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SUMMARY

1. Effects of synthetic atrial natriuretic peptide (ANP) on renal excretion, total
renal blood flow (RBF), glomerular filtration rate (GFR) and tissue electrical
admittance (reciprocal impedance, an estimate of tissue electrolytes) were de-
termined in pentobarbitone-anaesthetized rats. GFR was measured both as inulin
clearance (Cin) and as a product of renal plasma flow (RPF) and inulin extraction
ratio (Ein).

2. With the lowest dose of ANP (0-35 ,tg/(kg min) i.v.) a 5-fold increase in sodium
excretion occurred without measurable change in Cin, RPF x Ein nor medullary
electrolyte concentration estimated from tissue electrical admittance.

3. With medium and high dosage (2 and 6,g/(kg min), respectively), major and
rapid increases in sodium excretion and urine flow were associated with an acute
increase in Cin but not RPF x Ein

4. The RBF increase observed in all groups of rats was not dose-related and did
not parallel the natriuresis. Electrolyte concentration in the medullary tissue showed
a modest transient decrease in rats given medium and high ANP doses.

5. We conclude that pronounced ANP natriuresis can develop in the absence of a
measurable increase of GFR, estimated by a method not subject to urinary dead
space error (RPF x Ein). The small transient decrease in medullary tissue electrolytes
observed with higher peptide doses does not support solute wash-out as an important
mechanism of increased sodium excretion.

INTRODUCTION

In spite of a considerable research effort of the past 6-7 years, the renal
mechanisms of action of the recently isolated and synthetized atrial natriuretic
peptide (ANP) have not been satisfactorily elucidated (Raine, Firth & Ledingham,
1989). Much of the debate has focused on the role of changes in renal haemodynamics
but there have been few direct measurements of total renal blood flow (RBF) in rat
kidneys. Regardless of the species investigated, the observed post-ANP increases in
the glomerular filtration rate measured as the clearance of inulin or creatinine were
interpreted with caution, due to a potential error dependent on the pelvic urinary
dead space effect (Davis & Briggs, 1987 a; Hansell & Ulfendahl, 1987; Banks, 1988).
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In the present study of effects of exogenous ANP in the anaesthetized rat, we
resolved both the problem of accurate continuous measurement of the total renal
blood flow and of the reliable determination of filtration rate. The former was
accomplished by a continuous record of the renal vein outflow (Sadowski,
Kulczykowska, Kulczykowski & Bqdzynska, 1988), and the latter by estimation of
glomerular filtration rate (GFR) from the product of the renal plasma flow (RPF)
and the renal extraction ratio of inulin (Ein), a method that is not subject to the dead
space error.

In some experiments ANP action was studied whilst renal artery pressure was
maintained constant in order to obviate the influence of changes in renal perfusion
pressure, an important variable modulating the natriuretic action of ANP (Burnett,
Opgenorth & Granger, 1986; Sosa, Volpe, Marion, Atlas, Laragh, Vaughan & Maack,
1986; Criscione, Burdet, Hinni, Kamber, Truog & Hofbauer, 1987; Davis & Briggs,
1987a; Paul, Kirk & Navar, 1987; Takezawa, Cowley, Skelton & Roman, 1987;
Firth, Raine & Ledingham, 1988).

Several years ago a method was developed in our laboratory enabling continuous
monitoring of the total electrolyte concentration in the renal medullary interstitium
based on measurements of tissue electrical admittance (reciprocal impedance,
Sadowski & Portalska, 1983; Sadowski, 1985). In order to investigate the possibility
that wash-out of renal medullary solutes, possibly resulting from an ANP-induced
increase in vasa recta blood flow, may be an important determinant of natriuresis
(see e.g. Sosa et al. 1986), we measured tissue admittance in all experiments,
concurrently with standard parameters of renal haemodynamics and excretion.
These measurements provided new information on ANP-dependent fluctuations of
the electrolyte component of the renal cortico-papillary solute gradient.

METHODS

Male Wistar rats weighing 306 + (S.E.M.) 6 g maintained on a standard rodent diet were used for
experiments. The animals had free access to food and water until the day of study. They were
anaesthetized with intraperitoneal sodium pentobarbitone, 50 mg/(kg body weight), followed by
small intravenous supplements as required. Throughout the surgical preparation and experimental
procedures body temperature was maintained at about 37 0C by means of a heated pad and lamps.
A polyethylene tube was placed in the trachea to ensure free airways. Aortic blood pressure was
recorded by a catheter introduced via the femoral artery and connected with a Statham pressure
transducer; the same catheter was also used for sampling aortic blood. In order to compensate for
fluid losses, isotonic Ringer solution was infused to match urine flow rate (about 2 ml/h). A cannula
was placed in the jugular vein to be later connected with the renal vein-jugular vein shunt tubing
(see below).
The left kidney was exposed through a subcostal flank incision, gently freed and placed in a

plastic cup similar to that used for micropuncture. For timed urine collections a catheter was
introduced into the ureter and passed to the pelvis. The renal artery and vein were dissected free
from the adjacent tissue. Then the renal vein was cannulated in order to direct the whole renal vein
outflow along an extracorporeal shunt to the jugular vein, to enable measurement of total renal
blood flow. This methodology was described in detail in a recent publication (Sadowski et al. 1988).
Briefly, in heparinized animals the renal vein effluent entered a perpendicular side-branch of the
renal vein-jugular vein shunt system provided with a roller pump supporting blood flow along
shunt tubing. Raised blood level in the side-branch obscured a phototransistor which activated the
pump to return a portion of blood to the animal. The pump stopped when blood level in the side
branch had fallen; this cycle was continuously repeated. The renal blood flow was derived from a
record in time of turns performed by the pump and a calibration factor equivalent to the output
of the pump per one turn.
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After completing all the preparatory procedures and starting RBF measurement, electrodes for
measurement of tissue electrical admittance were inserted into the kidney.

Tissue admittance measurements
Electrical admittance of the renal tissue was measured to obtain an index of total electrolyte

concentration in the renal medullary interstitium. The principle and detailed description of this
technique were given previously (Sadowski & Portalska, 1983; Sadowski, 1985). It was established
that at a relatively low frequency of the measuring alternating current (e.g. 3-5 kHz used here) the
current bypasses cells and measurement is restricted to the extracellular compartment.

In essence, the measuring technique was as follows. Three needle electrodes were prepared from
75% platinum - 25% iridium wire, 0-2 mm in diameter. The whole length, except for a 1 mm
fragment of a sharpened tip (active surface), was coated with an insulating resin. The tip-to-base
length of the electrodes was 6-3, 4-3 and 2-6 mm. Viewed at the base in the horizontal plane, the
electrodes were located at the points of an equilateral triangle with 1 mm sides. It was checked that
for this measuring set and kidney size usual for rats weighing about 300 g, tissue area between the
longest and intermediate electrode (channel 1) corresponded to most of the inner medulla (with
exclusion of the tip of the papilla), and that between the intermediate and shortest electrode
(channel 2) to the outer medulla. In addition, measurements were made for the area between the
longest and shortest electrode, indicating average admittance for the whole renal medulla (channel
3). The electrodes were connected with a laboratory conductometer (N-572, Mera-Elwro, Poland)
for direct reading of admittance in microsiemens. A programming device switched the three
channels on and off in sequence, each for 10 s, followed by a 40 s resting period; the whole cycle
was automatically repeated and recorded throughout the experiment.

Previous extensive in vitro studies of the rabbit kidney have shown that admittance is a linear
function of tissue sodium concentration (Sadowski & Kulczykowska, 1988). More recently this was
also confirmed in vivo for the rat kidney: admittance and tissue Na+ (mmoles/(kg wet tissue)) were
fairly closely correlated, with r = 0-78 (P < 0001) and narrow confidence limits (Bqdzyniska,
Sadowski & Kompanowska-Jezierska, 1990).

Experimental procedures
Fifteen minutes after the start of RBF recording, the electrode set was inserted into the kidney

and a priming dose of 6 #uCi of [methoxy-3H]inulin was injected i.v. followed by an infusion which
delivered 6 /uCi inulin in 1-2 ml/h of 2% saline. After a 30 min equilibration period, timed urine
collections were started. Arterial blood was collected in the mid-point of clearance periods whereas
renal vein blood samples were withdrawn continuously from the shunt, using a pump, over the
entire urine collection period. Blood losses dependent on sampling and oozing from the flank wound
(heparinization) were replaced by transfusion from a donor rat of the same strain. The effectiveness
of the blood replacement regime was confirmed by repeated determination of arterial haematocrit
which remained stable in all groups of rats.

Studies were performed with a control group and four experimental groups receiving ANP. The
substance used here was the rat variant isoleucinee in position 17) of the twenty-six amino acid
(8-33) atrial natriuretic peptide (Merck). Standard renal excretion and clearance studies together
with direct RBF and admittance measurements were performed in each group. However, all
variables were not always determined in each animal, hence occasional differences in individual n
values in Tables 1-4.
Group 1 (low dosage). After a 20 min control period, a priming dose of 2 jug of ANP in 0-2 ml

isotonic saline was given I.v. and the first 30 min experimental period was started immediately
while the peptide was infused at 0 35 ,ug/(kg min) (0-6 ml/30 min). After stopping infusion two
further 20 min urine collections were made. To avoid a major decrease in arterial blood pressure,
in groups 2 and 3 ANP infusion time was shortened to 10 min.
Group 2 (medium dosage). The protocol differed from that in group 1 in that the prime was

3 ,ug/kg and infusion rate was 2 jug/(kg min), given during the first 10 min of the 15 min
experimental clearance period.

Group 3 (high dosage). The protocol was as for group 2 except that the prime was increased to
10 jug/kg and the infusion rate to 6 jug/(kg min).
Group 4 (intra-aortic ANP infusion, constant renal perfusion pressure). In seven rats a catheter for

ANP infusion and pressure measurement was passed into the aorta via the left carotid artery, its
tip was positioned opposite the origin of the left renal artery, and a screw-controlled clamp was
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placed on the aorta just above the origin. Then the aorta was ligated below the left renal artery,
which raised aortic pressure above the ligature to about 140-145 mmHg. Subsequently, the clamp
was tightened to bring the pressure back to about 110 mmHg. In the control period isotonic saline
was infused into the aorta at a rate of 01 ml/min; this infusion was shown in preliminary
observations to have no distinguishable effect on blood pressure. Thereafter, vehicle infusion was
replaced by ANP infusion for 10 min, followed by a return to the vehicle until the end of the
experiment. From the start of ANP infusion the aortic clamp was loosened gradually to maintain
initial pressure. In individual experiments ANP infusion rates were: 1 3, 1-8, 1 9, 2 6, 3 6, 3 6 and
444ug/(kg min).

Clearance, RBF and admittance measurements were carried out simultaneously as in the other
groups.

Control group. These experiments were designed to check the stability of our experimental
preparation over time. Four 20 min periods were made and all measurements were carried out as
in the experimental groups 1-3 but no ANP was given.

Analytical methods and calculations
Plasma and urine samples were counted in duplicate in an LKB 1211 liquid scintillation counter.

The glomerular filtration rate was calculated as (1) clearance of tritiated inulin (Cin) given by the
urine-to-plasma activity ratio multiplied by urine flow, and as (2) RPF x Ein, with Ein =
(Ina-Inv)/Ina, where Ina and In, denote arterial and renal vein plasma inulin activity, respectively.
Urine osmolality (Uosm) was determined by the freezing-point depression method and sodium by
flame photometry.

Statistical methods
The standard error of mean (S.E.M.) was calculated. The significance of changes over time was

first evaluated by repeat-measurement analysis of variance. When positive and whenever
difference between two points in time was evaluated, Student's t test for paired samples was
performed and P = 005 was used as significance level. When multiple comparisons (control vs.
three points in time) were made, the required significance level was raised according to the formula
proposed by Christensen et al. (1986): (1-P)f = 095, where n is the number of comparisons.
Accordingly, for the three-comparison tests usually performed in this study, the required
significance level was P = 0 017.

RESULTS

Control studies
Time control experiments (Table 1) carried out exactly as the experimental studies

except that ANP was not given, showed stability of almost all parameters
characterizing renal haemodynamics and excretory function. The exception was
urine osmolality which fell progressively and significantly in four consecutive 10 min
urine collection periods. The concurrent increasing tendency observed for urine flow
was less consistent and not significant. This impairment of urine concentration is
probably inherently connected with our experimental preparation and protocol and
should be considered in interpretation of decreases in Uosm observed after ANP.

Intravenous ANP studies
The natriuretic response to ANP was quite distinct with the lowest dosage used in

this study (group 1, Table 2): sodium excretion (UNaV) increased 2-8-fold during the
30 min peptide infusion and the peak increase (to the 4-8-fold control value) was
delayed to the clearance period that followed cessation of the infusion. Less
pronounced changes in V and UosmV paralleled those in sodium excretion. The
increase in renal excretion of sodium, total solutes and water occurred in the absence
of significant changes in GFR measured as Cin or RPF x Ein. RBF increased
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TABLE 1. Renal excretion and haemodynamics in control rats

Time (min) 0-20 20-40 40-60 60-80 n

V (,ul/min) 11-7+2-2 13-5+2-7 16-6+3-3 16-7+4-0 15
U,06m (mosmol/kg) 818+66 760+43 684+ 43* 682+ 49* 15
UNVi (umol/min) 1P2+0 5 1-4+0 5 1P2+003 1V2+003 14
U,,m V (iuosmol/min) 8-7+P13 99+P17 9 1+1 5 9-9+P18 15
BP (mmHg) 116+3 118+3 117+3 116+3 15
RBF (ml/min) 6-4+0'4 6-7+0-5 6-9+0-5 6-9+0-5 12
Cin (ml/min) 095+009 0-96+0410 0-95+0-10 0-88+0-11 13
RPF x Ein (ml/min) 0-96+0-18 0-85+0419 093+0'20 0-86+0-21 5

Mean values+S.E.M. V, UO,,m, UNSV, BP, RBF, CiQ and RPFxEi. denote urine flow, urine
osmolality, sodium excretion, total solute excretion, aortic blood pressure, renal blood flow, inulin
clearance and renal plasma flow times renal inulin extraction ratio, respectively. *Significantly
different from control at P < 0-017, the level required with three comparisons by Student's t test
(see Methods).

TABLE 2. Renal excretion and haemodynamic responses to ANP in group 1

Control ANP

Time (min) -20-0 0-30 30-50 50-70 n

V (,ul/min) 8-9+ 12 23.0+ 3.8* 32.3+8-7* 224+ 3.1* 9
U,,m (mosmol/kg) 899 + 80 749+ 53 642 + 42* 628 + 53* 9
UNa V (,umol/min) 1-2 + 0-2 3-4+ 0.6* 5.7 + 1-6* 40 + 0.8* 9
UOm V (fuosmol/min) 7-4+0-6 14-1 + 1.8* 20-0+4.5* 14.5+ 2.0* 9
BP (mmHg) 128+6 123+5 121+5 122+5 9
RBF (ml/min) 6-9+0-3 7-1±+03 7-4+03* 7-9 +0.4* 11
Cin (ml/min) 1-11+0-09 1-17+0-11 1-21+0-19 0-89+0-10 7
RPF x Ein (ml/min) 0-85 + 0 09 0-84 + 0 07 0 94 + 0-06 0-89 + 0-08 11
ANP dosage: prime, 2 ,ug/kg i.v., followed by 0 35 ,Cg (kg min) for 30 min.* Significantly different

from control value at P < 0-017, as required with three comparisons by Student's t test.
Abbreviations as in Table 1.

TABLE 3. Renal excretion and haemodynamic responses to ANP in group 2

Control ANP (10 min)

Time (min) -20-0 0-15 15-35 35-55 n

V (ul/min) 8-5+1-2 41.9+886** 29.3+5±6** 24.5+5±1** 7
UOm (mosmol/kg)*** 712+47 542+34 570+47 586+49 7
UN.V (,umol/min) 1-0+0 3 6-9 + 1-5** 5.3±0 7** 4-2+0.7** 7
UO~mV (Juosmol/min) 6-9+0-8 22-8 +4.0** 16.6+2.4** 13-9+2-3 7
BP (mmHg) 126+8 107+9** 116+7** 117+8 7
RBF (ml/min) 8-3+0-5 9 1+0-7 9-5+0-7 9-6±0-6 8
Ca, (ml/min) 0-85±+010 1.10+0-16* 0-82+0-10 0'79+0 07 5
RPF x Ein (ml/min) 0 99+0-12 1-02+0-11 0-80±+011 0 94±0-15 6
ANP dosage: prime, 3 ,ug/kg i.v., followed by 2 #sg/(kg min) for 10 min. *P < 0 05, significantly

different from control, single comparison; ** P < 0-017, as required with three comparisons by
Student's t test; *** overall change during experiment significant when tested by repeat-
measurement ANOVA but not significant by t test (three comparisons). Abbreviations as in
Table 1.
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Fig. 1. Acute changes in Cin (dashed lines) and RPF x Ein (continuous lines) compared
with increases in urine flow (V, shaded areas representing mean+s.E.M.) in three ANP
dosage groups. The dynamics of change from control (C) to the infusion period (1, 2 or 3)
is shown. * Significantly different from control (P < 0 01-005).

TABLE 4. Renal excretion and haemodynamic responses to ANP in group 3

Control ANP (10 min)

Time (min) -20-0 0-15 15-35 35-55 n

V (,l/min) 9-8+ 1-4 72-5+ 10-6* 56-1 +6-5* 38-4+5-3* 8
UO.M(mosmol/kg) 720 + 93 462 +24 466 + 19* 511 + 36 8
UNaV (/tmol/min) 10 +0-2 11-4 + 1-3* 8-4 + 1 0* 5-7 + 0-8* 8
UosmV (/iosmol/min) 6-5+ 1 0 32-3+3-0* 25-5+2-4* 18-7+2-1* 8
BP (mmHg) 120+3 101+3* 110+3* 117+3 8
RBF (ml/min) 6-1 +0-3 6-5 +0 3 6-6 + 0.3* 7-1 + 0-2* 8
Cin (ml/min) 079+004 1-08+004** 0-85+004 079+004 8
RPF x Ein (ml/min) 0-69+0-03 0-70+0-06 0-87 + 0-05* 0-88 + 0-03* 8

ANP dosage: prime, 10#tg/kg i.v., followed by 6,ug/(kg min) for 10 min. *P <0-017, as
required with three comparisons by Student's t test; **P<001, significantly different from
control, single comparison. Abbreviations as in Table 1.

progressively but these changes were dissociated from those in UNaV: towards the
end of experiments a visible increase in the renal blood flow occurred while sodium
excretion was decreasing. In this group aortic blood pressure fell slightly and
insignificantly during ANP infusion; however, this minor change combined with a
distinct increase in RBF indicated a significant decrease in renal vascular resistance.
When peptide infusion was shortened to 10 min while overall dosage was increased,

sodium excretion rose 7-fold in group 2 and more than 11-fold in group 3; the peak
increase occurred during infusion (Tables 3 and 4). Less pronounced changes in V and
UOsmV paralleled those in UNa V. The aortic blood pressure decreased after both higher
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ANP doses but remained within the RBF autoregulatory range. Since simultaneously
the RBF increased during experiments, it was obvious that the renal vascular
resistance decreased considerably. The changes in renal excretion were again clearly
dissociated from those in renal blood flow.

Y (us) Control

480.] IM

460

2404

2260

ANP~~~~~~Group 1
460-]-

200~~~~~~~~~~~0220 - d rr O
0 1 5 30 50 70

Time (min)

Fig. 2. Tissue admittance (Y) in control rats (upper panel, n = 8) and in group 1 (low ANP
dosage, n = 6). Mean values +S. E.M. Inner, outer and whole medulla denoted by IM, OM
and WM, respectively. The large scatter of data for WM and OM in group 1 is due to very
low values recorded in one rat. When this animal was excluded, there was still no
significant change in WM or OM admittance during ANP infusion.

There were important differences in post-ANP changes in GFR estimated as Cin as
opposed to RPF x Ei, Figure 1 puts together the changes in both indices for three
experimental groups (1-3) and relates them to concurrent changes in urine flow. It
is seen that with moderate gradual increase in diuresis, as in group 1, neither Cin nor
RPF x Ein changed significantly during ANP infusion. On the other hand, with
higher ANP dosage and greater increases in urine flow (group 2 and 3), Cin showed
an immediate significant increase that was not confirmed by any change in
RPF x Ein. However, later on in the experiments RPF x Ein (but not Cin) increased
significantly in group 3 (Table 4).

Profiles of tissue electrical admittance (Y) reflecting total electrolyte concentration
in the medullary interstitium are shown in Figs 2 and 3. A common feature of
tracings for both control and experimental groups (1-3) and for all channels (inner
medulla, outer medulla and whole medulla) were large S.E.M. values, the result of
major interanimal variations. There can be little doubt that the scatter was due to
inevitable differences in positioning of electrodes in the kidney. Modest transient
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decreases in admittance of the inner medulla were noted in groups 2 and 3. Since
analysis of variance and the paired Student's t test separated interanimal from time-
dependent variations, despite large scatter of the data these changes proved
significant by both methods.

Y (Ps) ANP

Time (min)

Fig. 3. Tissue admittance (Y) changes after ANP in group 2 (medium dosage, n = 8, upper
panel) and in group 3 (high dosage, n = 7, lower panel). Thickened segments of two curves
indicate significant decreases in Y within the inner medulla (IM) when tested by repeat-
measurement ANOVA and Student's t test. Mean values + S.E.M. Whole or outer medulla:
WM or OM, respectively.

Intra-aortic ANP with perfusion pressure control
The main variables describing renal function in this group are shown in Fig. 4

which demonstrates also that the control of renal perfusion pressure was efficient and
the required pressure stability was achieved. Individual curves rather than averaged
data have been given in this series since ANP infusion rate was varied, ranging from
1-3 to 4 4 /ug/kg min. Moreover, the actual amount of peptide entering the left as
compared to the right kidney could not be defined, depending critically upon the
exact position of the infusion catheter in the aortic pouch.
The largest increases in UNaV occurred in the three experiments with the highest

ANP infusion rates (3-6-4-4 ,ag/(kg min)). The renal blood flow and the glomerular
filtration rate measured as Cin or RPF x Ein did not show significant changes though
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Fig. 4. Main experimental data for seven ANP-treated rats in which renal perfusion
pressure (BP) was maintained constant. Admittance changes (Y) are indicated on the
corresponding UNIV curves. ANP dosage varied between 1-3 and 4-4 ,ug/(kg min).

an increasing trend in RBF was visible. The only major decrease in inner medullary
tissue admittance (120 1sS) occurred in the study with the highest ANP infusion rate
(44,ug/(kg min)) and highest post-ANP sodium excretion.

DISCUSSION

An almost standard protocol applied in the early studies of the effects of ANP on
renal excretion and haemodynamics involved a sequence of control, ANP infusion (or
bulk injection), and recovery measurements. In most studies performed in the rat,
the renal blood flow was not measured at all or estimated from the clearance of p-
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aminohippurate (CPAH) not corrected for renal extraction of PAH (Hirata, Ishii,
Sugimoto, Matsuoka, Kangawa & Matsuo, 1985; Sosa et al. 1986; Kiberd, Larson,
Robertson & Jamison, 1987; Harris, Skinner & Zuho, 1988; Mendez, Dunn, Troy &
Brenner, 1988), obviously due to difficulties of sampling renal vein blood or applying
non-cannulating renal artery flow probes in this animal species. The glomerular
filtration rate was always measured on the basis of inulin clearance. Such data should
be interpreted with caution since, because of the pelvic dead space effect, the CPAH
and Cin values can be artificially elevated, especially in the acute phase of the
experiment, i.e. at a rapid transition from the low to high urine flow. In addition, the
stability of EPAH in the presence of high plasma ANP levels has never been verified.

In a few rat studies employing the basic protocol described above the total renal
blood flow was measured directly by means of electromagnetic (Pollock & Banks,
1983; Pollock & Arendshorst, 1986; Criscione et al. 1987) or Doppler (Lappe, Smits,
Todt, Debets & Wendt, 1985; Sonnenburg, Muir, Criscione, Kraetz & Hofbauer,
1985) flow probes on the renal artery. The responses to ANP were highly variable:
no change or decrease in blood flow with no change or increase in renal vascular
resistance were usually reported. The actual result visibly depended on ANP dosage,
mode of administration (bolus injection vs. infusion), the functional status of animals
(conscious vs. anaesthetized) and, perhaps most important, on the extent of peptide-
induced fall in arterial blood pressure. In contrast, we found that with renal
perfusion pressure within the autoregulation range, directly measured total blood
flow of the rat kidney increased after ANP and renal vascular resistance fell. The
reason for this discrepancy is not clear, but our data accord with the reported
vasorelaxant action of the peptide on the isolated rat arcuate artery (Aalkjaer,
Mulvany & Nyborg, 1985) as well as on the pre-glomerular vessels of the in vitro
blood-perfused juxtamedullary nephron (Veldkamp, Carmen, Inscho & Navar, 1988)
and of the split hydronephrotic kidney (Marin-Grez, Fleming & Steinhausen, 1986).

In the present study RBF increased 14-16% over about 1 h; the change appeared
unrelated to the dose. The early increase in flow, parallel to peak natriuresis and
diuresis, did not exceed a modest 10% and towards the end of experiments sodium
and water excretion decreased while RBF was still increasing. On the whole, the
natriuretic and RBF responses to ANP were dissociated and there was no indication
of a causal relationship between them.
A common finding in many studies with exogenous ANP was a rapid onset of

copious diuresis associated with an elevation of the glomerular filtration rate
measured as Cin. This acute increase in GFR was, understandably, regarded as
suspicious. Aware of the dead space effect, Hansell & Ulfendahl (1987) simply
concluded that the transient increase in GFR was an artifact. Mendez et al. (1988)
discarded measurements from the transient phase and started proper clearance
collections when urine flow had stabilized. Davis & Briggs (1987a) attempted to
quantify the magnitude of the dead space error using a rather complex procedure and
formula but still had to discard the GFR data from the first minutes of ANP action.

In the present study we circumvented difficulties with measuring GFR during the
development of ANP diuresis by using RPF xEin as an index of filtration, an
approach that does not require steady-state conditions with respect to urine flow and
is not subject to the dead space error. Application of the RPF x Ein formula was quite
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practical and easy in our experiments for RBF was measured directly and accurately
and renal vein blood could be continuously sampled from the renal vein-jugular vein
shunt. For comparison Cin was determined simultaneously.
We found that at two ANP dosage levels associated with rapid increases in urine

flow (groups 2 and 3, Fig. 1), Cin increased significantly while RPF x Ei. remained
constant. This disparity indicates, not unexpectedly, that Cin was not a reliable
measure of GFR at the onset of ANP action. A similar disparity between the
clearance and extraction method was recently reported from ANP studies in the dog
performed by Banks (1988) who used creatinine as a marker for filtration
measurement. Even with the fairly high pharmacological doses applied in our
experiments, the genuine rate of glomerular filtration (RPF x Ein) did not change.
Consequently, an increase in GFR appeared not to be a mechanism contributing to
the major natriuresis and diuresis. A late increase in GFR observed with the highest
dosage (group 3) occurred while excretion rates were already decreasing.

In a study that employed small doses of ANP in the anaesthetized rat Soejima,
Grekin, Briggs & Schnermann (1988) showed that an infusion rate as low as
20 ng/(kg min) (which doubled plasma ANP levels) was clearly natriuretic. It will be
noticed that a 100 times higher rate as applied in our group 2 still did not produce
a genuine, early or delayed, increase in the filtration rate, even though plasma ANP
levels attained in these experiments must have largely exceeded those that occur
under extreme physiological or pathological conditions. Taken together, these data
suggest that GFR changes do not have a part in the postulated regulation of body
fluid balance by ANP. At the same time, there can be little doubt that with
appropriately high pharmacological dosage the peptide can increase GFR and the
resulting natriuresis would possibly be enhanced.
We have shown previously that tissue electrical admittance as measured in the

present study is an index of total electrolyte (mostly NaCl) concentration in the
medullary interstitium (Sadowski & Portalska, 1983; Portalska & Sadowski, 1984;
Sadowski, 1985; Sadowski & Kulczykowska, 1988). Considering the widespread
speculation on the role of solute wash-out in the mechanism of ANP natriuresis, we
used this methodology to examine the peptide's effect on the electrolyte component
of the cortico-medullary solute gradient. The observed decrease in admittance (i.e. in
tissue electrolyte concentration) occurred only at higher peptide infusion rates
(groups 2 and 3), was limited to the inner medullary zone and quantitatively modest.
This was in striking contrast to a major response to frusemide. With ANP an increase
in UNaV by a factor of 12 (group 3) was required to result in only one-fourth of the
decrease in admittance observed with a frusemide dose which increased UNaV by a
factor of 3-5 (Bqdzyn'ska et al. 1990).
The specific and highly reproducible decreases in renal medullary tissue admittance

demonstrated in our laboratory for the rabbit, dog and rat observed after frusemide
as well as after ethacrynic acid, as opposed to ineffectiveness of acetazolamide and
chlorothiazide (Sadowski & Portalska, 1983; Portalska & Sadowski, 1984; Sadowski,
1985; Sadowski & Kulczykowska, 1985) suggest that inhibition of reabsorption of
salt without water from the ascending limb of Henle's loop is a crucial factor in
decreasing NaCl concentration in the medullary interstitium. In this context the
small effectiveness of ANP speaks against a major action in this tubule segment, in
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agreement with the data from studies of isolated in vitro perfused rabbit loop
segments (Kondo, Imai, Kangawa & Matsuo, 1986). A similar conclusion has come
from the comparison of ANP and frusemide action on the isolated perfused rat
kidney (Firth, Raine & Ledingham, 1988) and from experiments in the dog (Sosa
et al. 1986). In their analytical studies of tissue slices Davis & Briggs (1987b)
demonstrated that ANP decreased the Na' concentration of the inner medulla, at
least when the data were expressed per solute-free dry tissue weight. There was no
clear difference between the ANP group and three frusemide experiments. However,
although our admittance values present at best a semi-quantitative index, the
resolution they provide in estimating the cortico-papillary electrolyte (mostly NaCl)
gradient is probably higher than with conventional analytical studies because the
data reflect changes that occur almost exclusively in the interstitial fluid rather than
in a sum of all tissue compartments.

In studies other than that by Davis & Briggs (1987b) and the present work, the
dissipation of medullary tissue solutes after ANP was assumed on the basis of a
decrease in UOsm, a conclusion that may not be warranted since at very high urine
flows, as often seen after infusion of the peptide, osmotic equilibration in the
terminal collecting duct would probably be incomplete (Lote & Snape, 1977).
According to Davis & Briggs (1987 b) and our present results the decrease in
medullary tissue Na' was small or modest, in contrast to a virtual abolition of urea
gradient (Davis & Briggs, 1987 b). However, a dissipation of papillary and medullary
tissue urea is known to be a consequence, rather than a cause, of any major diuresis.
Therefore, these data do not necessarily support the postulated role of a wash-out of
medullary solutes in ANP natriuresis. Growing evidence against this hypothesis
includes a demonstration of the natriuresis in normal rats without any decrease in
UOsm and in diabetes insipidus (Brattleboro) rats with initially flat cortico-papillary
solute gradient (Awazu, Granger & Knox, 1988), and in rats with necrotic papilla
(Hildebrandt & Banks, 1987). Also the reports on a dissociation in time of the ANP-
induced increase in papillary blood flow and peak natriuresis speak against a
causative role of the solute wash-out (Kiberd et al. 1987; Takezawa et al. 1987).
A decrease in arterial blood pressure observed in our experimental groups 1-3

complicates interpretation both of the ANP-dependent renal haemodynamic changes
and of the relationship between haemodynamics and natriuresis. For instance, one
could speculate that the observed increase in RBF, an uncommon finding in the rat
(see above), could occur only as a compounded effect ofa direct vasorelaxant action of
ANP plus an autoregulatory response of renal resistance vessels to a decrease in renal
perfusion pressure (RPP). A profound effect of RPP on ANP natriuresis has been
amply documented (Burnett et al. 1986; Davis & Briggs, 1987 a; Sosa et al. 1986;
Firth et al. 1988); specifically, the peptide was shown to enhance (i.e. increase the
slope of) the pressure-natriuresis relationship (Paul et al. 1987; Takezawa et al. 1987).

In the experiments of our group 4, the suprarenal aortic clamp was used in a way
to maintain renal perfusion pressure during ANP dependent renal and systemic
vasodilatation. In this setting, changes in renal haemodynamics and excretion did
not qualitatively differ from those seen in groups 1-3: a clear increasing trend in
RBF was visible, dissociated from the natriuresis, and GFR did not change. These
data reinforce our conclusions based on data of groups 1-3 an indicate that the
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modest decreases in blood pressure observed in our studies did not significantly
modify the renal response pattern to ANP.

This work was supported by the CPBP 06-02 grant. Synthetic ANP (8-33) was a gift from Dr
R. J. Winquist of the Merck, Sharp and Dohme Research Laboratories, West Point, PA,
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