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Abstract

Because of its ability to increase glomerular filtration, antago-
nize the actions of vasoconstrictors, and produce vasodilata-
tion, alpha human atrial natriuretic peptide (a-hANP) was

evaluated for its potentially beneficial effects in experimental
ischemic renal failure induced by 45-60 min of renal artery
occlusion in bilaterally or unilaterally renally intact Sprague-
Dawley rats. After ischemia, a 4-h intrarenal infusion of a-

hANP restored 14C-inulin clearances in bilaterally and uni-
laterally intact animals from 0.05±0.006 and 0.05±0.01 ml/
min per 100 g to 0.314±0.04 and 0.25±0.01 ml/min per 100 g,
respectively (P < 0.001, n = 8), compared with normal values
of 0.49±0.023 ml/min per 100 g. Histologically, there was a

progressive decrease in medullary hyperemia and prevention of
intratubular cell shedding and granulocyte margination as a

result of the 4-h a-hANP infusion such that after 24 and 48 h
the histological appearance of the tissue was essentially nor-
mal. The results show that a 4-h intrarenal infusion of a-hANP
after renal ischemia can preserve glomerular filtration rate and
reduce renal tissue damage.

Introduction

Despite the introduction of modern dialysis techniques, a poor
prognosis and high risk of mortality still accompany acute
renal failure (ARF)' after ischemia or surgical trauma (1). So
far no single pharmacological intervention has been shown to
reliably prevent the maintained loss of renal function after
these events. Recently, however, several peptides that may
have therapeutic potential have been isolated from atrial ex-

tracts of rodent and human atria. Collectively the peptides
have been termed atrial natriuretic peptides (ANP) and share a

nearly homologous amino acid sequence at the carboxy termi-
nal end (2, 3). Functionally, they have been shown to cause

pronounced alternations in renal salt and water excretion,
relax precontracted vascular and nonvascular smooth muscle,
and increase glomerular filtration rate (4-6). Because acute
renal failure secondary to ischemia is frequently seen clinically
and is associated with reduced glomerular filtration and intra-
renal vasoconstriction, the present study evaluated the ability
of the human form of the peptide (the 28-amino acid alpha
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1. Abbreviations used in this paper: ANP, atrial natriuretic peptide;
ARF, acute renal failure; a-hANP, alpha human ANP.

human ANP [a-hANP]) to attenuate the decrement in renal
function produced by 60 min of complete unilateral renal ar-
tery occlusion in an experimental model of ischemic renal
failure in the rat.

Methods

Uninephrectomized animals. Female Sprague-Dawley rats weighing
280-300 g were used in all experiments. Four groups of six animals,
two control and two experimental, were studied for effects of a 4-h
intrarenal infusion of either a-hANP or vehicle on the severity of renal
failure at 4 and 24 h after 60 min of renal artery occlusion. Plasma
creatinine, endogenous creatinine clearance, fractional sodium excre-
tion, and urine volume were monitored. Plasma and urinary sodium
were measured by flame photometer, and creatinine by autoanalyzer
(Greiner S. A., Langenthal, Switzerland). All animals were uni-
nephrectomized on the right side and maintained on tap water and a
standard pellet diet for 2 wk before implantation, under nembutal
anesthesia, ofjugular vein and carotid artery cannulae for the infusion
of Ringer's solution, blood sampling, and measurement of mean arte-
rial pressure. In control and experimental groups destined for acute
nonrecovery experiments, a midline abdominal incision was made, the
bladder was cannulated, the urethra was ligated, and the renal artery
was dissected at the level of the aorta. The abdominal cavity was
flushed with warm Ringer's solution and covered with parafilm. A
30-min equilibration period was then allowed while animals received
an intravenous infusion of Ringer's solution at a rate of 1.5 ml/h. At
the end of the equilibration period, an initial blood sample was taken
for determination of basal creatinine levels and hematocrit, then the
renal artery was occluded for 60 min with a nontraumatizing arterial
clamp. Throughout the experiment, an electrically heated blanket
maintained the rectal temperature of both control and experimental
groups between 34 and 350C. Immediately after removal of the arterial
clamp, a-hANP (Bissendorf Peptide GmbH, Wedemark, FRG) at a
calculated concentration of 6.25 gg/ml and dissolved in saline con-
taining 1% human serum albumin was infused for 4 h into the renal
artery of the experimental group at a rate of 13 gl/min. Controls were
infused only with saline/albumin at the same rate. Infusion cannulae
consisted of a tapered stainless steel hypodermic needle (OD, 0.4 X 19
mm) that was bent at right angles near the tip so that 1-2 mmpro-
truded into the renal artery when the needle was inserted at the level of
the aorta. Throughout the experiment all animals received an intrave-
nous infusion of Ringer's solution to replace urine losses and maintain
average hematocrit readings of 43±0.5 vs. 42±1.4% at the beginning
and end of the experiments, respectively. 1-h urine volumes and final
blood samples were collected during and at the end of the final 3-4 h of
a-hANP infusion. To assess the long term effects of the 4-h a-hANP
infusion, the same procedure was performed in two separate groups of
animals which were then allowed to recover for 24 h before being
placed in metabolic cages for collection of awake 24-h urine samples.
In these animals, bladder cannulation and urethral ligation were omit-
ted before clamping and a-hANP infusion and the arterial puncture
was sealed with cyanoacrylate-impregnated tissue.

For histology, renal tissue slices representing cortex, medulla, and
papilla were immersion-fixed in formalin and Bouin's solution imme-
diately after removal from the animals.

Assessment of gross morphology of kidneys. The macroscopic ap-
pearance of the freshly cut renal surface and the cut surface after
fixation was semiquantitatively assessed (7). In comparison with con-
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trols, the cortex of ischemic kidneys was essentially unchanged and,
therefore, the analysis was focused on changes in medulla and papilla.
The criteria for allocating a given change to a severity grade are as
follows. (0), Normal) No relevant difference in comparison with the
control. (+, Slight change) Only a small zone of modest hyperemia
seen in the outer medulla. (++, Moderate change) Moderate degree of
hyperemia in the inner medulla extending into the outer medulla.
(+++, Severe change) Severe hyperemia (with bluish discoloration) of
inner medulla, extending into outer medulla and involving the base of
the papilla.

Histopathological assessment of renal tissue alterations. For the
histopathological assessment of major alterations in kidney structure,
representative hemotoxylin-eosin stained sections of plastic-em-
bedded renal tissue were semiquantitatively analyzed. Cortex, me-
dulla, and papilla were represented in each of the sections used.

Parameters used were (a) peritubular hyperemia, defined as an
increase of blood content in peritubular capillaries and venules of
outer medulla, inner medulla, and papilla, with dilation of the vessels
involved, but without hemorrhage, (b) protein casts, defined as dense
protein deposits occupying the whole luminal space of a sectioned
tubular profile, (c) incipient tubular cell shedding, defined as a discon-
nection of tubular epithelial cells from their basal lamina, indicative of
tubular damage, and (d) granulocyte margination, defined as an intra-
vascular accumulation of neutrophils within the marginal pool, i.e.,
upon the endothelial lining of the vessels. This is an early leukocyte
reaction associated with ongoing tissue damage before neutrophil
egress.

In each section, the outer medulla, inner medulla, and base of the
papilla were asssessed for the alterations indicated above by testing
high power fields continuously aligned along the whole sectioned
areas. Between 124 and 154 high-power fields were thus analyzed.
Within each high-power field all four parameters were tested on a yes
or no base, i.e., irrespective of the number of lesions in a given field
with a positive finding. Positive findings for each parameter were then
summedand expressed as a percent of the high-power field analyzed.

'4C-Inulin clearance studies. Because endogenous creatinine clear-
ances may not always accurately reflect impairment of glomerular
filtration in acute renal failure and uninephrectomy in itself may par-
tially protect the remaining kidney from ischemic injury, the effect of
the 4-h a-hANP infusion on the classical clearance of '4C-inulin was
assessed in a second study of both uninephrectomized (n = 8) and
bilaterally renally intact animals (n = 12) 4 h after ischemia. The
procedure described above was used for the induction of acute renal
failure and intrarenal a-hANP infusion, except that in bilaterally ren-
ally intact animals the left kidney was clamped for 45 (n = 8) or 60 (n
= 4) min. '4C-Inulin was given during the experiment as a priming
intravenous injection of 5 uCi followed by a constant infusion at 3.75
gCi/h. In all animals, timed urine samples during the final 3-4 h of
a-hANP infusion were obtained from previously implanted ureter
cannulae. Plasma inulin concentrations were measured at the mid-
point of the collection. Glomerular filtration rate was calculated as the
urinary clearance of inulin during this collection period, corrected for
body weight. To clarify the relationship between '4C-inulin clearances
and those of endogenous creatinine over a wide range of GFRvalues,
we simultaneously measured each parameter on a series of kidneys
which had either normal function (n = 18) or mild (n = 17) to severe (n
= 16) ARF induced by periods of renal ischemia ranging from 15 to
60 min.

Statistics. Differences between a-hANP and placebo-treated
groups were evaluated using the two-tailed t test for unpaired data. All
results are expressed as the mean±SEM.

Results

Occlusion of the renal artery for 60 min results in a severe
form of ischemic ARF (8, 9) which in control uninephrecto-
mized Sprague-Dawley rats (Fig. 1) was manifested by a de-
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Figure 1. Effects of 4-h infusion of a-hANP on plasma creatinine
levels, endogenous creatinine clearance, urine volume, and fractional
sodium excretion, 3-4 h and 24 h after 60 min of renal artery clamp-
ing in uninephrectomized rats. Infusion of a-hANP restored endoge-
nous creatinine clearances to the normal range and the severe renal
failure seen in control animals was avoided. In all groups, n = 6.

crease in endogenous creatinine clearance from 0.54±0.04
ml/min in normal animals, to 0.14±0.01 at 4 h and
0.01 ±0.004 ml/min at 24 h after unclamping. These decreases
in creatinine clearance were mirrored by reciprocal increases
in plasma creatinine from normal basal levels of 0.7±0.03
mg/dl to 1.7±0.2 mg/dl at 4 h and 3.7±0.2 mg/dl at 24 h.
Fractional sodium excretion was similarly elevated from base-
line values of 0.68±0.2% to 54±24% at 4 h and 49±11% at 24
h, reflecting tubular damage and impaired reabsorption of so-
dium.

In contrast, in animals which after removal of the renal
artery clamp received an intrarenal infusion of a-hANP for 4
h, endogenous creatinine clearance rates and plasma creati-
nine concentrations at 4 and 24 h after the ischemic insult
were restored to the normal range. Urine volume increased
10-fold during a-hANP infusion to reach rates of 75±0.1 All
min compared with 7.2±0.1 Al/min in saline/albumin-infused
controls. Fractional sodium excretion was also increased, re-
flecting the natriuretic action of the peptide. Classical mea-
surements of glomerular filtration rate using '4C-inulin after 4
h of a-hANP infusion in postischemic kidneys again revealed a
protective action of the peptide, but in contrast to the clear-
ance of endogenous creatinine, '4C-inulin clearance was re-
stored only to 50% of normal. Clearance of '4C-inulin in
nonclamped unilaterally renally intact animals under these
conditions averaged 0.49±0.023 ml/min per 100 g body wt (n
= 18). This was reduced by 90%after 60 min of renal ischemia
and a 4-h intrarenal infusion of the saline albumin vehicle to
0.053±0.006 ml/min per 100 g (n = 8), whereas a-hANP-in-
fused animals had inulin clearances of 0.25±0.01 ml/min per
100 g (P < 0.001, n = 8). The reason for the apparent differ-
ence in renal function measured by endogenous creatinine and
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inulin clearances becomes apparent when simultaneous mea-
surements are compared in kidneys over a range of glomerular
filtration rate (GFR) values (Fig. 2). In contrast to GFR
values using inulin, measurements of endogenous creatinine
clearance did not fall outside the normally measured range
until there was marked renal impairment reflected by a de-
crease in the inulin clearance values to < 0.2 ml/min per 100
g. This may reflect a progressive increase in tubular secretion
of creatinine, similar to that observed in patients with moder-
ate reduction of GFR, which maintains creatinine clearance in
a normal or near-normal range and serves to prevent the pre-
dicted hyperbolic rise above normal values of the serum creati-
nine level as the GFRfalls to approximately half (10). What-
ever the exact mechanism, the results show that the 4-h intra-
renal infusion of a-hANP after 60 min of renal ischemia in
unilaterally renally intact animals markedly reduces the severe
impairment of GFRnormally seen in saline/albumin-infused
controls at 4 and 24 h after ischemia to the extent that overt
signs of renal failure, reflected by elevations in plasma creati-
nine and decreases in endogenous creatinine clearance, do not
become evident.

Bilaterally renally intact animals. In an initial study using
bilaterally renally intact animals (n = 4), in which 60 min of
left renal artery clamping was followed by a 4-h intrarenal
infusion of a-hANP, GFRmeasured by inulin clearance was
not restored after a-hANP infusion and averaged 0.04±0.01
ml/min per 100 g at 4 h compared with normal values of
0.5±0.03 ml/min per 100 g (n = 6). In these nonresponding
animals, hematocrit increased from initial values of 46±1 to
53±1 and could not be adequately controlled. Because of this,
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Figure 2. Relationship between simultaneously measured clearances
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in kidneys with normal, moderate, and severe renal failure induced
by periods of renal ischemia ranging from 15-60 min. Shaded areas
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the duration of left-renal-artery clamping was reduced to 45
min. In these animals the subsequent 4-h intrarenal a-hANP
infusion then restored GFR, measured by inulin clearance, to
0.31±0.04 ml/min per 100 g (P < 0.001, n = 8), at 4 h com-
pared with saline/albumin-infused control values of 0.05±0.01
ml/min per 100 g (n = 8). These findings suggest that the
effectiveness of a-hANP infusion in protecting GFRafter renal
ischemia may depend on the intravascular volume status of
the animal as well as the severity of the ischemic damage,
which may be modified not only by the duration of clamping
but also by the presence or absence of the contralateral kidney.

Histology. To further define and assess possible morpho-
logical correlates underlying this protective effect, we com-
pared plastic embedded tissue sections from kidneys in uni-
nephrectomized animals infused intrarenally for varying
lengths of time with a-hANP with sections from similarly in-
fused saline/albumin controls. On gross examination, 2 and 4
h after renal ischemia (Table I), the cut surface of the kidney
showed a dark red coloration mainly of the medulla, essen-
tially sparing the papilla. Histologically (Fig. 3 A), there was
severe hyperemia of peritubular capillaries in the outer me-
dulla and innermost zone of the cortex, while the papilla and
middle and outer cortex were barely affected. In those regions
exhibiting the most severe hyperemia (Fig. 3 B), there were
numerous protein casts and incipient tubular cell shedding,
while peritubular blood vessels were dilated and showed some
margination of neutrophils. Thrombi were not evident, but red
cells were densely packed and appeared "sticky," some being
inside the lumina of collecting tubules. The middle and outer
cortex did not show extensive hyperemia, but focal protein
casts were apparent in a few tubules without signs of hema-
turia.

In contrast, after 2 h of a-hANP infusion, kidneys were
considerably less affected (Fig. 3 D), showing only a slight-to-
moderate degree of hyperemia, mainly in the outer medulla.
These hyperemic peritubular vessels were concentrated in the
areas of highest density, around the descending loops, but
there was almost no congestion in the regions occupied by
collecting ducts. Some nephrons, mainly in the inner cortex
and outer medulla, still contained protein casts but 4 and 24 h
after initiating the a-hANP infusion (Fig. 3 E and F) renal
tissue was essentially normal (Fig. 3 C). A semiquantitative
analysis of the overall histological findings is presented in
Table II.

Table I. Hyperemia of Kidneys as Assessed by Gross
Examination of Cut Surfaces

I h postclamp +++
2 h postclamp +++
24 h postclamp +++
2 h of ANP ++
4 h of ANP 0
24 h after ANP 0
48 h after ANP 0

Semiquantitative assessment of macroscopic appearance of cut renal
surface 1, 2, and 24 h after 60 min of renal artery clamping without
a-hANP infusion (top), compared with appearance after 2 and 4 h of
infusion (middle), or 24 and 48 h after stopping the 4-h infusion
(bottom). Grades: 0, normal, i.e., as controls; +, slight change; ++,
moderate change; +++, severe change.
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Figure 3. (A) Rat kidney 2 h after renal ischemia. The medulla is ori-
ented to the left, the papilla to the right side of the panel, as in panels
C, D and E. There is severe hyperemia of peritubular capillaries in
the medullary compartment, while the papillary tissue is less affected
(hematoxylin-eosin stain, as in the remaining figures, X 12). (B) 2 h
after renal ischemia, affected part of the medulla at higher magnifica-
tion. Peritubular blood vessels are dilated and, in the central part of
the figure, intravascular accumulation and margination of neutro-
phils are seen. There are focal gaps in the nuclear lining of epithelia,
indicating incipient tubular damage (X 140). (C) Normal rat renal
tissue as control, showing slightly heavier staining of medullary inter-
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stitial tissue (X 12). (D) Rat kidney after 2 h of a-hANP infusion. In
contrast to A, only a slight-to-moderate degree of hyperemia of me-
dullary tissue is observed (X 12). (E) Rat kidney after 4 h of a-hANP
infusion. Note that peritubular hyperemia is no longer seen and that
the structure of renal tissue is well preserved (X 12). (F) Renal tissue
24 h after initiating the a-hANP infusion. Medullary tissue at higher
magnification, with normal epithelial lining of tubules and no signs
of peritubular hyperemia. Residual protein casts are visible at the
right bottom corner of the figure (X 90). M, medulla; P. papilla; PV,
peritubular vessels; N, neutrophil.
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Discussion

The results show that a 4-h intrarenal infusion of a-hANP after
renal ischemia in bilaterally intact as well as uninephrecto-
mized animals can preserve glomerular filtration rate and re-
duce renal tissue damage.

Although the underlying mechanisms of this protection are
not clear, three major complementary properties of the pep-
tide, viz, vasodilation, antagonism of vasoconstrictors, and
ability to increase glomerular filtration may play a role (4-6).
From autoradiographic studies demonstrating accumulation
of radiolabeled ANPin rat glomeruli and medullary and papil-
lary vasa recta and identification of high-affinity binding sites
on rat glomerular mesangial and smooth muscle cells in cul-
ture (11, 12), it is likely that these protective effects occur
through specific receptor-mediated actions of the peptide at
multiple sites within renal tissue. Histologically, attenuation of
GFR impairment in postischemic kidneys treated with a-
hANP appears to be associated with a progressive loss of hy-
peremia in the inner cortex and outer medulla. Previous work
has indicated that this characteristic phenomenon is typical
after ischemia, that it develops during the time of clamping,
and that its severity is related to the degree of renal impairment
and subsequent time of recovery (7). Prolonged vasoconstric-
tion, mediated perhaps by catecholamines or angiotensin (13),
has been considered as a possible underlying mechanism (14).
The recent demonstration that accumulation of circulating
and intrarenal vasoconstrictor catecholamines occurs during
this phase and that the 4-h infusion of a-hANP is associated
with a marked depletion of renal tissue norepinephrine levels
(15, 16) supports the view that antagonism of catecholamine-
mediated vasoconstriction may be an important aspect of the
protective effect.

Additionally, tubular protein casts resulting from tubular
fluid stasis, leakage of albumin from plasma, and subsequent
precipitation of Tamm-Horsfall protein may also contribute to
the renal impairment by producing tubular obstruction (17,
18). In this case, the increased tubular flow resulting from
a-hANP infusion may provide an additional mechanism
whereby GFRis protected after ischemia. By reducing tubular
fluid protein concentration, precipitation of Tamm-Horsfall
protein may be avoided and renal function improved.

Although the detailed mechanisms underlying the a-
hANP-mediated enhancement of diuresis and natriuresis are

as yet incompletely understood ( 19), several possibilities have
been suggested. Hemodynamic changes such as an increase in
glomerular filtration produced by dilatation of the afferent
arteriole and constriction of the efferent arteriole with en-
hanced glomerular capillary pressure, a change in papillary
peritubular Starling forces, and perhaps also a medullary re-
distribution of renal blood flow, seem to play an important
role (20). In addition, a-hANP may contribute to the natriur-
esis through direct inhibition of reabsorption along the papil-
lary collecting duct (21), and/or reduced activity of the renal
catecholamine system (22), whereas diuresis may be promoted
further by inhibition of ADH-mediated tubular water perme-
ability (23).

Whatever the explanation, it is obvious from the short 2-h
a-hANP infusion that the disappearance of medullary hyper-
emia and protein casts is not an instantaneous process and that
some time is needed for them to be completely eliminated.
This indicates that the severity of the ischemic insult, the
length of time of a-hANP infusion and the total dose adminis-
tered may be important factors determining the speed and
extent of recovery. Also, because part of the protective effect
may also rely on the maintenance of an enhanced urine flow
for a sufficient length of time to allow protein casts to be
completely washed from the tubules, factors that decrease
renal blood flow and GFRmay be expected to delay recovery.
Presumably for this reason short-term systemic infusion of
a-hANP (1-2 ,ug/kg per min over 1 h) is ineffective in restoring
renal function after ischemia because the inability to achieve
therapeutically effective intrarenal concentrations of a-hANP
without producing marked decreases in mean arterial pressure,
and hence GFRand renal blood flow, precludes the prolonged
maintenance of an enhanced tubular flow or alleviation of
medullary hyperemia. Thus, in hypotension, blood pressure
would probably need to be restored to the normal range before
beneficial effects became apparent.

In summary, the overall effectiveness of a-hANP in reduc-
ing renal impairment after ischemia is probably due to its
combined pharmacological profile of actions. This idea is sup-
ported by observations that treatments which produce only
vasodilatation, diuresis, or vasoconstrictor antagonism (24) do
not improve renal function after ischemia. Therefore, whereas
the physiological roles of a-hANP in the regulation of body
fluid and electrolyte balance under normal conditions remain
to be defined, its novel pharmacological actions may enhance

Table II. Histological Assessment of Lesions: X 'Events'per YHigh-power Fields

Peritubular hyperemia Protein casts Intratubular cell shedding Granulocyte margination

I h postclamp 116/133 (87.2) 15/133 (11.3) 11/133 (8.3) 22/133 (16.5)
21hpostclamp 149/150 (99.3) 56/150 (37.3) 72/150 (48.0) 45/150 (30.0)

2 h of ANP 54/136 (39.0) 25/136 (18.4) 1/136 (0.7) 0/136 (0)
4J 4/144 (2.8) 11/144 (7.6) 0/144 (0) 0/144 (0)

24
h after ANP 7/124 (5.6) 14/124 (11.3) 0/124 (0) 0/124 (0)

48 h 2/139 (1.4) 38/139 (27.3) 0/139 (0) 0/139 (0)

Assessment of major alterations in kidney structure at 1 or 2 h after 60 min of renal artery clamping without a-hANP infusion (top), after 2 and
4 h of infusion (middle), or 24 and 48 h after stopping the 4-h infusion (bottom). Figures indicate the fraction and percentage of total micro-
scopic high-power fields, analyzed in hematoxylin-eosin stained sections, which showed peritubular hyperemia, protein casts, cell shedding, or
granulocyte margination.
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the understanding of the pathology and treatment of isch-
emia-induced ARFand perhaps lead to an effective means of
prevention.
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