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is known to influence the size and mechanisms of the
hypertensive response to occlusion of the renal artery
in Goldblatt hypertension [3,4], the blood pressure and
renin responses to FRN in rats with and without a
preserved contralateral kidney were compared. Thirdly,
we investigated whether blockade of the hypertensive
outburst could also be achieved by administering a
more specific agent, such as the angiotensin II type 1
receptor antagonist, irbesartan, because angiotensin-
converting enzyme inhibitors such as captopril are
known to block not only the generation of Ang II but
also the degradation of vasodilator peptides, and the
latter may also be released into the blood stream at the
reopening of the renal hilum. Fourthly, in order to
verify whether the blood pressure surge was specifically
dependent on the activation of the renin—angiotensin
system, the effects of irbesartan were compared with
those of labetalol, a vasodilator drug acting on a- and -
adrenergic receptors.

In analogy with the nomenclature in current use for the
Goldblatt model of hypertension [5], each group of rats
that we studied was identified by means of four
abbreviations representing, respectively: the number of
kidneys remaining in the experimental animal (2K,
1K), the number of renal hila around which a snare was
twisted (2S, 1S), the duration in minutes of the total
renal ischaemia that was induced (180, 60 or 30), and
the identity of the drug injected i.v. before the reopen-
ing of the right renal hilum (irbesartan: irbs; labetalol:

labt).

Methods

Animal preparation

Fifty-three male Sprague—Dawley rats weighing 200—
300 g (Charles River Italia, Calco, Lecco, Italy) were
anaesthetized by intraperitoneal injection of sodium
pentobarbitone (5 mg/100 g) and maintained at 37°C on
a heated operating table. Polyethylene catheters were
inserted into: (1) the trachea, to facilitate spontaneous
breathing; (2) the right external jugular vein, for
continuous infusion of sodium pentobarbitone diluted
in 0.85% saline solution at 20 pl/min (PE-50); (3) the
left external jugular vein, for supplementary doses of
the anaesthetic and for ad-hoc administration of irbesar-
tan or labetalol (PE-10); (4) the left femoral artery, for
monitoring of arterial blood pressure; and (5) the left
femoral vein, for withdrawal of blood for measurement
of plasma renin activity (PRA). The rats were then
divided into four groups: in groups 1 (1K, » =21), 3
(1K-irbs, #» =8) and 4 (1K-labt, » = 3), all the rats
underwent excision of the left kidney (left nephrect-
omy) by a retroperitoneal approach; in group 2 (2K,
7 =21), both kidneys were left intact. Groups 1 and 2
were then each subdivided into three groups (1K-180,
7n=75; 1K-60, » = 7; 1K-30, » = 9; 2K-180, » = 5; 2K-60,
n=7; 2K-30, »=9) and group 3 into two groups (1K-

60-irbs, 7 = 5; 1K-180-irbs, » = 3). In all rats, FRN (see
below) involved ligature of the right renal hilum by
snares, which for sake of simplicity was indicated by
the abbreviation, 1S. The right kidney and its nerve
supply were retroperitoneally exposed and a polyethy-
lene catheter (PE-50 or PE-10) was inserted into the
right ureter close to the renal pelvis to collect urine.
The visible nerves on both sides of the renal artery
were cut.

Functional right nephrectomy

In all rats, thin threads were placed loosely around the
right renal artery (distal to the side branch to the
adrenal) and the right renal vein, with the aid of a
dissecting microscope. These snares could then be tied
in close succession (artery first, then vein) in order to
1solate the right kidney from the circulation and to
produce a complete renal ischaemia while maintaining
a normal circulatory function to the adrenal gland. After
180 min (groups 1K-180, 2K-180, 1K-180-irbs, 1K-180-
labt), 60 min (groups 1K-60, 2K-60, 1K-60-irbs) and
30 min (groups 1K-30 and 2K-30), the ligatures were
loosened, in reverse order with respect to closure, to re-
establish blood flow to and from the right kidney and
urine output from that side (reopening). At the begin-
ning of the FRIN, the continuous infusion of saline was
halved to 10 pl/min. All the experiments were started
between 1030 and 1130 h.

Experimental procedure

Arterial blood pressure, heart rate, rate of breathing and
rectal temperature were monitored continuously for 1 h
before FRN, during the period of FRN, and for 1h
after the termination of FRN. The time of the first
measurement (60 min before FRN) was designated
time 0. Subsequent measurements were taken at
15 min intervals and lasted 2-3 min each; during the
tying of the renal hilum and its reopening, consecutive
measurements were taken for periods of 6—10 min and
10-18 min, respectively.

Haematocrit and plasma renin activity

Microhaematocrit was measured at the beginning (time
0) of the experimental procedure, with two samples
withdrawn 1in close sequence and subsequently aver-
aged. In all groups after the end of the experimental
procedure, 2ml of blood were withdrawn from the
femoral vein catheter and, on occasions, from the
femoral artery, to measure PRA. PRA was determined
by incubating plasma samples at 37°C for 1 h and using
a commercial radioimmunoassay kit to measure the
angiotensin I generated [6], expressed as ng/ml per h.
Four measurements of PRA were made in each experi-
mental group, except for group 2K1S-180 (five meas-
urements) and groups 2K1S-30, 1K1S-180-irbs and
1K1S-180-labt (three measurements).



Urine flow rate, osmolality and Nat and K+ concentrations
Urine from the experimental right kidney was collected
during 1 h periods before FRN (sample 1), and from
reopening of the renal hilum to the end of the experi-
ment (sample 2). Urine osmolality was measured with
an Osmette A instrument (Precision System Inc., Sud-
bury, Massachusetts, USA) and urine Na® and K*
concentrations with a Nova Biomedical CRT 1 AD
(Nova Biomedical, Waltham, Massachusetts, USA).

Laboratory equipment and data analysis

Blood pressure (Gould P23D pressure transducer;
Gould-Statham Instrument, Hato Rey, Puerto Rico,
West Indies) and electrocardiogram (ECG; Grass P511
preamplifier; Astro-Med, Inc., Rhode Island, USA) were
monitored on an oscilloscope (Tektronix 5115; Tektro-
nix Inc., Beaverton, Oregon, USA), stored on a mag-
netic tape (Racall 4; Racal-Thermionic, Hythe,
Southampton, UK) and recorded on a Bryans 40 000
ultraviolet polygraph recorder (Bryans Southern Instru-
ments, Mitcham, Surrey, UK). Heart rate was measured
from the electrocardiogram (ECG) with an instanta-
neous frequency time-meter (Ortec 4672, Oak Ridge,
Tennessee, USA). Rate of breathing and temperature
were measured with thermoprobes connected to a
digital meter (Marazza, Hardware & Software, Monza,
Milan, Italy). Blood pressure, ECG, heart rate and rate
of breathing were also fed into an analog-to-digital
converter connected to a digital acquisition board (Na-
tional Instruments) and driven by a computer program
(Grass PolyView, Astro-Med, Inc.). Data acquisition was
obtained at 500 Hz with a Pentium II PC. Each period
of 2-3 min was then subdivided into 20-30s periods,
and a single mean calculated for the 2—3 min period.

Statistical analysis

Values are expressed as means £ SEM. Differences in
recorded variables between groups were compared by
analysis of variance (single factor or two factors with
replications). Subsequently, the recorded variables
could be compared within each group with the same
variables at time 0, the values at each hour could be
compared with those at the preceding hour, and the
values after the test stimulus could be compared with
those before the stimulus (paired Student’s r-test,
Bonferroni correction for multiple testing). Variables
were also compared between groups by unpaired Stu-
dent’s r-test. Statistical significance was defined as
P <0.05, P<0.01 or P<0.001. The correlation be-
tween PRA and changes in systolic blood pressure
(SBP) was calculated using linear regression analysis.

Results

Table 1 shows the average peak SBPs, and the
magnitude of the changes, at reopening of the renal
hilum, compared with values before FRN (time
60 min) for each group of rats; changes within and
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Average reference systolic blood pressure (SBP) before functional right nephrectomy (FRN) and peak SBP, and magnitude of change after reopening for all groups

Table 1

SBP peak after reopening (mmHg) SBP change (mmHg)

SBP before FRN (mmHg)

30 min 60 min 180 min 30 min 60 min 180 min 30 min 60 min 180 min

Group

76.0 +10.1%
49.8 + 7.

18.4 £ 4.4 36.5 + 10.0f

191.1 + 7.3%*
169.7 + 6.9%*
1234+ 13.6

168.6 + 15.3*

155.3 £ 10.6*
118.0 + 4.0

139.1 + 5.7%*
1004 4 4.3%*

115.1 £ 4.1
120.0 + 3.6

1189+ 4.2
12t £5!8
112.5 + 3.5

120.7 £ 2.8

1141 £ 39

1:1K

3.3

5.9 +

8.3+ 2.1

5.9 +4.1+F

106.6 + 5.0

118:1:£ 5.3
1194+ 6.8

3:1K-irbs
4 :1K-labt

49.2 + 8.5F

P < 0.01. Between groups (unpaired t-test): P < 0.05, {{iP < 0.001

): *P < 0.05, **

for180 min compared with 60 min; 1P < 0.05, 1P < 0.01 for 1K compared with 2K, 1K compared with 1K-irbs, and 1K-irbs compared with 1K-labt.

Values are mean + SEM. irbs, irbesartan; labt, labetalol. Within groups comparisons (paired t-test for peak compared with before FRN

2455



2456 Journal of Hypertension 2002, Vol 20 No 12

between groups may also be compared. Within each
group of animals (1K or 2K), 180 min of FRN consis-
tently induced significantly greater increases in SBP
than did 60 and 30 min of FRN; in addition, for the
same duration of ischaemia, 1K rats had greater average
increases in blood pressure (Table 1). This difference
achieved statistical significance for 60 min FRN (Table
1), and approached significance for 180 min FRN
(P =0.07). When changes in SBP on reopening were
compared with reference blood pressure immediately

Fig. 1

before reopening, the difference between the 1K1S-180
and 2K1S-180 groups was significantly different (P
< 0.01).

Functional right nephrectomy of 180 min in groups 1K1S-
180 and 2K1S-180

Figure 1 shows blood pressure and heart rate changes
occurring at the reopening of the renal hilum for a
representative experiment in groups 1K1S-180 and
2K1S-180. The reopening of the renal hilum after 3 h
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Haemodynamic effects of the reopening of the right renal hilum in representative experiments in groups 1K1S-180 (a) and 2K1S-180 (b). Time
base: the numbers below the abscissa indicate the starting time of the recording period with respect to the beginning of the experimental procedure
at time O; there was continuous recording from 240 min to 255 min in (a) and from 240 min to 256 min in (b). The dark bar above the abscissa

indicates the last 47 min (a) and 32 min (b) of the period of functional right
renal hilum (reop.) indicates the timing at which the renal artery was untied

nephrectomy (FRN). The upward arrow before reopening of the right
. HR, heart rate; SBP, systolic blood pressure.




of FRN elicited the most consistent increases in blood
pressure in both groups (Table 1). SBP peaks after
reopening were significantly different both from refer-
ence values immediately before FRN (Table 1) and
from values immediately preceding reopening (P <
0.001) for both 1K1S-180 and 2K1S-180 rats. Similar
statistically significant changes were observed in diasto-
lic blood pressure (DBP; P < 0.01). At the end of the
experiments, 1h after reopening, SBP and DBP were
still significantly greater than preopening values in both
groups (time 300 min in Figs 1 and 2; P <0.01). The
rapid increase in blood pressure after the reversal of
renal ischaemia was accompanied by a bradycardia of
short duration (Fig. 1). However, heart rate started to
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recover towards and beyond preopening values before
the peak increase in blood pressure was reached (Fig.
1). During the first 1 h after the reopening, heart rate
remained more rapid than before reopening, paralleling
the persistence of increased blood pressure (Fig. 1),
and at 30 min after reopening it was statistically sig-
nificantly greater than the values before reopening in
both groups (P < 0.05).

Functional right nephrectomy of 60 min in groups 1K1S-60
and 2K1S-60

Figure 2 shows blood pressure and heart rate changes
for a representative experiment in each group. The
average SBP peak after reopening for group 1K1S-60
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(Table 1) was statistically significant with respect to
both blood pressure reference values before FRN
(Table 1) and the control SBP values immediately
before reopening (P < 0.05). In group 2K1S-60, the
average SBP peak after reopening was not statistically
different from blood pressure values before FRN
(Table 1), whereas it was significant with respect to
blood pressure values before reopening (P < 0.01).

One hour after reopening, average SBP and DBP were
still significantly greater than control values in group
1K1S-60 only (time 180 min in Fig. 2a; P << 0.05). In
the experiment shown in Figure 2a, the haemodynamic
variables were followed for 2 h and 45 min after reopen-
ing. In this example, blood pressure had returned
spontaneously to control values almost 2 h after reopen-
ing. Although average changes in heart rate were not
statistically significant, changes in heart rate for group
1K1S5-60 rats were qualitatively similar to those occur-
ring in rats in group 1K1S-180 (Figs 1, 2a). In the
example shown in Figure 2a, control heart rate values
were resumed only 2 h after reopening (time 240 min).

Functional right nephrectomy of 30 min in groups 1K1S-30
and 2K1S-30

In group 1K1S-30, the reopening of the right renal
hilum after 30 min of FRN was followed by a signifi-
cant increase in SBP with respect to reference values
both before FRN (Table 1) and before reopening
(P <0.001). In group 2K1S-30, average peak SBP after
reopening was significantly greater than reference va-
lues before FRN (Table 1) and before reopening
(P <0.001). In both groups, increases in DBP after
reopening were also statistically significant (P << 0.001).
At the end of the experiments, 1h after reopening,
blood pressure and heart rate values were no longer
statistically different from values before reopening.

Effects of irbesartan (group 3) and of labetalol (group 4)

In group 3, the rats were prepared as in group 1 and
received irbesartan i.v. (3 mg/kg) 30 min before reopen-
ing of the right renal hilum (mean average decline in
blood pressure of 15.6 4.0 mmHg). The changes in
blood pressure observed at the reopening after FRN of
60 min (1K1S-60-irbs, # =5) or of 180 min duration
(1K1S-180-irbs, 7 = 3) were not statistically significant
compared with reference blood pressure values before
FRN (Table 1) or before the infusion of the drug (Fig.
3a). The changes in blood pressure at reopening after
irbesartan were statistically significant (P < 0.05) only
when compared with the average transitory hypotension
induced by irbesartan before reopening (108.1 +
14.6 mmHg). Average changes in blood pressure at
reopening after irbesartan were consistently and signifi-
cantly less than those induced by a similar period of
FRN in the untreated group 1 (Table 1).

In group 4, the rats were prepared as in groups 1 and 3
and received labetalol 1.v. (5.5 mg/kg) as a slow bolus
1.v. injection, 30 min before reopening of the right renal
hilum (mean average maximum decline in blood pres-
sure of 32.7 £4.0 mmHg). When compared with aver-
age blood pressure values before FRN (Table 1)
or before drug injection, or with the average blood
pressure values immediately before reopening (105.0
+ 6.8 mmHg), the increments in blood pressure after
reopening of the renal hilum in the 1K1S-180-labt rats
were consistent and statistically significant (Fig. 3b,
Table 1). When the average magnitude of changes in
blood pressure after the reopening was calculated with
respect to blood pressures immediately before reopen-
ing, the average change amounted to 63.7 £ 8.7 mmHg.
The average SBP changes observed after reopening
were statistically significantly greater than those ob-
served in group 1K1S-180-irbs (P < 0.05; Fig. 3a) and
were not statistically different from those observed in
the untreated group, 1K1S-180 (Table 1, Figs 1a, 3b).

Plasma renin activity

Figure 4 shows the average values of PRA for 1K and
2K rats, measured 1 h after reopening. In both groups,
PRA values attained after 180 min FRN were signifi-
cantly greater than those measured after 60 and 30 min
FRN (P <0.01). After 180 min of FRN, PRA values
were also significantly greater in 1K than in 2K rats
(P < 0.001; Fig. 4).

When data from all rats of both experimental groups 1
and 2 were analysed together and peak SBP increases
after reopening were plotted against PRA values occur-
ring about 1 h later, a highly significant direct linear
relationship was found (= 0.855, P < 0.001; Fig. 4c).
Averaged values of PRA in groups 1K1S-60-irbs, 1K1S-
180-irbs and 1K1S-180-labt, which are not included in
Figure 4, were (angiotensin I generated) 86.0 4+ 24.8 ng/
ml per h, 80.8 & 20.5 ng/ml per h and 74.6 £ 1.9 ng/ml
per h, respectively.

Haematocrit, urine flow rate, osmolality, and Na* and K+
concentrations

Table 2 shows the average values of urine flow rate,
osmolality and Na™ and K%' excretion for the urine
collected from the experimental (right) kidney before
FRN (sample 1) and after reopening (sample 2).
Because control periods before FRN were similar
irrespective of the duration of the following FRN, urine
data before FRN were averaged separately for groups
1K and 2K. After FRN it was not always possible to
collect a urine sample in every rat. Nonetheless, urine
osmolality and K% concentration showed a clear de-
crease in both groups, with a trend toward a smaller
decrease as the period of FRN decreased.

At the beginning of the experimental procedure, the



