Camarillo, Calif.), hamster monoclonal anti-mouse
IFN--y (Genzyme Corp., Boston), or monoclonal anti-
rat IFN-y (GIBCO) to SHR and WKY splenic MC
cultures to test the ability of the antibody to inhibit the
generation of NO. To test the efficacy of these antibod-
ies, we obtained adherent cells from SHR splenic MCs
(5xl05 cells per well) by plastic adherence in 96-well
microtiter dishes as previously described.6 In a NO
induction assay, 10 units/ml of recombinant rat IFN-y
(GIBCO) was added to the adherent cells in the pres-
ence or absence of the anti-IFN--y antibodies. Subse-
quently, cells were cultured for 4 days in complete
medium, and NO2~ levels were measured.

Statistical Analysis
Data were analyzed using standard statistical meth-

ods, and representative data from four or more exper-
iments are depicted. We used an unpaired Student's t
test to assess the difference in systolic blood pressure
between SHRs and WKY rats at each time point.
Values were considered significantly different at a value
of p< 0.05.

Results
Concurrent Development of Hypertension and
Immune Dysfunction in the Spontaneously
Hypertensive Rat

Table 1 shows systolic blood pressure measurements
of SHRs and WKY rats included in the study. The
SHRs demonstrated the expected rise in blood pressure
between 5 and 10 weeks of age to a plateau value of
approximately 230 mm Hg, whereas the WKY rats
maintained a constant systolic blood pressure of approx-
imately 130 mm Hg throughout the study.

Splenic MCs from SHRs with established hyperten-
sion (>12 weeks of age) exhibited a weak proliferative
response to Con A compared with age-matched nor-
motensive WKY controls (Figure 1). This weak prolif-

erative response was not due to a delay in responding to
Con A stimulation, because both SHR and WKY sple-
nic MCs proliferated optimally in response to Con A
after 3 days in culture. No further enhancement in
[3H]TdR uptake by SHR splenic MCs was observed in
response to Con A stimulation when cells were cultured
beyond 3 days.

Depressed Proliferative Response of Spontaneously
Hypertensive Rat Splenic Mononuclear Cells to
Concanavalin A is Dependent on the
Nitric Oxide Synthetase Pathway

Past studies have shown that activated macrophages
can elicit suppressor activities via small molecular
weight molecules such as H2O2, prostaglandins, or NO,
with each capable of inhibiting lymphoid function.15"17

o 2 day SHR SMC
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o 2 day WKY SMC
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FIGURE 1. Line graph shows representative depiction of
depressed proliferative responses of splenic mononuclear cells
(SMC) from spontaneously hypertensive rats (SHR) to vary-
ing doses of concanavalin A (Con A) compared with prolif-
erative responses of similarly stimulated SMCs from Wistar-
Kyoto (WKY) rats. SMCs from SHRs and WKY rats were
cultured at 5xlO5 cells per well in supplemented RPMI1640
containing 10% fetal calf serum with and without indicated
concentrations of Con A for 2 and 3 days. During the last 16
hours of culture, cells were pulsed with 0.5 pCi per well of
[3H]thymidine and examined for extent of incorporation
(expressed as counts per minute [cpmJxlO'3). Data are
expressed as the mean of quadruplicate cultures.
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To assess their involvement in inhibiting the splenic MC
proliferation, we cultured Con A-treated splenic MCs
in the presence of catalase, indomethacin, or
L-NMMA, as shown in Figure 2. Both catalase (150
units/ml) and indomethacin (10 /ig/ml) had minor stim-
ulatory (or disinhibitory) effects on the Con A-medi-
ated proliferative response. However, the potencies of
these agents in reversing the depressed SHR splenic
MC proliferative responses (12.8-fold increase for cat-
alase and 5.3-fold increase for indomethacin) were
insufficient to account for the level of Con A stimulation
observed with SHR G-10 nonadherent cells.

Because it did not appear that H2O2 or prostaglan-
dins mediated the immune suppression observed with
splenic MCs from SHR, the NO synthetase pathway
(NOSP) inhibitor L-NMMA was tested. Murine peri-
toneal macrophages have been shown to suppress
lymphoid cell function via the NOSP.1418 In light of
these studies, we tested whether similar suppressive
properties were also manifested by splenic macro-
phages from the SHR. To Con A (5.0 jig/ml)-stimu-
lated SHR splenic MC cultures, varying dilutions of
L-NMMA were added at the initiation of the cell
cultures. L-NMMA readily reversed the depressed
SHR splenic MC proliferative response, thus allowing
these cells to proliferate in response to Con A (Figure
2, Table 2). This effect of L-NMMA was dose depen-
dent (Table 2). For 5.0 fig/ml Con A, maximal
L-NMMA-mediated enhancement in [3H]TdR uptake
ranged between 45.9- and 71.3-fold, whereas for 2.5
/ig/ml Con A, enhancement ranged between 14.3- and
28.3-fold. The level of Con A-induced stimulation of
splenic MCs in the presence of L-NMMA was usually
as great as or greater than the proliferative responses
of G-10 nonadherent cells, suggesting that the ob-
served immune depression expressed by SHR lympho-

FlGURE 2. Bar graph shows
that depressed proliferative re-
sponse of splenic mononuclear
cells (MC) from spontaneously
hypertensive rats (SHR) to con-
canavalin A (Con A) is depen-
dent on the nitric oxide synthe-
tase pathway. SHR splenic MC
cultures were stimulated with 5.0
liglml Con A in the presence of
catalase, indomethacin, and
N°-monomethyl L-arginine
(NGMMA) at indicated doses to
inhibit production of hydrogen
peroxide, prostaglandin, and ni-
trites and to assess the contribu-
tion of each to inhibition of cell
proliferation. Cells were cultured
for 3 days and pulsed with
[3H]thymidine as previously de-
scribed. Data are expressed as
the mean-fold increase in stim-
ulation for quadruplicate cul-
tures compared with cells cul-
tured in the presence of Con A
only.

cytes is NO dependent (Table 2). In contrast,
L-NMMA suppressed WKY splenic MC proliferative
responses to Con A (Table 3). Low doses (20 and 40
fiM) of L-NMMA had little to no effect on [3H]TdR
uptake, whereas at higher doses of L-NMMA (>80
/xM), WKY splenic MC proliferative responses to
either dose of Con A were reduced to one half to one
third of the proliferative response of those cells cul-
tured in the absence of L-NMMA. WKY G-10 nonad-
herent cells also could not respond to Con A in the
absence of accessory function by macrophages. These
results suggest that the population of macrophages
between the two rat species is different. In the SHR,
splenic macrophages are predominantly NOSP pro-
ducing, whereas the splenic macrophages from the
WKY predominantly function as accessory cells and
are required for proliferative responses during Con A
stimulation. Thus, in the presence of L-NMMA, this
L-arginine analogue may be interfering with other
L-arginine-dependent systems or protein synthesis,
resulting in diminished proliferative responses by
WKY splenic MC cultures.

To test the hypothesis that depression of mitogen-
induced splenic MC proliferative responses in the
SHR was mediated by the NOSP, we tested superna-
tants from 4-day splenic MC cultures from SHRs and
control WKY rats for the induction of NO2" produc-
tion by varying Con A concentrations (Figure 3A).
Culture supernatants from unstimulated SHR and
WKY splenic MCs accumulated low levels of nitrite,
3.9±0.17 and 4.1 ±0.05 fiM, respectively. Con A stim-
ulation over a range of concentrations from 1.25 to 5.0
/ig/ml effected a sixfold increase in nitrite production/
accumulation in SHR splenic MC culture supernatants
but only 1.8- to 2.2-fold increases in WKY splenic MC
culture supernatants. Low-level nitrite production was
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TABLE 2. Dose-Dependent Augmentation by Spontaneously Hypertensive Rat Splenic Mononuclear Cells on Coculture With Nitric
Oxide Synthetase Inhibitor

Cells

Experiment 1
Splenic MC

G-10 nonadherent cells

Splenic MC

G-10 nonadherent cells

Experiment 2

Splenic MC

G-10 nonadherent cells

Splenic MC

G-10 nonadherent cells

Con A dose
(/ig/ml)

5.0

5.0

2.5

2.5

5.0

5.0

2.5

2.5

L-NMMA
(MM)

+ 20

+40

+ 80

+ 100

+200

+ 20
+40

+80
+ 100

+200

+20

+40

+80

+ 100

+200

+20

+40

+80

+ 100

+200

Counts per minute
(±SD)

1,553±212

2,826 ±268

7,488 ±1,140

42,155 ±1,276

71,218±5,175

14,276±247

192,000± 13,739

11,997 ±1,302

17,250 ±1,072

43,466±3,712

144,758± 10,513

171,689±14,501

102,634 ±8,384

213,817±7,091

838±116

3,716+620

16,183+1,408

59,748±5,699

55,873±2,148

43,179+3,312

37,702±4,433

4,727 ±976

ll,226±890

42,999+4,740

133,860+8,884

116,187± 15,026

33,340±3,313

59,433 ±6,469

Fold increase in
[3H]thymidine incorporation

1.8

4.8

27.1

45.9

9.2

124

1.4

3.6

12.1

14.3

8.6

17.8

4.4

19.3

71.3

66.7

51.5

45.0

2.4

9.1

28.3

24.6

7.1

12.6

Con A, concanavalin A; L-NMMA, NG-monomethyl L-arginine; MC, mononuclear cell. Splenic MCs were cultured in the presence of Con
A at 5.0 or 2.5 /J.g/ml for 3 days in absence or presence of indicated doses of nitric oxide synthetase inhibitor. Splenocytes were subjected
to Ficoll-hypaque centrifugation to obtain splenic MCs. In some cases, splenic MCs were passed over Sephadex G-10 beads to eliminate
adherent cell population. Cells were pulsed for last 16 hours of culture with 0.5 jtCi per well of [3H]thymidine and were lysed onto glass fiber
filters. Values represent mean±SD of quadruplicate samples and have been corrected for background proliferation (counts per minute
obtained from cells not stimulated with mitogen). Indicated increases in [3H]thymidine incorporation obtained by dividing cell proliferation
values by proliferation value obtained from splenic MCs cultured only with Con A.

observed for both SHR and WKY G-10 nonadherent
cell populations in the absence and presence of Con A,
but this did not exceed 4.9±0.6 and 3.6+0.1 /xM,
respectively (Figure 3A). These findings suggest that
induction of the NOSP by SHR splenic MCs may
account for depressed proliferative responses relative
to WKY splenic MCs. Furthermore, removal of the
adherent population from SHR splenic MCs resulted
in enhanced proliferative responses to Con A by the
remaining G-10 nonadherent population, because
these cells maintain low-level nitrite population when
stimulated with Con A. To test the hypothesis that the
depressed proliferative responses of SHR splenic MCs
are reversible and NOSP dependent, we cultured Con
A-stimulated (5.0 /ig/ml) SHR splenic MCs in the
presence of graded doses of L-NMMA, resulting in a
dose-dependent reduction in nitrite levels (Figure
3B). Nitrite levels in cultures containing 200

L-NMMA were similar to those in unstimulated SHR
cultures. WKY splenic MC cultures stimulated with
5.0 fig/ml Con A generated NO at considerably lower
levels (twofold to threefold less) than those generated
by SHR splenic MCs under similar conditions. As
observed with the Con A-stimulated SHR splenic
MCs, 200 /J,M L-NMMA reduced nitrite concentra-
tions in cultures of Con A-stimulated WKY splenic
MCs to levels seen in unstimulated cultures.

L-Arginine Contributes to Depressed Proliferative
Responses of Spontaneously Hypertensive Rat Splenic
Mononuclear Cells to Concanavalin A

NO is generated from the oxidation of guanido
nitrogens of L-arginine.161920 Because RPMI 1640 me-
dium contains 1.15 mM L-arginine, results of the nitrite
production studies suggested that the depressed prolif-
erative responses to Con A may have been arginine
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TABLE 3. Dose-Dependent Augmentation by Wistar-Kyoto Splenic Mononuclear Cells on Coculture With Nitric Oxide
Synthetase Inhibitor

Cells

Experiment 1
Splenic MC

G-10 nonadherent cells
Splenic MC

G-10 nonadherent cells
Experiment 2

Splenic MC

G-10 nonadherent cells
Splenic MC

G-10 nonadherent cells

Con A dose
(Mg/ml)

5.0

5.0
2.5

2.5

5.0

5.0
2.5

2.5

L-NMMA

+20
+40
+80

+ 100

+20
+40
+80

+ 100

+20
+40
+80

+ 100

+20
+40
+80

+ 100

Counts per minute
(±SD)

109,601 ±13,847
117,443 ±7,893
125,476±9,888
65,911±ll,013
50,233 ±3,398
4,577±594

172,287+23,158
185,397+7,841
148,049±2,888
80,814± 7,383
89,541 ±7,997
8,823 ±1,342

94,581 ±3,814
97,499 ±8,258
69,007±2,981
42,579 ±2,086
37,466 ±6,333
15,514±2,511

122,179 ±9,973
119,201 ±9,045
102,084±4,985
81,402 ±692
65,579±6,385
31,963±3,201

Fold increase in
[3H]thymidine incorporation

1.1
1.1

-1.7
-2.2

-23.9

1.1
-1.2
-2.1
-1.9

-19.5

1.0
-1.4
-2.2
-2.5
-6.1

1.0
-1.2
-1.5
-1.9
-3.8

Con A, concanavalin A; L-NMMA, A?G-monomethyl L-arginine; MC, mononuclear cell. Splenic MCs were cultured in the presence of Con
A at 5.0 or 2.5 /ig/ml for 3 days in absence or presence of indicated doses of nitric oxide synthetase inhibitor. Cells were isolated and labeled
as described in Table 2. Values represent mean+SD of quadruplicate samples and have been corrected for background proliferation (counts
per minute obtained from cells not stimulated with mitogen). Indicated increases in [3H]thymidine incorporation obtained by dividing cell
proliferation values by proliferation value obtained from splenic MC cultured only with Con A.

dependent. We hypothesized that this level of L-argi-
nine contributes to the suppressed proliferative re-
sponses of SHR splenic MCs to Con A, i.e., that
arginine acts as a substrate for the NOSP to generate
NO that, in turn, inhibits cell proliferation. To test this
hypothesis, we cultured SHR splenic MCs in RPMI
1640 medium containing low levels of L-arginine (ap-
proximately 8.0 /AM in fetal calf serum) and added
graded doses of L-arginine back to the cultures to assess
the ability of this amino acid to modulate SHR splenic
MC immune function. As shown in Figure 4, low levels
of L-arginine were essential to the Con A-stimulated
proliferative response in both SHR and WKY splenic
MCs. Addition of 10 /AM L-arginine to SHR and WKY
splenic MC Con A-stimulated cultures resulted in max-
imal stimulation (4.7-fold and 3.4-fold increases, re-
spectively) of cell proliferation compared with cells
grown without added L-arginine. Further increases
(>25 /xM) in L-arginine resulted in a dose-dependent
reduction in the SHR splenic MC proliferative re-
sponse; addition of 5.0 mM L-arginine resulted in a
3.2-fold reduction compared with cells treated without
exogenous L-arginine. Removal of the adherent popu-
lation from the SHR splenic MC population resulted in
maximal [3H]TdR uptake on addition of 200 /uM L-ar-

ginine (sixfold increase in cell proliferation) compared
with cells treated without L-arginine. The addition of
higher concentrations of L-arginine reduced the prolif-
erative response (Figure 4). WKY G-10 nonadherent
cells were unresponsive to added L-arginine, as were
cells cultured in L-arginine-containing complete me-
dium (Figure 4). This signifies that adherent (accessory)
cells are required for WKY proliferative responses to
Con A. Comparison of proliferative responses between
cells grown in L-arginine-defined medium versus com-
plete medium revealed that proliferative responses were
similar at 1.15 mM L-arginine (the concentration of
L-arginine in RPMI 1640) in all cell populations tested
(Figure 4).

Concurrent analyses of nitrite concentration in the
media were performed on duplicate cultures of these
Con A-stimulated cells treated with varying doses of
L-arginine. Increases in nitrite accumulation were
observed with SHR splenic MCs, but not SHR G-10
nonadherent cells, with increasing addition of L-argi-
nine (Figure 5). Nitrite accumulation (25.6-27.2 ^.M)
was observed at L-arginine concentrations as low as 50
fiM and increased to a maximum at 5.0 mM L-arginine.
The maximal increase for SHR splenic MC Con
A-stimulated cultures was 2.8-fold; for WKY cultures,
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FIGURE 3. Graphs show differential nitric oxide generation by spontaneously hypertensive rat (SHR) and Wistar-Kyoto (WKY)
rat splenic mononuclear cell (SMC) cultures stimulated with concanavalin A (Con A) and inhibited with Nc-monomethyl
L-arginine (NGMMA). These are representative data from four experiments that examined the levels of nitrite accumulation by
SHR and WKY cultures treated with varying doses of Con A (panel A) and 5.0 fig/ml Con A and varying concentrations of the
nitric oxide synthetase pathway inhibitor NGMMA (panel B). SMC cultures were similar to those used in proliferation assays but
were cultured for 4 days to obtain optimal nitrite levels. Nitrite levels were extrapolated from a standard curve generated with
varying concentrations of sodium nitrite in a colorimetric assay by measuring absorbances at 540 nm on a Bio-Tek Kinetics
Reader. SHR and WKY SMCs cultured in complete medium and in the absence of Con A are depicted in panel A and correspond
to basal levels of nitrite accumulation, 3.9±0.17 and 4.1 ±0.05 \x.M, respectively. Nonadh., nonadherent cells.

complete medium did not vary dramatically from
those in cultures containing low-L-arginine medium
supplemented with 1.2 mM L-arginine for each cell
population tested (Figure 5).

it was 1.7-fold (maximum levels, 11.3 /AM). Nitrite
levels rose <20% in WKY G-10 nonadherent cells
after the addition of L-arginine over a 2,000-fold
concentration range. Nitrite levels in cell cultures in
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FIGURE 4. Graphs show that depressed cell
proliferation response (in counts per minute
[cpm]) to concanavalin A by spontaneously
hypertensive rat (SHR) splenic mononuclear
cells (SMC) is arginine dependent. Left panel
is representative of four experiments in which
SHR SMCs, SHR G-10 nonadherent cells
(Nonadh.), Wistar-Kyoto (WKY) SMCs, and
WKY G-10 nonadherent cells were stimu-
lated with 5.0 fig/ml concanavalin A and
cultured for 3 days in low-arginine medium
(Select-Amine kit) and with the indicated
concentrations (2,000-fold range) of L-argi-
nine added. Right panel depicts the prolifera-
tive responses by the same cells cultured
simultaneously in complete medium contain-
ing 1.15 mM L-arginine in the presence of 5.0
fig/ml concanavalin A for 3 days. Cells were
pulsed with [3H]thymidine as previously de-
scribed. Data are expressed as the means of
quadruplicate cultures.
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FIGURE 5. Graphs show that nitrite accu-
mulation by spontaneously hypertensive rat
(SHR) splenic mononuclear cell (SMC) cul-
tures is arginine dependent. Duplicates of the
cultures that yielded data presented in Figure
4 were examined for production of nitric
oxide metabolites after 4 days in culture. Left
panel shows nitric oxide accumulation in
culture supernatants from SHR SMCs, SHR
G-10 nonadherent cells (Nonadh.), Wistar-
Kyoto (WKY) SMCs, and WKY G-10 non-
adherent cells stimulated with 5.0 uglml con-
canavalin A. Right panel depicts the levels of
nitrite accumulation by the same cells cul-
tured simultaneously in complete medium
(arginine-containing medium) in the presence
of 5.0 uglml concanavalin A. Data are ex-
pressed as the means of quadruplicate
cultures.

The Nitric Oxide Synthetase Pathway-Mediated
Depressed Proliferative Response of Spontaneously
Hypertensive Rat Splenic Mononuclear Cells
Is in Part Induced by Interferon Gamma

Past studies have shown that IFN-y can induce peri-
toneal macrophages'4-18 and endothelial cells21 to gen-
erate NO. To test the hypothesis that IFN-y played a
role in the induction of the NOSP, we cultured SHR
splenic MCs with graded doses of monoclonal anti-rat
IFN--y, monoclonal anti-mouse IFN--y, and polyclonal
anti-mouse IFN--y antibodies and measured nitrite ac-
cumulation in the media. Each antibody produced inhi-
bition of nitrite accumulation in 5.0 /xg/ml Con A-stim-
ulated SHR splenic MC cultures (Table 4). The
polyclonal anti-mouse IFN-y inhibited approximately

46% of nitrite generation, the monoclonal anti-mouse
IFN--V antibody inhibited approximately 23% of nitrite
generation, and the monoclonal antibody specific for rat
IFN-y was less effective than the cross-reactive antibod-
ies, inhibiting only approximately 10% of nitrite produc-
tion. This failure to reduce NO generation by <50%
was not due to the inability of these antibodies to block
NO induction by IFN--y. Adherent cells from 5xl05

SHR splenic MCs were allowed to adhere to microtiter
wells, and the nonadherent cells were subsequently
removed. Because IFN-y can induce the generation of
NO,1418-21 adherent cells were treated with 10 units/ml
of recombinant rat IFN-y for 4 days in complete me-
dium in the absence or presence of one of the anti-
IFN-y antibodies. As shown in Table 5, the antibodies

TABLE 4. Inhibition of Nitrite Accumulation by Concanavalin A-Stimulated Spontaneously
Hypertensive Rat Cultures Incubated with Anti-Interferon Gamma Antibodies

Antibody
Nitrite levels

(MM)
Inhibition of nitrite levels

None added
Monoclonal anti-rat IFN-y (/ig/ml)

40

10

0.63

Monoclonal anti-mouse IFN-y (^g/ml)

40

10

2.5

0.31

Polyclonal anti-mouse IFN-y

1:50

1:100

1:400

1:3,200

33.9±0.52

30.2±0.81

30.8+0.52

33.5 ±0.15

26.8 ±1.08

26.1 ±0.71

28.6±0.79

30.8 ±1.33

18.2±2.40

27.1 ±0.84

31.0+0.73

32.1±1.10

10.8

9.1

21.0

23.1

15.6

9.2

46.3

20.1

8.6

5.3

IFN-y, interferon gamma. Spontaneously hypertensive rat (SHR) splenic mononuclear cell (MC)
cultures were maintained for 4 days in the presence of 5.0 /ig/ml concanavalin A (Con A) to obtain
maximal yield of nitrite accumulation. Antibodies were added at initiation of SHR splenic MC cultures
at indicated doses. Mean nitrite levels±SD from quadruplicate cultures were determined as previously
described. Percent inhibition represents reduction in nitrite levels in Con A-stimulated SHR splenic MC
cultures as a consequence of incubating such cultures with anti-IFN-y antibody.
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TABLE 5. Anti-Interferon Gamma Antibodies Inhibit Interferon Gamma-Induced Nitric Oxide Production by Spontaneously
Hypertensive Rat Splenic Adherent Cells

Antibody IFN-r Nitrite levels (/iM) Inhibition of induced nitrite levels (%)

None added
None added
Monoclonal anti-rat IFN--y (20 jig/ml)
Monoclonal anti-mouse IFN-y (20 jtg/ml)
Polyclonal anti-mouse IFN-7 (1:200)

4.4±0.22
29.6±0.29
12.3±0.12

4.9±0.20
5.4+0.18

68.7
98.0
96.0

IFN-% interferon gamma. Spontaneously hypertensive rat (SHR) adherent cells were cultured for 4 days. Antibodies were added at the
initiation of SHR adherent cell cultures. To stimulate nitric oxide production, cultures were treated with 10 units/ml of rat IFN-7. Mean
nitrite levels±SD from quadruplicate cultures were determined as previously described. Percent inhibition represents reduction of
IFN--y-induced nitric oxide by anti-IFN-y antibodies.

inhibited IFN-y-induced NO by 69-98%. Thus, IFN-y
appears to be, at least in part, responsible for the
generation of nitrites in this system, but the findings
suggest the presence of an additional mediator, which
remains to be identified.

Discussion
The current study has defined a potential mechanism

for the suppressed in vitro immune responses observed
in the mature SHR with established hypertension. This
study confirmed our previous finding that mitogen-
induced proliferation is inhibited in splenic MCs from
SHRs. This inhibitory effect was related to a low
molecular weight suppression factor. The suppressed
mitogen-induced proliferation of SHR splenic MCs was
dependent on the NOSP but not on H2O2 or prostaglan-
dins, because it was blocked by L-NMMA but unaf-
fected by catalase or indomethacin. The inhibitory
effect was dependent on the presence of L-arginine in
the medium and was partially attenuated by antibodies
to IFN--y.

Because the experimental paradigm of the current
study relied on stimulation of T cells with Con A, the
observed suppressed proliferative activity of SHR splenic
MCs is likely T cell dependent. Treatment of SHR
splenic MCs with Con A resulted in enhanced produc-
tion of nitrite metabolites. Past studies have shown that
murine resident peritoneal macrophages suppress mito-
gen-stimulated T cell proliferation by a mechanism that
requires NO production18 and that this macrophage-
mediated suppression is induced by T cell products.22 T
cell-dependent activation of macrophages may in part
explain the results of past studies of immune dysfunction
in the SHR.4-5-7 Modulation of T cell function in the SHR
by thymic implants from normotensive allogeneic hosts
produced transient reversal of immune suppression and
attenuated the development of hypertension. Weekly
implantations of thymic tissue from normotensive donors
were required to maintain immunologic function and to
prevent blood pressure from rising.7-8 Evidence pre-
sented here and from past studies suggests that in the
SHR, macrophages are activated by a T cell product.
This can explain how modulation of T cell function7-8 or
T cell depletion9-23 can account for the contribution of
the immune component to the development of hyperten-
sion in the SHR. Immune depression in the SHR appears
to be mediated by a T cell product that stimulates the
macrophages to exhibit suppressor activity. Current data
do not address the question of whether the components
of the circulatory system that are responsible for the

hypertension also mediate immune dysfunction in these
hypertensive rats or whether suppression of the immune
system is a response to the hypertension. But under-
standing the immune dysfunction in the SHR provides
the basis for understanding how the immune system may
contribute to the pathogenesis of hypertension and may
also serve as a model for studying macrophage-mediated
immunosuppression.

Current models of NOSP-dependent suppressor mac-
rophage function require in vivo14-24 or in vitro18 activa-
tion of peritoneal macrophages. In contrast, in the SHR,
splenic macrophages appear to be activated by endog-
enous stimuli, contributing to the suppressed mitogen-
induced proliferative responses. Whatever the source
for these endogenous stimuli, they are not evident in the
normotensive WKY strain or in five other normotensive
strains, because lymphocytes from these rats are able to
respond to mitogens.4 As shown in our study, WKY
splenic macrophages in an accessory role are required
for WKY lymphocytes to respond to mitogen. Based on
the observations described here and by others,3-5-9 there
appear to be at least two forms of macrophages in the
rat or two modes of macrophage expression. In the
SHR, it is currently unclear how the immune dysfunc-
tion relates to the development of hypertension or how
modification of its immune function can attenuate such
hypertension. Further insight into the inductive mech-
anisms responsible for SHR NOSP-dependent lym-
phoid dysfunction will provide a better understanding of
how vasculature/immune interactions can affect hyper-
tension. One possibility we are currently pursuing is
that the increased NO production in the SHR is the
result of increased macrophage numbers.

A NOSP-dependent suppressor activity on mitogen-
induced lymphoid proliferative responses in splenocytes
has also been reported from the Fischer rat.17-25 This
normotensive rat strain exhibited levels of induced NO
similar to those found in our study. However, there are
critical differences between these studies and our own.
First, the method of cell isolation differed in our study.
Splenic MCs were isolated from density gradients,
whereas in the studies using Fischer rats, total leuko-
cytes were isolated, thus allowing for potential polymor-
phonuclear cell contamination. The significance of such
differences in isolation procedures is evident in view of
recent reports showing that polymorphonuclear cells
exhibit NOSP activity.26-27 Other differences between
these studies include the methods used to deplete
macrophages, plastic adherence for the Fischer spleno-
cytes versus G-10 adherency for SHR splenic MCs, and
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the ability of the resulting macrophage-depleted cells to
respond to Con A. The Fischer macrophage-depleted
splenocytes exhibited only twofold to eightfold increases
in [3H]TdR uptake on Con A stimulation, whereas the
SHR G-10 nonadherent cells responded to Con A with
15- to 124-fold increases in [3H]TdR uptake. Further-
more, there were no differences in the magnitude of
proliferative responses to Con A in the presence of
L-NMMA by macrophage-depleted splenocytes from
Fischer rats compared with unfractionated splenocytes,
suggesting that cells other than macrophages exhibit
NOSP. Finally, SHR G-10 nonadherent cells lack NOSP
activity, because on Con A stimulation only basal levels
of nitrites were detected. In contrast, the Fischer mac-
rophage-depleted splenocytes generated approximately
threefold increases in detectable nitrites above basal
levels in the presence of Con A.

Attempts to identify the mediators that induce the
NOSP in the SHR have met with limited success.
Because the T cell product IFN--y can induce the
NOSP,1418-21 antibodies to IFN-y were used in the
current study to determine whether endogenous IFN-y
was the mediator of enhanced nitrite production in our
system. Cross-reactive antibodies to mouse IFN-y inhib-
ited approximately 50% of nitrite production in culture
supernatants from Con A-stimulated SHR splenic
MCs. These results differ from those of a previous
study18 in which the addition of hamster monoclonal
anti-mouse IFN-y inhibited >90% of NO generation by
murine peritoneal macrophages added to Con
A-treated T cells. A subsequent experiment demon-
strated that the inability of the polyclonal anti-mouse
IFN-y antisera to inhibit >90% of the NOSP-inducible
activity cannot be attributed to the inability of these
antibodies to recognize IFN-y. To determine whether
these antibodies could bind to recombinant rat IFN-y,
we demonstrated that the monoclonal antibody to rat
IFN-y inhibited approximately 70% of IFN-y-induced
NO generation using IFN-y-stimulated adherent cells
from SHR splenic MCs. Furthermore, the cross-reactive
anti-murine IFN-y (both polyclonal and monoclonal)
antibodies reacted more effectively with recombinant
rat IFN-y than did the monoclonal anti-rat IFN-y
antibody, blocking >95% of IFN-y-induced NO. Con-
stitutive production of rat IFN-y in the SHR splenic MC
cultures did not appear to overwhelm the antibody
capacity, because supernatants taken from Con A-stim-
ulated SHR splenic MC cultures, when added to SHR
adherent cells from splenic MCs, failed to reduce nitrite
levels to <50% (data not shown). Thus, we conclude
that agents other than IFN-y must participate in stim-
ulating the production of NO in Con A-stimulated SHR
splenic MC cultures. We are currently identifying the
cytokines involved in such NO induction.
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