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Atrial natriuretic factor causes specific relaxation of rat

renal arcuate arteries

C. Aalkjaer, M.J. Mulvany' & N.C.B. Nyborg*

Biophysics and Pharmacology* Institutes, Aarhus University, 8000 Aarhus C, Denmark

1 Wehaveinvestigated the effect of a synthetic ‘atrial natriuretic factor’ (ANF) on induced tone in rat
isolated renal arcuate arteries (lumen diameter ca. 250 pm), and compared this with the effects of
synthetic ANF on resistance vessels of similar size taken from the mesenteric, femoral, cerebral and
coronary vasculature.

2 Synthetic ANF was found to cause relaxation of the renal vessels when these were sub-maximally
activated with K*, noradrenaline or 5-hydroxytryptamine, but had no effect on the responses of the
other vessels to these agonists. Synthetic ANF had a near maximal effect (65% relaxation) at 100 nM,
with an ICyj of 7.9 nM. The relaxant effect of synthetic ANF on the renal vessels was fully maintained
for at least 15 min.

3 Hydrallazine (100 uM) caused relaxation of renal vessels (47%) and coronary vessels (42%), but
had no effect on the other vessel types. By contrast, sodium nitroprusside (1 uM) relaxed all vessel types.
4 The relaxant action of synthetic ANF on the renal vessels was seen in the presence of ouabain
(1 mM), propranolol (1 uM), phentolamine (1 uM), atropine (1 pM) and felodipine (1 nM).

5 In the renal vessels, synthetic ANF had no effect on membrane potential, measured with

intracellular electrodes, despite the simultaneously measured relaxation.
6 Synthetic ANF had no effect on the efflux of ?Na* in either renal or mesenteric vessels.

7 The results demonstrate that synthetic ANF has a specific and prolonged relaxant effect on renal
small arteries, and are consistent with this effect being mediated through specific receptors.

Introduction

The natriuretic effect of atrial extracts is now well
documented (DeBold ez al., 1981; Keeler, 1982; Trip-
podo et al., 1983). Furthermore, the factor producing
the natriuretic effect (‘atrial natriuretic factor’ (ANF),
a peptide containing an active portion of about 26
amino acid groups) has now been synthesized (Currie
et al., 1984; Thibault et al., 1984; Kangawa & Matsuo,
1984; Seidman et al., 1984). However, despite this
detailed knowledge of the effect and structure of ANF,
its mechanism of action is not known (Needleman et
al., 1984), and at least 3 possible mechanisms have
been proposed to explain its natriuretic effect. One
possibility is that ANF may act by causing decreased
re-absorption of sodium in the distal tubuli (DeBold et
al., 1981; Sonnenberg et al., 1982), although more
recent findings that ANF does not inhibit either renal
Na K-ATPase (Thibault ez al., 1983) or the vascular
Na K-pump (Pamnani et al., 1984) do not support it.
A second possible mechanism is based on the finding
that aldosterone synthesis is inhibited by ANF (Kudo
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& Baird, 1984; Atarashi ez al., 1984). However, the
action of infused ANF is too rapid for the natriuretic
effect to be due solely to its effect on aldosterone
synthesis (Chartier et al., 1984). The third possible
mechanism is suggested by the finding that ANF hasa
relaxant effect on vascular smooth muscle (Winquist
et al., 1984a, Currie et al., 1984). Furthermore since it
causes a decrease in the resistance of the renal
vasculature, but has no effect on the resistance of the
femoral vasculature (Oshima et al, 1984), the
natriuretic effect might be associated with altered
renal haemodynamics. This possibility is supported by
recent experiments which show that purified or synth-
etic ANF can cause increases in glomerular filtration
rate (GFR) (Briggs et al., 1982; Maack et al., 1984).

In the present investigation we have investigated the
mechanism behind this renal vasodilatation and have
examined the effect of ANF on isolated arcuate
arteries (lumen diameter ca. 250 pum). The effect has
been compared with the responses of resistance vessels
taken from other vascular beds. The work was perfor-
med using synthetic ANF.
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Methods
Preparations

The vessels were taken from male Wistar-Kyoto rats
(15-200 g) which had been killed with CO,. All vessels
were ca. 2 mm long segments of small arteries taken
from the mesenteric vasculature (Mulvany & Halpern,
1977), the femoral vasculature (Nilsson & Mulvany,
1981), the coronary vasculature (Nyborg, 1985) or the
renal or cerebral beds. The renal vessels were arcuate
arteries, taken close to the renal cortex and the
cerebral vessels were taken from the first branch of the
middle cerebral artery. For each animal, not more
than 2 vessels of any one type were used, apart from
the sodium flux experiments where up to 8 vessels per
animal were used.

Mechanical experiments

The small artery segments were mounted as ring
preparations in a myograph (Mulvany & Halpern,
1977) by threading them on two stainless steel wires
(diameter 40 um) which were attached to a force
transducer and a micrometer, respectively, and placed
in an organ bath. The vessel internal circumference
was then set to a normalized value corresponding to
90% of the internal circumference which the vessel
would reach when relaxed and under a transmural
pressure of 100 mmHg. With this extension the active

response of the vessels is close to maximal (Mulvany &
Halpern, 1977). The mechanical characteristics of the
vessels are shown in Table 1. The mean diameters of
the 5 vessel types ranged from 168 um to 243 um. All
vessels, as determined by their response to 125 mM K+
salt solution, were viable although the responses of the
coronary vessels were considerably less than those of
the other vessel types.

Membrane potential measurements

In these experiments vessels were mounted on the
myograph in the usual way and membrane potential
was measured simultaneously with the mechanical
responses. Glass  microelectrodes  (resistance
ca. 100 MQ when filled with 3 M KCI) were used as
described previously (Mulvany et al., 1982). A suf-
fusion system was used to allow solution changes
without disturbing the electrodes.

2Na*-efflux

A detailed description of determination of ?Na*-
efflux has been given elsewhere (Aalkjaer & Mulvany,
1983). In brief, vessels were preincubated for 1h in
physiological salt solution, loaded in 2?Na* salt solu-
tion for 30 min and then washed through a series of
vials containing physiological salt solution at 37°C.
After 9min washout the efflux was considered to
represent efflux from a cellular pool. The efflux

Table 1 The characteristics of vessels used to investigate the effects of atrial natriuretic factor

Vessel type
Renal Mesenteric Femoral Cerebral Coronary
Number of vessels 29 10 11 8
Normalized lumen diameter (um) 243+ 2 201 + 12 168 £ 7 213+ 10 211+ 16
Response to 125 mM K* salt solution  1.42 +0.12 2.14%0.15 2.12+0.2 1.64 £0.12 0.77+0.13
(Nm™)
Values show mean * s.e.
Table 2 Relaxation responses of small arteries of the rat to various agents
Vessel type
Renal Mesenteric Femoral Cerebral Coronary
ANF (1077 M) 59 + 7* (10) - 25 (1) 7+ 8 (6) -14x5 8 -~ 7% 6 (8
SNP (10~ %m) 56 + 6* (11) 64+6%(6) 62%12*(3) 227D 77+ 8*(8)
Hyd (10~ *Mm) 47+ 7% (5) 117 (5) 4+ 1 (5 -9%x4 () 37 £ 14* (8)

Vessels were first activated with 40 mm K * salt solution and then exposed to synthetic atrial natriuretic factor (ANF),
sodium nitroprusside (SNP) or hydrallazine (Hyd). The data show relaxation responses (mean = s.e. of number of
vessels in parentheses) measured after 2 min exposure to the agent, expressed as the percentage drop in tension (where
100% represents the wall tension immediately before exposure to the agent).

*Indicates that relaxation is significant (P <<0.05).
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medium was then modified as indicated and the vessels
washed for a further 4 min. The mean ?Na*-efflux
rate constant was determined between 9 and 13 min
after initiation of the washout.

Statistics

In the text the values are generally given as arithmetic
mean % s.e. (number of vessels). For 2?Na* efflux the
values are given as geometric mean with the 95%
confidence limits in square parentheses. Differences
were tested for significance using the 2-tailed ¢ test and
P <<0.05 was considered significant.

Solutions

Physiological salt solution contained (mM): NaCl 119,
KCl 4.7, KH,PO, 1.18, MgSO, 1.17, NaHCO; 25,
CaCl, 2.5, ethylene-diaminetetraacetic acid (EDTA)
0.026, glucose 5.5. K* salt solution was as for
physiological salt solution, but with an equimolar
exchange of NaCl for KCl to give the concentration of
K* indicated. In the experiments where 2Na was used,
the CaCl, concentration was only 1.6 mM. The solu-
tion used for loading with Na* (**Na* salt solution)
was physiological salt solution containing *Na*
(Radiochemical Centre, Amersham) with a specific
activity of 1.56 Cimol~'. All solutions were bubbled
with 5% CO, in O,.

The synthetic atrial natriuretic factor used (synth-
etic ANF; 833 amino acid fragment, C-terminal acid,
Department of Medicinal Chemistry, Merck) was a
gift from Dr R.J. Winquist. The synthetic ANF was
made up into stock aqueous solutions (100 uM) and
stored at —20°C. The storage vials and mixing test-
tubes were precoated with albumin. Other drugs used
were sodium nitroprusside (Merck), hydrallazine
(Sigma), ouabain (Merck), propranolol (DAK, Den-
mark), phentolamine (DAK), atropine (DAK),
felodipine (Hassle), (— )-noradrenaline (Sigma) and 5-
hydroxytryptamine (5-HT) (Sigma).

The responses of vessels to synthetic ANF were
obtained by first activating vessels submaximally with
40 mM (or 60 mMm) K* salt solution, 1 uM noradren-
aline or 0.1 uM 5-HT, as indicated, and then adding
synthetic ANF cumulatively for 2 min per concentra-
tion. ICs, values were determined by geometric inter-
polation.

Results

Synthetic ANF (100 nM) was found to cause rapid
relaxation of the renal resistance vessels when they
were activated with K* salt solution, but to have no
effect on the mesenteric, femoral, cerebral or coronary
vessels (Figure 1, Table 2). Hydrallazine (100 uM) was
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Figure 1 Records of relaxation responses of renal

arcuate arteries and of mesenteric, femoral, cerebral and
coronary small arteries to synthetic atrial natriuretic
factor (ANF), sodium nitroprusside (SNP) and hy-
drallazine (Hyd). Records show measured wall force.
Vessels were activated with 40 mm K* salt solution and
then exposed either to synthetic ANF (100 nM), SNP
(1 uM), or hydrallazine (100 uM), as indicated. Between
each activation, vessels were kept in physiological salt
solution for about 30 min. Normalized internal diameters
(1,) were: renal vessel, 246 um; mesenteric vessel, 259 um,
femoral vessel, 132 um; cerebral vessel, 152 um; coronary
vessel, 276 um. Note that only the renal vessel relaxed in
response to synthetic ANF, that only the renal and
coronary vessels relaxed to hydrallazine, but that all
vessels relaxed in response to SNP.

found to cause relaxation of both renal and coronary
vessels. By contrast, nitroprusside (11puM) caused
relaxation of all the resistance vessels. Cumulative
dose-response experiments in the renal vessels showed
that, as regards relaxation of the response to the
40 mM K * salt solution, synthetic ANF had an ICs, of
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Figure 2 Concentration-response characteristics of 8 renal arcuate arteries from 4 rats to synthetic atrial natriuretic
factor (ANF). Vessels were first activated with 40 mm K * salt solution (in some cases 60 mM K * salt solution), to give
half maximal response, and were then cumulatively exposed to the concentrations of synthetic ANF indicted, 2 min per
concentration. Closed symbols show mean % relaxation (vertical lines represent s.e.), where 100% = the initial K* salt
solution response, which for these vessels was 1.48 £ 0.16 Nm~'. I, = 271 £ 12 um. Open symbols show tension in
these vessels at corresponding times during control responses without exposure to synthetic ANF. *P <0.05,

significantly different from control.

Table 3 Relaxation responses to synthetic atrial
natriuretic factor (ANF) in renal interlobular
arteries

Relaxation with

10~’'M ANF
Agonist —log (ICs) (%)
40mMK™* 8.1+ 0.1 (11) 64+ 7(12)
Noradrenaline (107%M) 7.8 £0.1 (13) 47+ 4 (13)
S-HT (10~ ™) 8.0+ 0.1 (13) 73+3(13)

Vessels were first exposed to 40mM K™ salt solu-
tion, noradrenaline or S-hydroxytryptamine (5-
HT), as indicated; they were then exposed to
increasing concentrations of synthetic ANF. Data
show means = s.e. of number of vessels in parenth-
eses.

7.9 nM, with a near maximal effect (65% relaxation) at
100 nM (Figure 2). Similar effects were seen for the
relaxation of sub-maximal responses to noradrenaline
and 5-HT (Table 3). The relaxant effect of synthetic
ANF in renal vessels was fully maintained for at least
15min (4 vessels).

The relaxant effect of synthetic ANF on the renal
resistance vessels was seen in the presence of both
propranolol and ouabain (Figure 3), indicating that
the effect was mediated neither by B-adrenoceptors
nor by the NaK-pump. Evidence against the in-
volvement of a-adrenoceptors or cholinoceptors was
obtained in 4 other experiments, where the relaxant
effect of synthetic ANF in renal vessels was found to
be unaffected by the presence of phentolamine (1 pM)
or atropine (1 uM). The lack of effect of synthetic ANF
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Figure 3 Record showing lack of effect of ouabain or propranolol on relaxation response of renal arcuate artery to
synthetic atrial natriuretic factor (ANF). Vessel was first activated with noradrenaline (NA) 1 uM and then exposed to
synthetic ANF (open bar, 10 nM; hatched bar, 100 nMm) under control conditions. The protocol was then repeated first
with addition of propranolol (1 uM), and then with ouabain (ImM), as indicated. 1, = 188 um.
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Table 4 Effect of synthetic atrial natriuretic factor (ANF) and ouabain on sodium efflux rate from renal and

mesenteric small arteries

Washout solution

Renal vessels

Control
Control + ANF (10™7m)
Control + ouabain (10~°m)

0.092 [0.083-0.102] (6)
0.095 [0.092-0.098] (6)
0.064 [0.059—0.069]* (7)

2Ng efflux rate (min~"')
Mesenteric vessels

0.123 [0.117-0.131] (6)
0.112 [0.106-0.119] (6)
0.071 [0.067-0.075}* (5)

The control solution was standard physiological salt solution, 37°C. Values show means, with 95% confidence limits, of

number of vessels in parentheses.
*Significantly different from control (P <0.05).

on the Na K-pump was confirmed by measurements of
the efflux rate of 2?Na* from renal and mesenteric
vessels (Table 4). Although ouabain (1 mM) reduced
the Na*-efflux rate constant, synthetic ANF
(100 nM) had no effect.

The relaxant effect was also seen (4 vessels) in the
presence of felodipine (1 nM), a concentration which
we have previously found to inhibit responses result-
ing from depolarization (Nyborg & Mulvany, 1984).
This suggested that the relaxation response is not due
to a hyperpolarizing effect and this was confirmed by
direct measurements of membrane potential (Figure
4). These showed that, in renal vessels, synthetic ANF
(200 nM) caused no change in membrane potential
(hyperpolarization = 1.3 * 1.4mV, n=4) despite a
large relaxation response (51 * 9%).
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Figure 4 Record showing simultaneous measurements
of membrane potential (top record) and wall force (lower
record) in a renal arcuate artery when the suffusion
solution was first changed to 40mm K™ salt solution
(K*) and then synthetic atrial natriuretic factor (ANF;
200 nM) was added to the chamber. K* salt solution and
synthetic ANF were washed out with physiological salt
solution at W. Note that despite the large relaxation,
synthetic ANF had no effect on the membrane potential.
Note too that the depolarizing effect of the K* salt
solution was reversible. 1, = 352 um.

Discussion

Previous investigations of the effects of ANF on
isolated vessels have been confined to large vessels,
such as the rabbit aorta (Currie et al., 1984) and rabbit
facial vein (Winquist et al., 1984a). These experiments
have confirmed that ANF can have a direct relaxation
effect on the vasculature, but have not been able to
provide information about the possible effects of ANF
on vascular resistance. The present experiments per-
formed using vessels small enough to participate
significantly in the determination of peripheral resis-
tance (see Mulvany, 1985) suggest that it is only in the
renal circulation that ANF will have a direct effect on
the resistance. The results therefore support the find-
ings of Oshima e al. (1984) who observed that, in vivo,
the renal, but not the femoral, resistance was de-
creased by ANF. Furthermore, the present results
show that this action is probably due to a direct effect
on the vascular smooth muscle.

However, the mechanism of action of ANF still
remains unclarified, although as indicated in Results,
the vascular action of synthetic ANF does not appear
to be mediated either through B-adrenoceptor activa-
tion, or through the Na K-pump (Figure 3, Table 4).
Furthermore, since neither phentolamine nor atropine
affected the response to synthetic ANF, it seems that
this action is not mediated either by adrenergic or
cholinergic mechanisms. Recent evidence concerning
the rabbit facial vein suggests that the action of
synthetic ANF is not mediated through the endoth-
elium either (Winquist et al., 1984a). Also, our results
fail to support the recent suggestion (Winquist et
al.,1984a,b) that the mechanism of action of ANF is
similar to that of sodium nitroprusside, as nitroprus-
side relaxed all vessel types, while synthetic ANF
relaxed only the renal vessels. The mechanism of
action of synthetic ANF seems to differ from hy-
drallazine too. First, although both hydrallazine and
synthetic ANF had a powerful relaxant effect on renal
vessels, in contrast to synthetic ANF hydrallazine also
had a relaxant effect on the coronary vessels. Second,
hydrallazine is thought to act by hyperpolarization of
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the membrane (Khayyal et al., 1981), while the present
experiments show that synthetic ANF had no effect on
membrane potential. Other recent experiments have
suggested that synthetic ANF acts by increasing
cellular levels of cyclic GMP (Winquist er al., 1984b;
Hamet er al., 1984); though it remains an open
question whether or not the relaxation is a con-
sequence of the increased level of cyclic GMP. Taken
together our experiments do not therefore provide
positive information as to the mechanism of action of
synthetic ANF, but they are consistent with the recent
indications that synthetic ANF acts through specific
synthetic ANF receptors (De Lean et al., 1984; Napier
et al., 1984).

The sensitivity of the renal vessels to synthetic ANF
(ICsy = 7.9 nM) was somewhat less than that previous-
ly found for the corresponding sensitivity of rat aorta
(ICs = 0.85 nM, Napier et al., 1984). Since we took the
precaution of precoating the synthetic ANF storage
vials and mixing test-tubes with albumin, we do not
believe that the difference is due to binding of synthetic
ANF to these. Although we cannot completely ex-
clude the possibility that the difference is due to
synthetic ANF binding to parts of our myograph
chamber, it seems to us more probable that the
difference reflects a difference between aorta and
resistance vessels; a difference we have also noted with
respect to noradrenaline sensitivity (Mulvany er al.,
1982).

The cause of the natriuretic effect of ANF is also still
unknown. As indicated in the Introduction, there is
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