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Secretion in Rabbits

Suhn Hee Kim, Kyung Sun Lee, Sung Zoo Kim, Kyung Hwan Seul, and Kyung Woo Cho

Department of Physiology, Medical School, Institute for Medical Sciences, Jeonbug National University, Jeonju 560 —

180, Koreca

To define the postnatal changes in ANP secretion in response to mechanical stretch and atrial compliance,
experiments have been done in perfused nonbeating rabbit atria with different ages: 1-day, 1-, 2-, 3-, 4-,
and 8-wk-old. In 1-day-old-rabbits, an increase in intraatrial pressure resulted in an increase in atrial
volume, which was higher than that in 1-wk-old rabbits. Increases in atrial volume stimulated the secretion
of ANP with concomitant translocation of extracellular fluid (ECF) into the atrial lumen. However,
mechanically stimulated ECF translocation was lower in 1-day-old rabbits than that in 1-wk-old rabbits.
Therefore, positive relationship between mechanically stimulated ECF translocation and ANP secretion was
shifted upward in 1-day-old rabbits, as compared to 1-wk-old rabbits. Changes in atrial volume and ECF
translocation were gradually increased with aging and reached the peak value at 4 wk. The stretch-induced
ANP secretion in terms of ECF translocation (the interstitial ANP concentration) was also increased with
aging and reached the peak value at 4 wk. The interstitial ANP concentration was dependent on the atrial
content of ANP. These data suggest that the higher level of atrial ANP secretion is related to the postnatal
changes in atrial volume and unidentified factor.
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INTRODUCTION

Atrial natriuretic peptide (ANP), a peptide hor-
mone, synthesized predominantly in atrial cardiomyo-
cytes, is stored and secreted into the blood stream in
response to atrial distension (Dietz, 1984; Lang et al,
1985; Cho et al, 1988). ANP causes diuresis and
natriuresis, and decreases blood pressure, thus low-
ering cardiac workload (De Bold et al, 1981). The
primary site of ANP synthesis is cardiac atria, al-
though other tissues such as ventricle, brain, lung,
adrenal gland, gastrointestinal tract, reproductive sys-
tem and immune system also produce ANP (Gut-
kowska et al, 1984; Gardner et al, 1986; Nemer et
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al, 1986; Gutkowska & Nemer, 1989; Vollmar, 1990;
Kim et al, 1997a).

Expression of ANP mRNA is developmentally
regulated in the mammalian heart (Bloch et al, 1986;
Nemer et al, 1986; Cantin et al, 1987; Kikuchi et al,
1987; Calycomb, 1988; Wu et al, 1988; Semmekrot
& Guignard, 1991). Before birth, ANP mRNA is
expressed in both atrium and ventricles of the heart
even though the content is lower in ventricles. After
birth, atrial ANP mRNA increases, while ventricular
ANP mRNA decreases with aging (Nemer et al,
1986; Wu et al, 1988). In normal adult ventricular
cardiomycytes, small quantities of ANP mRNA have
been detected, of which levels may be approximately
100-fold to 150-fold lower than that of atrial cardio-
mycytes. However, ANP mRNA in ventricle is reacti-
vated by increased cardiac workload (Lattion et al,
1986; Nemer et al, 1986; Franch et al, 1988). Species
differences are observed in the rate of appearance in
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atrial ANP mRNA and in the rate of decline in
ventricular ANP mRNA during development (Kikuchi
et al, 1987; Wei et al, 1987; Claycomb, 1988). There-
fore, the regulation of ANP gene expression may be
related to the functional role of cardiac development
(Wei et al, 1987). Although atrial ANP mRNA and
its content are low in fetus and neonate, plasma
concentration of ANP is high and becomes to decline
with age (Wei et al, 1987, Wu et al, 1988; Sem-
mekrot & Guignard, 1991). It is not clear what kinds
of mechanisms are involved in the maintenance of
high level of plasma ANP in fetus and neonate.

Stretch, hypoxia and vasoconstrictive agents are
known as strong stimuli of ANP secretion during
early life (Cheung & Brace, 1988; Robillard & Winer,
1988; Kojima et al, 1989; Cheung, 1994). The in-
crease in plasma ANP concentration after volume
expansion (Robillard & Winer, 1988), as well as close
correlations between ANP concentration and cardio-
thoracic ratio (Kojima et al, 1989), atrial size (Fe-
sonen et al, 1990) and ductal flow (Fesonen et al,
1990) also indicate that atrial stretch is an important
stimulus for the secretion of ANP in neonates. During
postnatal stage, both atrial stretch (compliance) and
tissue content of ANP may change remarkably with
cardiac growth. However, there are few reports about
postnatal changes in atrial compliance. The aim of the
present study was to evaluate changes in stretch-in-
duced ANP secretion related to atrial compliance and
atrial content of ANP during early postnatal stage of
life. Therefore, we measured atrial compliance and
the responsiveness of ANP secretion to stretch with
age using isolated perfused rabbit atria.

METHODS

Animals

New Zealand White rabbits, aged fetal, 1-day, 1-,
2-, 3-, 4-, and 8-wk, were used.

Blood collection and tissue preparation

After anesthesia with pentothal sodium (20 mg/kg),
polyethylene tubing was cannulated into the carotid
artery, and blood pressure and heart rates were mea-
sured. Blood was collected from carotid artery into a
prechilled tube containing aprotinin (200 kallikrein
inhibitory units, KIU/ml), soybean trypsin inhibitor

(SBTI, 50 N-a-benzoyl-L-arginine ethyl ester units,
BAEE units/ml), phenylmethylsulfonyl fluoride (PMSF,
600 M/ml), and ethylenediaminetetraacetic acid (EDTA,
2.7 mM/ml). Blood was centrifuged at 10,000 g for
15 min at 4°C and plasma was kept at —70°C. Plas-
ma ANP was extracted using a Sep-Pak C18 cartridge
(Waters Associates, Milford, MA) as described pre-
viously (Cho et al, 1989). Briefly, 700 xl of plasma
was applied on a Sep-Pak C18 cartridge previously
activated with 4 ml of 100% acetonitrile followed by
4 ml of 0.1% trifluoroacetic acid (TFA). The cartridge
was washed with 4 ml of 0.1% TFA and adsorbed
peptide was eluted with 60% acetonitrile in 0.1%
TFA. The eluant was dried using Speed-vac evapo-
rator (Savant, Hicksville, NY).

Both atria and ventricles were separated, weighed
and kept in 2 ml of 0.1 N acetic acid at 4°C. Tissues
were boiled for 10 min, homogenized with Polytron
homogenizer and centrifuged at 10,000 g for 15 min
at 4°C. The concentrations of ANP in plasma extracts
and tissue homogenates were measured by radioim-
munoassay (RIA) as described below.

Isolated perfused atrial preparation

An isolated perfused atrial preparation was made
by the method described previously (Cho et al, 1988;
Kim et al, 1997b). Briefly, the heart was rapidly
removed, placed in oxygenated saline and left atrium
was separately dissected from the heart. A Tygon
cannula containing three small catheters sealed within
it was inserted into the atrium and secured by li-
gatures. The cannulated atrium was transferred, fitted
into the organ chamber containing buffer solution
(36.5°C) and fixed with watertight silicone rubber
cap. The atrium was immediately perfused with
oxygenated HEPES buffer solution at a rate of 0.1 (in
case of 1-day- and 1-wk-old rabbits) - 1.0 (in case
of 2-, 3-, 4- and 8-wk-old rabbits) ml/min with
peristaltic pump. The composition of buffer solution
was as follows: NaCl 118, KCl 4.7, CaCl, 2.5,
MgSO, 1.2, NaHCO; 25, HEPES 10, glucose 10 mM
and bovine serum albumin (BSA) 0.1%. The peri-
cardial buffer solution, which contained [3H] inulin to
measure the translocation of extracellular fluid (ECF),
was also oxygenated by silicone tubing coils located
inside the organ chamber (Cho et al, 1990). The
pericardial space of organ chamber was sealed and
connected with a calibrated microcapillary tube, by
which changes in atrial volume were monitored. The
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atrium was perfused for 30 min to stabilize the
secretion of ANP and to maintain the [*H] inulin level
in the extracellular space at a steady state. The
perfusate was collected every 2 min interval at 4°C.
After two collection periods, atrial distension was
induced for 2 min by elevating the position of out-
flow catheter tip to 2 cmH,O and atrial contraction
was induced by lowering the position of the catheter
tip to the basal level. Atrial pressure was subsequently
increased from O to 2, 4, 6, or 10 cmH>O for 2 min
every 8 min.

RIA of ANP

The concentration of immunoreactive ANP in atrial
perfusates, plasma extracts and tissue homogenates
was measured using specific RIA as described pre-
viously (Cho et al, 1988; 1939; 1990). RIA was
performed in Tris-acetate buffer (0.1 M, pH 7.4)
containing neomycin (0.2%), EDTA (1 mM), SBTI
(50 BAEE unitsfml), aprotinin (200 KIU/ml), PMSF
(0.4 mg%), sodium azide (0.02%) and BSA (1%).
Standard and samples were incubated with anti-ANP
antibody and ['2I] ANP for 24 h at 4°C. Bound form
was separated from free form using charcoal suspen-
sion or second antibody. RIA for ANP was done on
the day of experiments and all samples in an experi-
ment were analyzed in a single assay. The secreted
amount of ANP was expressed as ng ANP per min
per g of tissue wet weight. The molar concentration
of ANP release was calculated as follow (Cho et al,
1988; 1990; 1993):

ANP released (M) =

ANP (pg/min/g) /| ECF translocation ( zl/min/g)
- 3063

The denominator 3063 refers to the molecular mass
for ANP(;.25) (Da) since the ANP secreted was found
to be mainly the processed ANP (Cho et al, 1988;
1990).

Measurement of ECF translocation

The ECF translocated from the atria was measured
as described previously (Cho et al, 1988; 1990; 1993).
Radioactivity in perfusate and pericardial buffer solu-
tion was measured with a liquid scintillationcounter
and the amount of ECF translocated through atrial
wall was calculated as follows:

ECF translocation (I/min/g) =

total radioactivity in perfusate (cpm/min) 1000/
radioactivity in pericardial reservoir (cpm/ u1)

- atrial wet weight (mg)

Statistical analysis

The results were given as means+ SEM. Statistical
significance of differences was performed by the use
of unpaired Student’s t-test and AVOVA with Dun-
can multiple range test. The critical level of signi-
ficance was set at a p-value of less than 0.05.

RESULTS
Postnatal changes in weight and hemodynamics

With increment of body weight, atrial weight grad-
ually increased (Fig. 1E). The ratio of atrial weight
to body weight was 0.3840.03 and 0.26:0.01 at
fullterm and 1-day-old rabbits, respectively. After 1
wk, it was gradually declined and became 0.12+0.01
at 8 wk. Atfrial weight of right side was similar to
the left side but became lighter after 4 wk (data not
shown). Heart rates increased from 225+23 at 1 day
to 277 £ 11 beat/min at 1 wk and reached peak value
at 2 wk (Fig. 1D). Mean arterial pressure was persis-
tently increased from 26 3 mmHg at 1 day to 87.5%
1.5 mmHg at 8 wk (Fig. 10).

Postnatal changes in ANP concentration

To evaluate changes in ANP synthesis and secre-
tion during postnatal period, ANP concentrations in
plasma and tissue were measured. Plasma concen-
trations of ANP in full-term fetus and 1-day-old rab-
bits were 229.7 +63.0 and 177.3 4:55.7 pg/ml, respec-
tively, which were higher than that in 8-wk-old rab-
bits (Fig. 1A). Thereafter, it was declined to 82.4+
12.5 pg/ml at 1 wk and maintained at the similar
levels.

ANP content in left and right atria of full-term
fetus was similar (12.2£4.0, 13.5+£3.4 ng/mg wet
weight). However, at 4 wk, ANP content of right atria
became significantly lower than left atrium (20.9+4.4
vs 32.8+6.6 ng/mg, p<0.05). Total atrial content
was markedly increased and reached the peak value
at 3 wk (Fig. 1B). Ventricular content of ANP was
56.0+8.0 pg/mg (12.3+1.4 ngftotal ventricles) be-
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Fig. 1. Postnatal changes in weight, hemodynamics and
ANP level in rabbits. (A) Plasma concentration of ANP
was decreased after birth and maintained constant after
1 wk. (B) Total atrial content of ANP was markedly
increased (closed dot, expressed in ug/both atria) and
total ventricular content of ANP was markedly decreased
(open dot, expressed in ng/both ventricles) with aging.
(©) Mean arterial pressure (MAP) was progressively
increased with aging. (D) Heart rate was increased and
reached peak value on 2 wk. (E) Body weight (closed
dot, expressed in g) and atrial weight (open dot, ex-
pressed in mg) were markedly increased. *, **, Signi-
ficantly different from that in 8-wk-old rabbits, p <0.05
and p<0.01, respectively.

fore birth, but declined after birth and finally was not
detectable at 4 wk.

Characteristics of stretch-induced ANP secretion in
I-day-old rabbits compared to 1-wk-old rabbits

To evaluate changes in stretch-induced ANP secre-
tion from the atria during early stage of life, isolated
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Fig. 2. Changes in atrial volume (B), the secretion of
ANP (C), translocation of the extracellular fluid (ECF)
(D) and interstitial ANP concentration (E) were pro-
portional to intraatrial pressure in isolated perfused non-
beating atria in 1-day- and 1-week-old rabbits. Closed
and open dots indicate 1-day- and 1-wk-old rabbits, re-
spectively. *, **, *** Gjgnificantly different from basal
value, p<0.05, p<0.01 and p<0.005, respectively.

perfused nonbeating left atria were used. The basal
rate of ANP secretion was similar in 1-day- and
1-wk-old rabbits: 1.07+0.45 pg/min/fg (n=10) and
0.791+0.31 pg/min/g (n=11), respectively (Fig. 2C).
When atrial pressure was increased from basal level
to 2, 4, 6, or 10 cmH,O for 2 min by the elevation
of outflow tip and then decreased to basal level, atrial
volume was changed. In 1-day-old rabbits, atrial
volumes at each pressure were increased by 359.4 +
111.3, 512.7+125.5, 671.3 1+ 145.1 and 984.6+185.5
l/g, which were higher than those in 1-wk-old rabbits
(Fig. 2B). ANP secretion was increased after reduc-
tion of atrial volume from stretch with peak values
of 1.98+0.54, 1.98+0.61, 2.41+0.37 and 3.56%
1.03 ng/min/g, which were similar to those in 1-wk-
old rabbits (Fig. 2C).
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Fig. 3. Relationships between atrial volume change (distension-reduction volume, DRV) and intraatrial
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In order to compare quantitatively the responsive-
ness of ANP secretion and ECF translocation to
stretch in 1-day- and 1-wk-old rabbits, mechanically
stimulated ECF translocation and ANP secretion were
calculated by subtracting mean values of previous two
observations from the peak values from Fig. 2 and
replotted in Fig. 3. Proportional increases in atrial
volume were significantly higher, and changes in ECF
translocation by stretch were lower in 1-day-old rab-
bits than those in 1-wk-old rabbits. Therefore, the
relationship between atrial volume and mechanically
stimulated ECF translocation in 1-day group was
shifted downward, as compared to 1-wk-old rabbits
(Fig. 3B). In contrast, the relationship between atrial
volume and ANP secretion was similar in both groups
(Fig. 3C). This relationship shows DRV-dependent
higher secretion of ANP in 1-day rabbits. The ANP
secretion in a function of ECF translocation was
shifted upward, as compared to 1-wk-old rabbits (Fig.

3D). Therefore, the secretion of ANP divided by ECF
translocation (interstitial ANP concentration) was
markedly increased in 1-day-old rabbits (0.08+0.02
vs 0.03+0.01 M at 6 cmH;0, p<0.025).

Characteristics of stretch-induced ANP secretion in
2-, 3- and 4-wk-old rabbits

In 2-wk-old rabbits, increases in atrial volume and
ECF translocation were not significantly different
from 1-wk-old rabbits (Figs. 4A & 4B). However,
change in stretch-induced ANP secretion was slightly
higher than that in 1-wk-old rabbits (Figs. 4C & 4D).
The concentration of interstitial ANP was markedly
increased (0.16£0.05 vs 0.03+0.01 M at 6 cmH,0,
p <0.005).

In 3-wk-old rabbits, atrial volume dramatically in-
creased, as compared to 2-wk-old rabbits (all p <0.01,
Fig. 4A). Simultaneously, changes in ANP secretion
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Fig. 4. Relationships between atrial volume change (DRV) and intra-atrial pressure (A), ECF trans-
location and DRV (B), ANP secretion and DRV (C), ANP secretion and ECF translocation (D) in
1-, 2-, 3-, and 4-wk-old rabbits, respectively. Other legends are the same as in Fig. 3.

and ECF translocation were significantly higher than
those in 2-wk-old rabbits (Figs. 4B & 4C). An
increase in ANP secretion was related to the change
in ECF translocation (Fig. 4D). The ANP concentra-
tion in the interstitium was not different from that of
2-wk-old rabbits (0.13£0.03 vs 0.16:0.05 4M at 6
cmHZO).

In 4-wk-old rabbits, increases in atrial volume and
ANP secretion were significantly higher at all pres-
sure levels but changes in ECF translocation were
similar, as compared to 3-wk-old rabbits (Figs. 4A,
4B & 4C). Increased ANP secretion was a function
of ECF translocation (Fig. 4D). The concentration of
interstitial ANP was markedly increased from 0.13+
0.03 to 0.44 £0.06 uM at 6 cmH,O (p<0.001, n=8).
Changes in atrial volume, ANP secretion, ECF trans-
location and the concentration of interstitial ANP ob-
served in 4-wk-old rabbits were similar to those in
8-wk-old rabbits (data not shown).

In order to compare postnatal changes in atrial vol-

ume, ECF translocation and ANP secretion, we re-
plotted those parameters observed at 6 cmH>O of
atrial pressure (Fig. 5). Atrial volume was gradually
increased with aging except in 1-day-rabbits and
reached the peak value in 4-wk rabbits (Fig. 5A).
Mechanically stimulated ECF translocation, which
was dependent on atrial volume change, also reached
the peak value at 4 wk (Fig. 5B). The secretion of
ANP in terms of ECF translocation, which reflects the
concentration of interstitial ANP, gradually increased
except in 1-day-rabbits and reached the peak value at
4 wk (Fig. 5C).

Atrial content of ANP was changed developmen-
tally. Therefore, we replotted the concentration of
ANP in the interstitium against atrial content of ANP
in all groups (Fig. 6). The secretion of ANP was de-
pendent on atrial content of ANP and a close corre-
lation between them was observed (y=0.4x—0.06,
r=0.73, n=35, p<0.001).
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DISCUSSION

The present study clearly shows that higher atrial
compliance is a cause of an accentuation of ANP
release from atria in 1-day-old rabbits and both
compliance and ANP content are regulatory factors
for the postnatal changes in ANP secretion.

With aging, systemic hemodynamics such as blood
pressure and heart rates markedly increased with
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Fig. 6. Relationship between the interstitial ANP concen-
tration and atrial ANP content in all age groups. A
closely positive relationship between them was observed
(y=0.4x —0.05, r=0.73, p<0.001).

enlargement of body and heart. Heart rate increased
to the peak value at 2 wk but blood pressure con-
tinuously increased. Atrial content of ANP increased,
but ventricular content of ANP decreased. These data
are consistent with others (Kikuchi et al, 1987
Claycomb, 1988; Wu et al, 1988). Both atrial contents
of ANP were similar until 3 wk after birth, but the
left atrial content of ANP became higher than that in
the right side. These changes are also observed in
human left auricle (Cantin et al, 1987; Kikuchi et al,
1987; Wu et al, 1988). Postnatal changes in relative
concentration of atrial ANP may be related to changes
in the right and left atrial pressures. In addition, the
reverse change in ventricular and atrial content of
ANP after birth may also be related to changes in
cardiac workload and may have physiological signifi-
cance in the cardiac growth.

In fetus, plasma concentration of ANP was 229.7
pg/ml, which was much higher than that in maternal
circulation (85 pg/ml, n=3), as shown in ovine
(Cheung et al, 1987). Plasma ANP level was still
higher (177.3 pg/ml) in 1-day-old rabbits and declined
to adult level at 1 wk. These data are consistent with
the results reported by others (Cheung et al, 1987;
Wu et al, 1988; Semmekrot & Guignard, 1991). The
data show that during the early stage of life, atrial
content of ANP was lower but plasma concentration
of ANP was similar or higher, as compared to adult.
1t is, therefore, of interest to disclose the mechanisms
for the maintenance of high levels of plasma ANP in
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the early postnatal stage of life. Possible explanations
may be an accentuation of stretch-induced ANP se-
cretion from the atria by shunting blood, transient
pulmonary hypertension and vasoconstrictor, the se-
cretion of ANP from extraatrial sources such as
cardiac ventricles and lungs, and a decrease in clear-
ance receptor or low metabolic rate of ANP (Wu et
al, 1988; Dodd et al, 1994).

In the present study, in order to determine whether
the responsiveness of ANP secretion to stretch from
the atria may change during early postnatal stage,
atrial compliance and stretch-induced ANP secretion
from the atria were measured in 1-day, 1-, 2-, 3-, 4-
and 8-wk-old rabbits using isolated perfused non-
beating atria. In 1-day-old rabbits, changes in atrial
volume induced by increased intra-atrial pressure
were measurable in this model. Proportional increases
in atrial volume caused increases in ECF translocation
and ANP secretion. There were close relationships
between those parameters, as previously shown in
adult rabbits (Cho et al, 1988; 1993; 1995). This
means that ANP released from atria in response to
stretch is secreted sequentially into atrial lumen along
the translocation of ECF in 1-day-old rabbits. As
compared to 1-wk-old rabbits, atrial volume changes
were higher but mechanically stimulated ECF trans-
locations were lower. These data suggest that the
characteristics of the atrium in 1-day-old rabbits are
high atrial compliance and the underdevelopment of
the paracellular pathway of ECF translocation. There-
fore, it is possible that high level of plasma ANP at
1 day may be at least due to an accentuation of ANP
secretion by high atrial compliance.

Atrial compliance (increase in atrial volume induced
by increased intra-atrial pressure) increased progres-
sively with aging except in 1-day-old rabbits and
reached the peak value at 4 wk. Increases in atrial
volume caused increases in ECF translocation in all
age groups and the relationships between those para-
meters were similar. However, the relationships be-
tween atrial volume and stretch-induced ANP secre-
tion were shifted upward with aging and reached the
peak value at 4 wk. In order to rule out changes in
ANP secretion caused by an increase in atrial com-
pliance with age, the stretch-induced ANP secretion
was corrected by ECF translocation, i.e. ANP con-
centration in the interstitium. It was progressively
increased with aging except in 1-day-old rabbits and
reached the peak value at 4 wk.

What is the factor to stimulate the release of ANP

from the atria with aging? As shown in Fig. 1, atrial
content of ANP dramatically increased with aging. In
order to define the relationship between ANP release
and tissue content of ANP during the early postnatal
period, we replotted the interstitial ANP concentration
against atrial content of ANP used in this study. As
shown in Fig. 6, the concentration of interstitial ANP
was positively related to tissue content. At present, it
is difficult to explain the reason for constant low level
of plasma ANP after 1 wk despite an accentuation of
ANP release with aging. It may be due to develop-
mental changes in body water and NPR population
with aging.

In summary, the present study suggests that high
atrial compliance is one of factors responsible for the
accentuation of ANP secretion from atria of 1-day-old
rabbits, and both compliance and ANP content are
related to the postnatal changes in ANP secretion.
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