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result from relative NO deficiency.
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Abstract

Tonic basal release of nitric oxide (NO) by vascular endothelial
cells controls blood pressure (BP) in the basal state. In these
studies we investigated the effects of chronic inhibition of basal
NOsynthesis in the rat for a 2-mo period. Significant systemic
hypertension developed in chronically NO-blocked rats com-
pared to controls. Marked renal vasoconstriction was also ob-
served with elevations in glomerular blood pressure (PGC) and
reductions in the glomerular capillary ultrafiltration coefficient
(Kf). Chronically NO-blocked rats also develop proteinuria and
glomerular sclerotic injury compared to controls. These studies
therefore describe a new model of systemic hypertension with
glomerular capillary hypertension and renal disease due to
chronic blockade of endogenous NOsynthesis. These observa-
tions highlight the importance of the endogenous NOsystem in
control of normal vascular tone and suggest that hypertensive
states may result from relative NOdeficiency. (J. Clin. Invest.
1992. 90:278-281.) Key words: nitric oxide * hypertension
glomerulus * single nephron glomerular filtration rate

Introduction

The vascular endothelium is capable of synthesizing nitric ox-
ide (NO) which acts on adjacent vascular smooth muscle cells
to produce a cyclic GMP-dependent relaxation (1). NOis enzy-
matically synthesized from L-arginine, a process which can be
antagonized by substituted L-arginine compounds such as N-
monomethyl L-arginine (NMA) or N-nitro L-arginine methyl-
ester (NAME) which compete for the NOsynthase (1). Studies
in anesthetized rabbits, guinea pigs, and rats have demon-
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1. Abbreviations used in this paper: BP, blood pressure; Kf, glomerular
capillary ultrafiltration coefficient; NAME, N-nitro L-arginine meth-
ylester; NMA, N-monomethyl L-arginine; NO, nitric oxide; PsC, glo-
merular blood pressure; RA, preglomerular arteriolar resistance; RE,
efferent arteriolar resistance; SNGFR, single nephron GFR; UV, uri-
nary protein excretion.

strated that acute blockade of NOsynthesis leads to marked
rises in systemic blood pressure (BP) (2-4), suggesting that
tonic release of NOcontrols BP in the resting state. In the rat,
acute blockade of NOsynthesis produces a marked renal vaso-
constriction with a major impact on glomerular hemody-
namics, including substantial increases in glomerular capillary
blood pressure (Poc) (4, 5). In the normal conscious chronically
catheterized rat, studied in the basal state, acute NOblockade
produces large increases in BP and renal vasoconstriction; ef-
fects that are acutely reversible with excess L-arginine (6, 7).
The NOsynthesis blocker NAMEis water soluble and orally
active, and when given in the drinking water to Brattleboro
(hereditary diabetes insipidus) rats produces a prolonged in-
crease in BP and renal vasoconstriction over many hours (8).

Based on these observations, we examined the possibility
that long term blockade of NOsynthesis, using the orally active
drug NAMEin the drinking water, might produce a model of
systemic hypertension. Further, if the increase in PcC seen with
acute NOblockade (4, 5) is chronically maintained, then glo-
merular injury might evolve since glomerular capillary hyper-
tension has been implicated in the pathogenesis of a variety of
primary glomerular diseases (9). Accordingly, micropuncture
studies were conducted in Munich Wistar rats chronically
maintained on oral NAMEfor a 2-mo period and compared to
age-matched controls.

Methods

Experiments were conducted on 14 male Munich Wistar rats pur-
chased from Simonsen Laboratories, Gilroy, CA. At 4-6 mo of age,
eight rats were placed on oral NAME(L-NAME, 5 mg/ 100 ml drinking
water, changed daily) for a continual 2-mo period. In preliminary stud-
ies, we determined that the presence of L-NAME in the drinking water
did not influence drinking, and since normal rats drink -100 ml
H2O/kg body weight (BW) per 24 h, the dose of NAMEwas - 5 mg/kg
BWper 24 h. Immediately before placing rats on oral NAMEand at
two weekly intervals thereafter, 24-h urine collections were made and
urinary protein excretion measured by the Bradford method (10). A
control group of six rats was aged over a similar time period, and termi-
nal 24-h urine collections were made just before the acute experiment.

Onthe day of micropuncture, rats were anesthetized with intraperi-
toneal thiobarbiturate, Inactin (120 mg/kg), were placed on a tempera-
ture-controlled micropuncture table and temperature maintained at
370C throughout the entire experiment. The rat was surgically pre-
pared for glomerular micropuncture studies using the euvolemic (vol-
ume restored) preparation (1 1). Surgery included a tracheotomy, place-
ment of intravenous lines for infusion of donor rat plasma (to maintain
the euvolemic state), tritiated inulin (100 1Ci/h), and a femoral arterial
line to monitor BP and collect blood samples. The left kidney was
exposed through a ventral midline incision, the left ureter and left renal
vein were catheterized, and the left kidney immobilized and prepared
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Table I. Summary of Whole Kidney and Glomerular Hemodynamics in Control Rats and Rats Subjected to Two Months of NOBlockade
with Chronic Nitroarginine Methylester (NAME) Administration

UPV BP GFR RPF FF

mg/24 h mmHg

Controls
(n = 6)

Chronic NAME
(n = 8)

29
±9
79*

±10

98
±2
136*
±4

ml/min

1.37
±0.07

0.90*
±0.10

5.2
+0.6

2.6*
+0.5

0.276
±0.021

0.379*
±0.034

RVR SNGFR QA PGC PT CA

mmHg/
ml per min

9.5
± 1.0
30.1*
±5.6

nil/min

55.4 225
±2.7 ±26
33.8* 133*
±3.9 ±20

mmHg

51 13
±1 ±1
60* 11
±1 ±1

5.7
±0.1

5.6
±0.1

CE RA RE Kf

gKO0 I O'0dyn - s * cm-' nl/s per
mmHg

7.7
±0.2

7.7
±0.3

0.88
±0.12

2.63*
±0.51

0.80
±0.12

1.88*
±0.32

0.063t
±0.003

0.023*
±0.002

All data given as mean±SE. * Denotes significant difference from control by unpaired t test. t Mean minimum value since most control rats
were at filtration pressure equilibrium.

for micropuncture as described previously (12). The surface of the kid-
ney was illuminated and bathed in 0.9% NaCl at 34-36°C.

After equilibration, two exactly timed urine collections (25-30
min) were made, the volume measured, and midpoint blood samples
taken from femoral artery and renal vein. Simultaneous micropunc-
ture measurements were made in the superficial cortex as follows: ex-
actly timed (2-3 min) collection of fluid from five to six superficial
proximal tubule segments; efferent arteriolar (postglomerular) blood
collected by puncture of three to five superficial star vessels; hydrostatic
pressures measured in surface glomerular capillaries, efferent arteri-
oles, proximal tubules, and proximal segments of obstructed tubules
(to measure PGC using the indirect stop flow pressure method, de-
scribed previously [13]). The activity of tritiated inulin was measured
in aliquots of arterial and renal venous plasma, urine, and the entire
tubule fluid sample, and allowed calculation of single nephron GFR
(SNGFR), GFR, and renal plasma flow (RPF). Protein concentration
of systemic and efferent arteriolar plasma was measured using a mi-
croadaptation of the Lowry method (14).

All of these measurements permit calculations of preglomerular
and efferent arteriolar oncotic pressures, preglomerular and efferent
arteriolar resistances (RA and RE), and the glomerular capillary ultrafil-
tration coefficient (Kf). These techniques have been described in detail
by us elsewhere (12, 13). At the end of the functional experiment, the
rat was killed, the left kidney removed, weighed, bisected longitudi-
nally, and fixed in 10% buffered formalin. Later, the kidney was dehy-
drated in alcohol, blocked in paraffin wax, and 5-gm thick sections
were cut and stained with periodic acid Schiff and hemotoxylin and
eosin counterstain. Sections were examined on a blinded basis for the
level of glomerular sclerosis (using the 0-4+ injury scale [15]) and
microvascular injury.

The statistical comparison of functional data was by unpaired t test,
except for the serial comparisons of urinary protein excretion (UPV)
which was by analysis of variance (ANOVA), and the morphologic data
was analyzed using the Wilcoxon two sample test. Statistical signifi-
cance is assumed where P < 0.05.

Results

The proteinuria evolved slowly in chronically NO-blocked
rats; 24-h urinary protein excretion (UpV) was 36±3 mg in the
basal state, before NOblockade, and 49±5, 73±9, and 69±9
mg at weeks 2, 4, and 6 of NOblockade (P < 0.05 basal vs
weeks 4 and 6). As shown in Table I at week 8, UpVwas signifi-
cantly increased in chronically NO-blocked rats vs age-
matched controls (and vs basal in the NO-blocked group, P
< 0.05). Mean body weight and left kidney weight was 387±14
g and 1.3±0.1 g in controls, and values were similar in chroni-
cally NO-blocked rats, 358±6 g and 1.3±0.1 g, respectively.

Mean BP was elevated vs untreated control rats (Table I),

despite the fact that these observations were made under barbi-
turate-induced general anesthesia. Whole kidney and glomeru-
lar hemodynamics data are summarized in Table I. The GFR
was reduced in chronically NO-blocked vs control animals,
and RPFwas reduced by a disproportionately greater amount
such that filtration fraction (FF) was elevated. The renal vascu-
lar resistance (RVR) was - 3x the control value in chronically
NO-blocked rats (Table I). Essentially similar findings were
observed at the single nephron level; SNGFRand glomerular
plasma flow (QA) were significantly reduced in chronically NO-
blocked vs control rats. The PGC was significantly higher in
chronically NO-blocked animals, while pressure in the proxi-
mal tubule (which is similar to that in Bowman's space) was
not different between the two groups. The plasma protein con-
centration (CA) and efferent arteriolar protein concentration
(CE) were also similar between groups; thus, values of pre- and
postglomerular oncotic pressures (not shown) were also simi-
lar. Values for segmental arteriolar resistances were greatly ele-
vated in the chronically NO-blocked rats, and both RAand RE
were greater than in control. Despite the marked rise in RA, PFC
increased both because of the increase in BP and in RE. The Kf
was significantly reduced in chronically NO-blocked rats vs
controls.

Morphologic evaluation revealed that there was signifi-
cantly greater glomerular sclerotic injury in chronically NO-
blocked rats vs controls. The severity of glomerular injury, us-
ing the 0-4+ scale is shown in Table II, and it is clear that the
chronically NO-blocked rats exhibit greater injury vs controls.
Based on the data in Table II, an overall glomerulosclerosis
injury score can be calculated as described by Raij et al. ( 15),
and the chronically NO-blocked rats show significantly greater

Table II. Semiquantitative Histologic Injury Score (O to 4+)
of controls and Chronically NO-blocked rats

Injury score

Group 0 1+ 2+ 3+ 4+

Control 93.5±1.1 4.2±0.8 1.2±0.5 1.0±0.4 1.0±0.3
NOblocked 80.6±1.9 12.4±0.9 3.6±0.5 1.0±0.3 2.8±0.6
P< 0.001 0.001 0.05 NS 0.05

Injury scale: 0 = no injury; 1 + = up to 25% of the glomerulus in-
volved; 2+ = -S50% involvement; 3+ = -75% involvement; 4+ =

- 100% involvement.
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overall damage with a score = 34±4 vs controls = 12+2; P
< 0.01. Mild to moderate medial expansion of arterioles in the
kidney cortex were present without significant periarteriole fi-
brosis.

Discussion

In these experiments we have demonstrated that chronic NO
blockade produces sustained systemic hypertension, confirm-
ing the major role of NOin maintenance of normal vascular
tone (1-4). There have been several other recent preliminary
reports of persistent increases in blood pressure with chronic
NOinhibition. Ribeiro et al., using - 10-fold higher dose than
we employed in the rat, reported a significantly greater hyper-
tension (about 170 mmHgmean) after 4-6 wk of continual NO
blockade with NAME(16). Wehave recently obtained prelimi-
nary data suggesting that there is a dose dependency to the
magnitude of the systemic hypertension achieved with chronic
NOblockade (unpublished observations). Chander et al. used a
different NO synthesis inhibitor (N-nitro L-arginine) in the
stroke-prone spontaneously hypertensive rat. These animals
are normally extremely hypertensive (systolic blood pressures
about 230 mmHg), and not surprisingly chronic NOblockade
for 10 d did not significantly worsen the hypertension; how-
ever, the incidence of vascular lesions in this hypertensive rat
model was greatly increased by chronic NOblockade (see be-
low) (17). Twogroups have reported production of a dog model
of chronic NOblockade. Salazar et al. (18) administered a low
dose of continual intravenous NAME, 0.15 mg/kg per d, to
dogs for 5 d continually. In dogs on normal sodium intake, this
had no effect on mean BP; however, in dogs maintained on a
high sodium intake, BP increased significantly (by 13 mmHg).
Manning et al., using a much larger dose of another NOsynthe-
sis inhibitor, nitro L-arginine (about 15 mg/kg per 24 h),
showed that a 16-mmHg increase in mean BPwas maintained
over an 8-d period, an effect that was reversible with excess
L-arginine, denoting specificity of the blocker (19). The limited
amount of preliminary data currently available suggests that
the maximum increase in BP to be elicited with NOblockade
in the dog is less than that in the rat, but these results await
further confirmation. The data from the present and other pre-
liminary studies (16-19) certainly suggests that chronic inhibi-
tion of NOsynthesis produces increases in BP. Furthermore, it
was recently shown that chronic supplementation with the NO
precursors L-arginine or L-citrulline prevents the development
of hypertension in genetically salt-sensitive rats fed a high salt
diet (20). Whether chronic NOdeficiency contributes to sys-
temic hypertension in man is not yet clear, although this is
possible, particularly in low renin, salt-dependent hyperten-
sion.

In addition to systemic hypertension we observed increased
glomerular injury in the presence of chronic NOblockade,
with an increased incidence of focal glomerular sclerosis after 2
moof moderate systemic hypertension with sustained glomer-
ular capillary hypertension., In the study by Ribero et al., seg-
mental fibrinoid necrosis was reported in glomeruli of chroni-
cally NO-blocked rats; also arteriolar hypertrophy and in se-
verely hypertensive rats, focal arteriolar obliteration was seen
( 16). In these rats, glomerular blood pressure was not measured
but renal vasoconstriction and increased filtration fraction was
reported, which is suggestive of glomerular hypertension. In
the chronically NO-blocked stroke-prone SHR, there was a

large increase in UPVand greater incidence of vascular lesions
and glomerular injury, compared with control stroke-prone
SHRs (17). Unfortunately, in this model no renal functional
measurements were available.

The mechanism causing glomerular injury during chronic
NOblockade may be glomerular capillary hypertension. Glo-
merular hypertension has been causally implicated in the
pathogenesis of glomerular sclerotic injury in a variety of glo-
merular diseases (9), in particular, ablation of renal mass and in
an experimentally induced model of type I diabetes. In both of
these situations, PGc increases quite early in the course of the
disease, and maneuvers that lower PGc also protect the glomer-
ulus from injury (9). In the present model, PGcmaybe assumed
to increase immediately, since we and others have shown that
acute systemic NOblockade leads to systemic and glomerular
hypertension within minutes of administration of the NOsyn-
thesis inhibitors (4, 5). An alternative or additional mechanism
that might be responsible for producing glomerular injury as a
result of chronic NOblockade may relate to the antimitogenic
action of NOon the glomerular mesangial cell (21). Mesangial
expansion precedes the development of glomerular sclerotic
injury, and a causal link in this process has been suggested (22).
Thus, chronic NOinhibition may provide a permissive mesan-
gial hypertrophic stimulus. This could explain the worsening of
vascular and glomerular damage in the stroke-prone SHR(17),
where no worsening of the hypertension occurred with chronic
NOblockade.

In conclusion, these present studies describe a novel model
of systemic hypertension with glomerular capillary hyperten-
sion and glomerular injury due to chronic NOblockade. Fur-
ther study of this model should yield significant insights into
the mechanisms of development of systemic hypertension and
glomerular damage.
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