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Abstract. The brain peptides atrial natriuretic peptide (ANP) and angiotensin Il (Angll)
have antagonistic actions centrally that have evolved to play an important role in
maintaining the homeostasis of fluid volume and electrolytes. This paper discusses
the possible evolution of these functions as viewed through studies on fish and rats.
In the euryhaline teleost fish, the major form of ANP is CNP. CNP is important for the
adaptation of fish in sea water to water with lower salinity (50% SW). The concentra-
tion of CNP in the hypothalamus (HTS-CNP) of toadfish is significantly increased
when the fish moves from SW to 50% SW. Interestingly, the plasma CNP concentra-
tions of these fish go in the opposite direction to the brain CNP. Plasma CNP is
reduced 24 hrs and 10 days after the fish has been in 50% SW. We postulate that the
increased hypothalamic CNP is correlated with an increase in hypothalamic dopamine
turnover. Dopamine is the main inhibitory factor for the release of prolactin. In sea-
water-adapted fish, prolactin plasma levels are low. In 50% SW, the levels are in-
creased. Extracts of fish-brain CNP caused an increase in urinary sodium and volume,
indicating the natriuretic action of CNP. In contrast to CNP, hypothalamic Angll was
decreased during adaptation to 50% SW. Thus, CNP and Angll in the brain have
opposite actions in fish which aid in their survival in adapting to different salinities.
This implies that the hormones evolved as sodium/osmoregulatory peptides, not vol-
ume-regulatory peptides. In moving from an aquatic to a terrestrial environment, ANP
further evolved in mammals as a volume-regulating hormone while retaining its so-
dium-regulating properties. In the brain the antagonism between the peptides is ap-
parent in many actions, but when volume is changed both peptides are increased.
This is in contrast to plasma ANP and plasma Angll, which have opposite actions
during hemorrhage. Plasma Angll is increased and plasma AnP is decreased after
blood volume loss. Brain ANP counteracts the thirst-inducing and volume-restoring
roles of brain Angll in mammals. By these actions, the brain peptides play significant
roles in maintaining volume and electrolyte homeostasis. [P.S.E.B.M. 1996, Vol 213]

wo peptides, atrial natriuretic peptide (ANP)
and angiotensin II (Ang II), play vital roles in
maintaining fluid balance, which is essential to
life. Deviation from homeostatic balance induces the
release of ANP or Ang II in opposite directions. ANP
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is the principal hormone released in response to vol-
ume expansion of blood, hypervolemia, by stretching
of the atria, but also by stimulation of a-adrenergic
receptors and acetylcholine receptors and changes in
vagal tone (1-3). Ang II is the principal hormone of
hypovolemia, responding whenever blood volume
contracts (4). ANP opposes volume expansion by in-
creasing diuresis and natriuresis, and lowering blood
pressure through vasodilation of blood vessels in
mammals (1, 5) and in fish (6-9). ANP receptors are
present in the vasculature and in the renal tubules of
human, rat, and fish kidney (10-14). Ang II, on the
other hand, stimulates AT, angiotensin receptors in
the smooth muscle of blood vessels, which causes va-



Table I. Antagonistic Effects of ANP and Ang Il in

the Brain
ANP Ang ll
! MAP, | HR 1 MAP, 1 HR
| Renal SNA Renal SNA
(=) Ang ll-induced 1 BP Brain ANP
(=) Ang Il effects on drinking 1 Drinking

Brain DA turnover
PRL secretion

| Brain DA turnover
1 PRL secretion

! GH secretion

| ACTH secretion 1 ACTH secretion
| LH secretion LH secretion

| ADH secretion ADH secretion

soconstriction and eventually hypertension (15). In
mammals, Ang II in blood can cause anti-natriuresis
by directly stimulating proximal tubular reabsorption
of sodium (16) and indirectly by decreasing glomerular
filtration rate (17). In fish, angiotensins are present in
plasma, brain, kidney, and rectal gland (18, 19). Al-
though the presence of the renin-angiotensin system in
teleost from marine and fresh water environments and
its influence in maintaining blood pressure and blood
volume has been shown (20), there is no clear evidence
that plasma angiotensin helps to retain sodium in fish
in hypo-osmotic media (21, 22). The involvement of
angiotensin in compensatory drinking in teleost fish
has been well supported (23, 24). Angiotensin pro-
motes drinking in several species of euryhaline teleost
including killifish (Fundulus heteroclitus) (25), eel (An-
guilla Japonica) (26), and flounder (24). Interestingly,
angiotensin was more potent to induce drinking in sea
water-adapted fish than in fresh water—adapted fish
(23, 24).

ANP and Ang II, while initially considered to be
only blood-borne hormones, have both been demon-
strated to be synthesized independently in the brain
(27-29). The effects of ANP and Ang Il in the brain are
also opposite in their effects (Table I). To understand
more fully these opposed physiological actions of
brain ANP and angiotensin, we need to consider the
question: How did the function of these peptides
evolve?

The comparative approach offers some insight
into the evolution of physiology, and we will briefly
review some experiments on ANP and angiotensin in
the brain and periphery of fish as they move from sea
water to fresh water, and vice versa, and how the roles
of ANP and angiotensin in fluid balance may have
evolved from marine life to terrestrial life. This paper
is limited to experiments in teleost fish and rodents.

ANP in Fish

In sea water, teleost fish must drink or die of de-
hydration. Because of the high sodium content in sea
water, they are compelled to lose sodium at a rate that

prevents osmotic extraction of water from cells. To do
this, fish in sea water must drink sea water constantly
and excrete high amounts of sodium while retaining as
much water as possible. Much of the salt that is
present is absorbed across the gut wall, and water fol-
lows this solute by osmosis. The excess of salt in te-
leost fish is excreted by specialized cells called ‘‘chlo-
ride cells’’ present in the gills. In fresh water, fish are
faced with the opposite problem. They must stop
drinking or drown. They must conserve as much so-
dium as possible and get rid of water. The osmotic
imbalance between extracellular fluid and intracellular
fluid in fresh water fish has to be guarded against too
much water entering the cells. Generally in sea water
teleosts, sodium levels in the plasma are high (150-180
mEq/l), whereas in fresh-water teleosts the sodium
levels in plasma are 110-130 mEq/l. Many species of
fish can tolerate a change from sea water to a lower
salinity and maintain plasma volume and electrolytes.
Some fish, the euryhaline fish, regularly move be-
tween sea water and fresh water. These species have
selective osmoregulatory mechanisms that are not the
same in all species but all of which involve the partic-
ipation of such tissues as gills, kidney, gut, and skin
which are involved in the excretion and conservation
of water and salts under a variety of hormones such as
neurchypophysial hormones, prolactin, growth hor-
mones, corticotropin-releasing hormones, adrenocor-
ticoids, catecholamines, and the peptide hormones
ANP and angiotensin. The question we asked is, Do
plasma and brain ANP levels change when teleost fish
move from sea water to a lower-salinity sea water and
vice versa? To study this, three species of euryhaline
fish were used (toadfish, Opsanus tau; mullet, Mugil
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Figure 1. Plasma ANP response during transition from sea wa-
ter > 50% SW — SW. A group of seven adult toadfish (O. tau),
350-750 g body wt) was maintained in a large running SW
aquarium for 4 weeks, after which they were transferred to a
50% SW aquarium. Blood samples (600-800 pl) were taken by
caudal puncture of the dorsal aorta at 24 hr and 10 days of
adaptation. On Day 11, fish were transferred back to the SW
aquarium and remained there for 36 hr, after which a last blood
sample was taken. ANP values are expressed as pg/ml, average
+ SD. (From Ref. 31, with permission.)
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Figure 2. Brain ANP response in the adaptation of toadfish to
50% SW for 7 days. Nineteen adult toadfish (350650 g body wt)
were maintained in SW for 2 weeks and divided into two groups.
The SW control (n = 6) remained in SW for a week, after which
the hypothalamus was taken for control SW values. The second
group (n = 13), while in SW was subjected to blood sampling as
described earlier. The fish were then transferred to 50% SW for
7 days. On Day 7, blood samples were taken and after spinal
cord transection the brain was removed to dissect out the hy-
pothalamus. Plasma and tissues were processed for ANP RIA,
plasma ANP (pg/ml), and tissue ANP (ng/ml) expressed as aver-
age = SDM. (From Ref. 31, with permission.)
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Figure 3. Response by the hypothalamus Ang Il of killifish dur-
ing adaptation to 50% SW. A group of 87 adult male killifish (F.
heteroclitus) were adapted to SW for 2 weeks, after which a
number of fish (n = 72) were transferred into a large 50% SW
aquarium, where they were maintained for 24, 72, and 168 hr.
After each of these periods, the HTS was removed and pro-
cessed for Ang Il RIA. Each of the Ang || measurements (n = 8)
represent a pool of n = 3 HTS. The SW control group remained
in SW for 2 weeks (n = 15) after which the HTS was dissected
out, pooled in groups of n = 3, and processed for Ang Il RIA.
(From Ref. 31, with permission.)

cephalus; and Killifish, F. heteroclitus). The fish were
maintained in sea water (SW) for 2-4 weeks and then
transferred to 50% SW for 24 hr or 10 days, after which
they were transferred back to SW for 36 hr. In each
group there were 4-10 fish. Blood samples (600-1000
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ul) were taken from each group by caudal-aortic punc-
ture. The brains were removed and dissected into
blocks for the measurement of ANP concentration.
ANP was extracted, purified, and measured by radio-
immunoassay using an antibody developed to ANP 1-
28 (30).

The results of ANP levels in plasma of toadfish are
shown in Figure 1. Plasma ANP levels from fish with
4 weeks in sea water were 23 = 7 pg/ml. Twenty-four
hours after transfer to 50% SW, the ANP levels de-
creased to 15 = 7 pg/ml, and after 10 days in 50% SW
ANP levels were reduced to 6 = 3 pg/ml. When these
fish were returned to sea water and allowed to adapt
for 36 hr, their levels of ANP had risen back to 26 = 5
pg/ml. Thus, in this group of fish the results clearly
showed that a mild hypo-osmotic environmental stim-
ulus, such as moving O. tau from 100% to 50% SW,
caused a significant reduction in plasma ANP that was
fully reversible upon the fish’s return to SW.

ANP and Ang 1I in Fish Brain

Levels of ANP in brain of fish were measured to
establish baselines for experiments on transferring the
fish through different salinities. Killifish, for example,
were taken from SW (in summer), the brain removed
and dissected. The highest levels of ANP in these spe-
cies were in the hypothalamus and measurable
amounts were found in the telencephalon, mesenceph-
alon, brain stem, and spinal cord. Very low concen-
trations were measured in the pituitary. Similarly, Ang
II in the fish brain was also highest in the hypothala-
mus. To study the response of brain and plasma ANP
response during changes in salinity, toad fish were
transferred from SW to 50% SW for 7 days (killifish
would not provide sufficient blood volume for hor-
mone studies). In SW, plasma ANP levels were 46 = 2
pg/ml, and after 7 days in 50% SW they had signifi-
cantly decreased, to 19 = 3 pg/ml (P < 0.01). ANP
concentrations in the hypothalamus from the same fish
(0. tau) showed the opposite effect (Fig. 2). In SW,
hypothalamic levels were 28 + 2 ng/mg tissue. In 50%
SW for 7 days, the hypothalamic ANP levels rose to 68
+ 4 ng/mg tissue (P < 0.01). Thus, although the plasma
ANP levels decrease as the fish adapt to lower salinity,
the ANP concentrations in the brain increase. In con-
trast, Ang II levels in the hypothalamus of fish during
adaptation to 50% SW are significantly decreased. In
control fish (killifish) in SW, levels of hypothalamic
levels of Ang II were 21 = 10 ng/g tissue. After 24, 72,
and 168 hr in 50% SW, the levels were reduced greatly
to <0.120 ng/g tissue (Fig. 3). The results show oppo-
site effects of Ang II and ANP in the brains of eury-
haline fish as they adapt to different environmental
salinities. These changes, mainly in the hypothalamic
tissue, indicate that the two peptides, ANP and Ang II,
in fish brains evolved as neuroendocrine hormones,
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Figure 5. The biological effect of fish brain CNP extracts. A
group (n = 3) of adult toadfish kept in SW were subjected to
implant of plastic catheters into the dorsal aorta, mesenteric
vein, and ureters. After 24 hr of recovery in SW control values of
blood pressure and urinary volume excretion were recorded.
Homologous hypothalamic ANP extracts (5 pg/kg fish) was ad-
ministered and the blood pressure and urinary excretion was
recorded every 30 min for the following 180 hr. Values are the
average of n = 3. (From Ref. 31, with permission.)
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involved in the regulation of osmotic balance. The op-
posite effect of ANP in the brain versus the plasma,
indicates the different roles of ANP peripherally and
centrally in adapting to the variations of saline envi-
ronment, but the peptides from both sources are acting
through their respective mechanisms to achieve the
common result of maintaining body fluid volume and
plasma electrolytes in changing conditions.

The Sequence of ANP in Fish Brain

Measurements of ANP were carried out with our
radioimmunoassay, based on the use of an antibody to
o-human ANP (1-28 amino acids). To study the struc-
ture of ANP in fish, Price et al. (32) used our antibody
to identify extracts of killifish brain and sequenced the
amino acids recognized by the antibody. The finding
was that fish brain ANP has a high homology with
ANP in eel, chicken, frog, rat, pig, dog, and human.
However, the sequence is the same as mammalian
C-type ANP (CNP). CNP contains the same con-
served loop as ANP but is missing the carboxyl termi-
nal tail attached to the cystine ring (Fig. 4). In human
and rodent ANP 1-28, there is a tail of Asn-Ser-Phe-
Arg-Tyr. In human and rodent BNP there is a S—amino

¥PRL Figure 6. Interactions of brain ANP and

Ang Il in fish in sea water. The Ang Il in-
creases drinking and inhibits ANP. The
reduction in ANP increases dopamine
(DA) which inhibits prolactin (PRL) and
increases indirect cortisol. The effects are
increased loss of Na* and conservation
of water.
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acid tail with a different sequence. The finding of CNP
in fish brain could suggest that the brain CNP may
have evolved earlier than the ANP molecule, or that it
was derived from pre-pro ANP but particularly useful
for brain mechanisms involved in adaption to and sur-
vival in changing salinities. The amino acids in the
fish-brain CNP sequence are the same as those in the
human and rodent CNP. The role played by this se-
quence in the physiological actions of natriuretic pep-
tides is not clear, but evidence from rat studies sug-
gests that CNP is the major brain peptide of the ANP
family and acts on specific CNP receptors on neurons
(33-35). To test the physiological effects of the fish
CNP, toadfish were cannulated in the mesenteric vein
and after 24 hr of recovery in SW, CNP extracted from
toadfish hypothalamus (5 ng/kg) was injected iv. Blood
pressure was measured via catheters in the dorsal
aorta (Fig. 5). Within a few seconds after injection,
blood pressure fell rapidly and slowly recovered after
90 min. Urinary sodium excretion rose rapidly, peaked
at 30 min, and recovered over the next 180 min. Sim-
ilarly, urinary volume is also dramatically increased by
a single injection of hypothalamic CNP extract. Thus,
the CNP is biologically active in fish, suggesting it had
a physiological role as far back as the teleost fish. In
the toadfish, we also find that CNP causes vasodila-
tion and hypotension, and directly affects kidney tu-
bular sodium reabsorption. It is interesting to note that
the toadfish is an aglomerular fish; therefore, the ob-
served increase in sodium and urinary volume excre-
tion must be in response to the direct action of CNP on
the renal tubules. In the toad fish the administration of
homologous heart extract also caused a significant na-
triuretic response (36).

The central and peripheral role of CNP in teleost
fish in sea water appears to be significant in their sur-
vival and to have evolved to protect loss of sodium in
low-salinity environments and to allow the fish in SW
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Figure 7. Interactions of brain ANP and
Ang H in fish in fresh water. The ANP lev-
els increase and inhibit dopamine (DA)
which releases prolactin (PRL) from the
pituitary into the plasma and acts on gills
to reduce permeability to water. The de-
crease Ang Il inhibits drinking and corti-
sol release. The net effect is conservation
of Na and protection from water lowering
puy osmotic pressure.

to get rid of excess plasma sodium (37, 38). The pos-
tulated mechanisms involving CNP and Ang II in the
brain are shown in Figure 6 for fish in sea water and in
Figure 7 for fish in fresh water. In the plasma, ANP
decreases as fish adapt to low salinity; in SW the ANP
level is higher, which leads to the excretion of sodium.
In the brain, CNP is decreased in SW and higher in low
salinity. The significance of the brain CNP in adapta-
tion to low environmental salinity may be related to
the control of dopamine-prolactin levels. In the rat, it
has been shown that intracerebroventrical injection of
ANP decreases the level of dopamine in the hypothal-
amus (39). In our studies, toadfish also show a de-
crease in hypothalamic dopamine turnover during ad-
aptation from sea water to 509% SW. This finding sug-
gests that, in fish, one of the main mechanisms of CNP
is the indirect control of prolactin release from the
pituitary gland. Prolactin is one of the main anterior
pituitary hormones and allows the fish to survive when
transferred from sea water to fresh water (40, 41). On
the other hand, a high dopamine level in the hypothal-
amus would inhibit prolactin release and lower plasma
prolactin. This is characteristic of teleost fish in sea
water, where plasma prolactin is low and brain CNP is
relatively low. In sea water we also noted the fish
brain Ang II was high compared with levels in fish in
50% SW. We hypothesize that in fish brain there is an
interaction between Ang II and corticotropin-releasing
hormone (CRH), as has been shown for mammals (42),
by which brain Ang II stimulates or facilitates the re-
lease of ACTH. This enables Ang II in fish to play a
role in maintaining the high plasma cortisol levels ob-
served in SW fish. Cortisol is the main mineralocorti-
coid hormone in teleost fish and is known to be in-
volved in gill extrusion of sodium and chloride in sea
water fish (43). In addition, the high hypothalamic Ang
II levels found in SW-adapted fish would stimulate
drinking behavior by the fish, which is one of the basic
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Figure 8. Effect of hemorrhage on plasma ANP in toadfish. A
group of 10 toadfish (380-650 g body wt) was maintained in SW
for 2 weeks. On Day 15, they were divided into two groups:
control (n = 5) and hemorrhage group (n = 5). In the latter,
blood samples (500—600 p.l) were taken by puncture of the dorsal
aorta at 0, 5, 30, and 60 min after withdrawal of 30% of total
blood volume. Only one sample of blood was taken from the
control fish. Plasma ANP was extracted and measured by RIA
and expressed in pg/ml of plasma as average = SD. (From Ref.
31, with permission.)

adaptive mechanisms for the fish survival in SW. On
the other hand, when in sea water the lower CNP lev-
els in the fish brain present less opposition to Ang II
stimulation of drinking and inhibit ACTH release (44).
The same fish in fresh water (Fig. 7) show an increase
in brain CNP, which we hypothesize is related to an
inhibitory effect on dopamine. The reduced dopamine
would increase prolactin secretion. In fresh water fish,
prolactin is known to reduce osmotic water permeabil-
ity of the gills (45). In addition, the teleost fish in fresh
water has lower brain Ang II (Fig. 7), and this would
reduce the brain Ang II-CRF interactions, leading to
less ACTH release and less cortisol, and therefore less
sodium extrusion by the gills. Reduced brain Ang II
would account for the reduced water intake of fish in
fresh water. Thus, the yin-yang balance of brain CNP
and brain Ang II in fish in fresh water may have
evolved early in the evolution of vertebrates in order
to decrease total sodium excretion, and to inhibit
drinking. In our studies, fish in fresh water, show
plasma ANP levels significantly lower than in sea wa-
ter, in keeping with the need of fish to preserve sodium
in plasma (37). Another euryhaline specie, Gila
atraria, showed lower plasma ANF immunoreactivity
in fresh water adapted fish than in salt water adapted
fish (46). In sea water, plasma high concentration of
ANP may facilitate sodium extrusion by the gills (47)
and inhibit sodium reabsorption by the fish kidney.
The hypothesis above places ANP in fish as a so-
dium- or osmotic-regulating hormone, but in humans it
is a major volume-regulating hormone. The effect of
hemorrhage is to reduce drastically extracellular vol-
ume, without generally affecting osmotic levels.
Therefore, it would be predicted that if ANP in fish is
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Figure 9. Response to hemorrhage in rats. Ang Il and ANP re-
sponse to hemorrhage (33% blood volume). (top) Plasma Ang II.
(middle) Plasma ANP (note 5-min delay before response of a
decreased level). (bottom) Mean arterial blood pressure (MAP)
showing an immediate fall in pressure and gradual recovery.

a volume-regulating hormone, it would respond to
hemorrhage by increasing plasma volume. If, how-
ever, ANP is not involved as a blood-volume hormone
in fish, but serves principally as a sodium-regulating
hormone, it would not be affected by hemorrhage. To
test this, five toadfish maintained in sea water were
hemorrhaged (30% blood volume from the caudal ar-
tery). Plasma ANP was measured before this and 5,
30, and 60 min after hemorrhage. No significant
changes in plasma ANP levels were noted at any of the
post-hemorrhage times (Fig. 8). Therefore, it appeared
that in marine fish, plasma ANP does not respond to a
significant decrease in extracellular volume. We con-
clude that plasma ANP in fish evolved principally as a
sodium-regulating hormone. The role of ANP in brain,
which we now know is CNP, probably evolved as a
neuroendocrine hormone indirectly controlling prolac-
tin levels and opposing the central actions of brain Ang
II to regulate water and sodium content of the extra-
cellular fluids. The balance among Ang II, ANP, and
brain CNP effectively regulates internal hydromineral
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Figure 10. Effect of hemorrhage on plasma ANP. Groups of
seven rats were hemorrhaged 33% and the effect of bilateral
vagotomy tested. Heart rate did not significantly change and
central venous pressures were reduced after vagotomy. The in-
crease in ANP after vagotomy was significant (P < 0.01) and
after hemorrhage (P < 0.05).

homeostasis and enables fish to move between differ-
ent salinities without dehydrating or drowning.

ANP in Mammals

When vertebrates evolved from aquatic to terres-
trial animals, ANP continued to be a regulator of so-
dium but has also evolved a function in the mainte-
nance of volume. This is illustrated in Figure 9, show-
ing the plasma levels of ANP and Ang II in rats after
hemorrhage. Hemorrhage (33% blood volume) pro-
duces a rapid rise in Ang II for several hours. In con-
trast, ANP within 5 min after hemorrhage rapidly de-
clines from control levels. The fall in plasma ANP lev-
els may be interpreted as removing active opposition
to the vasoconstrictor effects of Ang II. The ANP lev-
els remain decreased for longer than 45 min. During
this time there is some recovery of the blood pressure.
Without ANP to oppose its actions, Ang II can in-
crease the blood pressure, and as blood pressure in-
creases the plasma Ang II levels start to return to base-
line. The mechanism of the Ang II response to hem-
orrhage is well known. Reduced pressure stimulates
kidney renin release, which activates the renin-
angiotensin system, producing more Ang II in the
plasma. The response of ANP to hemorrhage is less
well studied (48, 49). A decline in pressure would not
necessarily reduce stretch on the atria, which is a ma-
jor stimulus of ANP release. The decline in blood pres-
sure would increase vagal tone to the heart and in-
crease heart rate via the baroreflex. To test the effects
of the baroreflex on ANP release, vagotomy was pro-
duced in rats and the ANP levels measured in hemor-
rhage and nonhemorrhaged groups (3). The results
(Fig. 10) show that vagotomy alone produced a highly
significant increase in plasma ANP release. The in-
creased level of ANP, following vagotomy, implies

134 ANG Il AND ANP IN BRAIN

that there is a tonic influence by the vagus on ANP
release from the heart. Whether this is an afferent or
efferent action needs to be further explored. Hemor-
rhage, the data suggests, induces increased tonic (va-
gal) inhibition of ANP release by stimulating a reflex to
the loss in pressure. However, this reflex is not the
only factor, since vagotomy before hemorrhage did
not completely prevent the reduction in plasma ANP
levels.

ANP in the Brain

The presence of ANP in mammalian brain has
been shown by numerous studies. One of the earliest
was the demonstration of immunoreactive ANP-like
material in areas of the hypothalamus that have be-
come known as ‘‘cardioregulatory nuclei’’ (29). These
same sites demonstrated very high levels of binding to
I25I_ANP (50). However, this would not have ruled out
the possibility of ANP in the blood reaching these
sites, either through circumventricular organs which
have no blood-brain barrier (BBB) or in some way
crossing the BBB. By demonstrating that there were
high ANP levels in neurons and glia, we were able to
establish that ANP is synthesized in the brain in the
absence of plasma ANP (30, 51). The ANP that exists
in the brain is of three kinds. There is the human ANP
1-28 amino acid sequence which is found in the atrial
cardiomyocytes and adrenal glands, as well as in the
hypothalamus. BNP 1-32, which was misnamed be-
cause it was first found in the brain but is actually
more concentrated in cardiomyocytes of the ventricles
(52). Thirdly, CNP 1-22 which was found in mamma-
lian brain (33) and, as we showed above, in fish brain
(32). CNP is characterized by a lack of a carboxyl
post-cystine tail sequence plus variations in nine other
residues. The exact roles of each of these three pep-
tides in the brain have not been differentiated. Our
antibody cross-reacts with both CNP and ANP, and in
our measurements in brain tissue we did not separate
the two brain peptides. Others have shown CNP
mRNA to be predominant in the brain (33). Therefore,
it is likely that (as in fish brain) we are measuring
mainly CNP in the rodent brain.

The brain has specific receptors for ANP and there
are at least three subtypes, GC-A, GC-B, and ANP-C.
CNP specifically binds to the GC-B receptor which is
coupled to a membrane guanylate cyclase and triggers
c¢GMP (52). Sumners and Tang (53) showed that CNP
was the most potent ANP in stimulating cGMP in neu-
rons in culture, whereas ANP and BNP stimulated
¢GMP in glial cells. Thus, the CNP peptide appears to
be the significant ANP for neural action. When ANP
or BNP are injected they may cross-react with GC-B
receptors but the endogenous effects are probably
CNP mediated. One area to be explored is that of ANP
and Ang II interactions. Are they in the same cells,



and do they involve common pathways? Ang Il recep-
tors are G protein seven transmembrane receptors of
two main types, AT, and AT,. The AT, in neurons
inhibits cGMP (35).

In contrast to the effects of hemorrhage on plasma
ANP in rats, hemorrhage increases ANP in the hypo-
thalamus. Vagotomy has no effect on ANP concentra-
tion in the hypothalamus, alone or in the presence of
hemorrhage. Unlike ANP, the Ang Il response to hem-
orrhage is an increase in both plasma Ang II and hy-
pothalamic Ang II. Therefore, separating the brain and
plasma response of Ang Il is more subtle. We have to
consider the possibility of high plasma Ang II levels
contaminating brain Ang II concentrations. However,
the rise in brain Ang II during hemorrhage seems to be
independent of the rise in plasma Ang II (54). In the
hypothalamus, Ang II levels are significantly in-
creased to a maximum of 33% hemorrhage, whereas
plasma levels continue to rise linearly with increased
hemorrhage. In the brainstem, there is no effect of
hemorrhage on brain Ang II despite high plasma lev-
els. Therefore, the changes in brain Ang II cannot be
simply due to excess Ang II passing through the blood-
brain barrier. We interpret the increase in hypotha-
lamic Ang II as a response to the fall in blood pressure.
Increased hypothalamic Ang I1 would release vaso-
pressin, which is itself a vasoconstrictor (55). Also, it
would inhibit the baroreflex (56), preventing slowing
of heart and activating an increase of sympathetic out-
put to stimulate vasoconstriction. These factors, in ad-
dition to the high levels of plasma Ang II leading to
further vasoconstriction, tend to work together to re-
store the blood pressure and conserve the body fluids.
However, the increase in hypothalamic ANP during
hemorrhage is unexpected. Since most of the actions
of central ANP oppose the actions of central Ang 11, a
lower level of ANP in the hypothalamus would have
been predicted. In the fish study we had also noted
that brain CNP increased when peripheral ANP de-
creased. We had interpreted that effect as actually fa-
cilitating the physiological consequences of reduced
peripheral ANP during adaptation to fresh water. In
this condition, we found increased ANP in the hypo-
thalamus of fish, associated with decreased dopamine,
which allowed prolactin release from the pituitary and
plasma prolactin making gill epithelia less permeable
to water, thus preserving sodium and plasma volume.
In the hemorrhage situation, we suggest that the in-
creased brain CNP or ANP in the rodent also reflects
a facilitation of the role of plasma ANP in hemor-
rhage—that is, it produces indirect effects which per-
mit Ang II to be unopposed, and therefore more effec-
tive in restoring volume and blood pressure. Exactly
what those effects are and whether they are related to
dopamine turnover or even to prolactin release have
not yet been investigated in rats.

ANP and Angiotensin Effects on Thirst

One of the clearly demonstrated actions of Ang Il
in the mammalian brain is the induction of thirst for
water and salt (55, 57). It has been shown that the
dipsogenic effects of Ang II in the brain are opposed
by prior infusion of ANP into the brain (58, 59). One of
the problems in studying the normal physiology of
ANP has been the lack of specific antagonists. Thus,
when ANP is injected into the brain it is not certain if
this models ANP from cardiac sources or brain
sources. McCann and colleagues used antibodies to
neutralize the effects of ANP (60, 61). A new approach
that we have started using for specific Ang II synthesis
and receptor inhibition is the use of antisense inhibi-
tion. Antisense oligonucleotides (AS-ODN) are short
(15- to 18-mer) DNA base sequences designed to in-
hibit specific mRNA by blocking its transcription or
translation. Antisense oligos are specific in inhibiting
peptides and effective in vivo (62-64). We have de-
signed an antisense oligonucleotide to inhibit ANP
mRNA and ANP synthesis. Based on the sequence for
ANP mRNA (65), we constructed a 15-mer oligodeox-
ynucleotide to hybridize in the antisense direction to
sequences upstream from the AUG initiation site of
AT, receptor mRNA. To test the ANP AS-ODN, we
used Ang II induced drinking in the rat as a sequencing
test. As ANP inhibits central Ang II drinking effects, it
was predicted that an AS-ODN to ANP would elicit an
increase in Ang II-induced drinking. Rats were pre-
pared with implanted cannulae and tested for drinking
response to 50 ng Ang II injected into the lateral ven-
tricles. This produces a drinking response of 7 = 2
ml/10 min. Another group of rats were pretreated with
antisense oligonucleotides iv, injected in a single dose
(50 wg/2 pl). Twenty-four hours later, the rats were
tested with a 5-ng iv injection of Ang II. Their drinking
levels increased significantly (100%) by 14 = 1 ml/10
min, compared with control water intakes to the same
dose of Ang II. Thus, ANP antisense oligonucleotides
can be used as specific antagonists for ANP in vivo.
The results indicate that endogenous ANP in the brain
was inhibited by the antisense and its action inhibited
the counteractive effects of endogenous ANP on Ang
II-induced dipsogenic effects. The use of ANP an-
tisense may help resolve unanswered questions about
the normal physiology of ANP centrally and peripher-
ally. Many of the previous studies have involved in-
jecting ANP in doses that may or may not be physio-
logically relevant. By inhibiting the specific mRNA for
ANP, the true physiological role of central and periph-
eral ANP can be revealed.

Summary and Conclusions

1. In the evolution of the physiological role of
ANP, the peptide probably originated as a sodium-
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regulating hormone for survival in sea water and
adapting to changing saline environments.

2. In moving from an aquatic to a terrestrial envi-
ronment, ANP additionally evolved in mammals as a
hormone to counteract volume expansion while retain-
ing its sodium-regulating properties.

3. In the fish brain, the natriuretic-like peptide is
CNP, which has evolved as a neuroendocrine hor-
mone. CNP is involved in the control of prolacting
release, via dopamine regulation and in the inhibition
of thirst mechanism when fish move from sea water
into a lower salinity or fresh water environment.

4. In teleost, Ang 1l brain distribution is similar to
rodents. Fish hypothalamic Ang II concentration in-
versely correlates with the environmental salinity.
This supports the role for the hypothalamic Ang II in
fish enhanced drinking and mineralocorticoid response
while fish adapt to high salinity or sea water.

5. From fish to rodents, ANP in the brain and
plasma opposes the actions of Ang II in brain and
plasma. The results in rodents, and probably in hu-
mans, is that the balance of the two hormones is re-
quired to achieve normovolemia.

6. Both brain peptides (CNP and Ang II) are neu-
roendocrine hormones acting in concert with changes
in peripheral ANP or Ang Il with opposite actions.

7. ANP counteracts the thirst-inducing and vol-
ume expanding roles of brain Ang II in mammals. Dur-
ing volume reduction, ANP plays a permissive role by
being inactive allowing Ang II to restore volume. In
hemorrhage the effects of peripheral ANP and Ang II
are inversely correlated, but in the brain both ANP
and Ang II levels are increased specifically in the hy-
pothalamus. However, they may still serve to facilitate
the respective roles of peripheral Ang II and ANP.

8. The use of antisense oligonucleotides offers a
new approach to selectively inhibit ANP mRNA and
thereby reveal the physiological effects of ANP.
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