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Abstract

Correspondence Neurons which release atrial natriuretic peptide (ANPergic neurorn&y words
5.M. McCann have their cell bodies in the paraventricular nucleus and in a regiofinteroventral third ventricle
Pennington Biomedical Research extending rostrally and ventrally to the anteroventral third ventriculafAV3V) region

gjg;e;iia’s cond (AV3V) region with axons which project to the median eminence andg'sgd volume expansion
Baton Rouge, LA 706064124 neural lobe of the pituitary gland. These neurons act to inhibit wa?é?x tg‘;:rons
USA and salt intake by blocking the action of angiotensin Il. They also qc(’;ag;pressm
Fax: 504-763-3030 after their release into hypophyseal portal vessels, to inhibit SUeSH 11 ANP
induced ACTH release, to augment prolactin release, and to inhibit thg. ..,
Presented at the International release of LHRH and growth hormone-releasing hormone. Stimulas,j; intake
Symposium “Neuroendocrine tion of neurons in the AV3V region causes natriuresis and an increas@riuresis
Control of Body Fluid Homeostasis”, i cjrculating ANP, whereas lesions in the AV3V region and caudallyaliuresis

Ribeirao Preto, SP, Brasil,

_ in the median eminence or neural lobe decrease resting ANP release. - - ... ...............
August 17-20, 1996.

and the response to blood volume expansion. The ANP neurons play

Research supported by the a crucial role in blood volume expansion-induced release of ANP and
National Institutes of Health natriuresis since this response can be blocked by intraventricular (3V)
(Nos. DK43900 and MH51853) to injection of antisera directed against the peptide. Blood volume

5.M. McCann, the MRC of Canada expansion activates baroreceptor input via the carotid, aortic and renal
(Nos. MT10337 and MT11674) to baroreceptors, which provides stimulation of noradrenergic neurons

. ki ka, FAPESP . . . .
). Cutkowska s in the locus coeruleus and possibly also serotonergic neurons in the
(Nos. 91/0567-0, 94/3805-7 and

96/023-3) and CNPq raphe nuclei. These project to the hypothalamus to activate cholin-
(Nos. 52/593/94-8 and 52/764/96.0)  €rgic neurons which then stimulate the ANPergic neurons. The ANP
to J. Antunes-Rodrigues. neurons stimulate the oxytocinergic neurons in the paraventricular and
......................... supraoptic nuclei to release oxytocin from the neural lobe which
circulates to the atria to stimulate the release of ANP. ANP causes a
rapid reduction in effective circulating blood volume by releasing
cyclic GMP which dilates peripheral vessels and also acts within the
heart to slow its rate and atrial force of contraction. The released ANP
circulates to the kidney where it acts through cyclic GMP to produce
natriuresis and a return to normal blood volume.
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Introduction and found that not only did it evoke repro-
ducible drinking in the animals in contrast to
Clinical studies involving patients with the difficulty of repeatability following in-
diabetes insipidus and the description of casggctions into the tissue, but also evoked a
with brain lesion, which had either hypo- ormarked natriuresis. This effect was then con-
hypernatremia, suggested an important rolérmed following 3V injection of hypertonic
for the hypothalamus in the control of watersaline into rats (8), and the role of various
and salt intake and excretion (1). In the earlprain transmitters in the control of water,
fifties, Andersson and McCann (2) showedodium chloride and food intake and sodium
that microinjection of hypertonic saline intoexcretion was then studied. Intraventricular
the hypothalamus of goats could inducénjection of carbachol induced a dramatic,
drinking. rapid 15-fold increase in water intake,
Electrical stimulation in the same regionwhereas none of the other adrenergic or
which evoked drinking following injection cholinergic drugs was effective (9), which
of hypertonic saline caused reproduciblevas in agreement with earlier findings of
drinking with a very slight delay and with Grossman (10) injecting drugs into hypotha-
little aftereffect, such that the animals couldamic tissue. Both carbachol and isoprote-
drink a total 30 to 40% of their body weightrenol, a beta adrenergic agonist, evoked large
in water. Stimulation also could evoke milkincreases in salt intake. Again, other drugs
ejection via release of oxytocin (OT) andfailed to produce significant effects (9).
antidiuresis via release of antidiuretic hor- Hypertonic saline injected into the 3V
mone (vasopressin (VP)). Stimulation in oproduced a delayed increase in both water
around the paraventricular nucleus, a site aftake and food intake but did not alter salt
origin of OT and VPergic neurons, producedntake (9). Therefore, it is clear that there is a
natriuresis (3). It is interesting to note thatholinergic synapse in the pathways that
the area that induced natriuresis is also thmediate water intake (9,10), whereas both
site of cell bodies of atrial natriuretic peptidecholinergic and adrenergic synapses are in-
(ANP) neurons (4). volved in mediation of salt intake (9). Little
In dogs, lesions in the medial hypothalafurther research along these lines has been
mus surrounding the third ventricle (3V),undertaken.
some of which extended into the anteroventral The role of various transmitters in the
portion of the third ventricle (AV3V), pro- natriuretic response to the 3V injection of
duced complete adipsia but the animals tenddypertonic saline was studied, and intraven-
to recover. During the adipsic period the anitricular injection of carbachol evoked a dra-
mals would not drink water, but would drinkmatic natriuretic response which mimicked
fluid food in the form of milk or broth. During the response to intraventricular hypertonic
the adipsic period the animals were given wasaline (8). Both natriuretic and kaliuretic
ter by gavage but still developed pronouncecesponses and an increase in the sodium/
hypernatremia (5). A similar syndrome oc-{otassium ratio were induced by intraven-

curs following AV3V lesions in rats (6). tricular injection of norepinephrine or carba-
chol, whereas dopamine had no effect (11).
Transmitters in the hypothalamic The beta receptor stimulator, isoproterenol,
control of fluid and electrolyte induced an antinatriuretic and antikaliuretic
homeostasis effect. To determine the nature of the recep-

tors involved, adrenergic blockers were in-
Much later, Anderssoet al. (7) microin- jected. The alpha adrenergic blocker, phen-
jected hypertonic saline into the 3V of goat¢olamine, abolished the natriuretic response
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to intraventricular hypertonic saline and tathe experiments of de Wardener and Clarkson
norepinephrine and carbachol. In contras(17) showing that natriuresis could occur
the beta adrenergic blocker, propranolol, infollowing body fluid expansion even though
duced natriuresis and kaliuresis when infactors such as increased glomerular filtra-
jected alone and had an additive effect whetion rate or changes in aldosterone secretion
its injection was followed by that of norepi-were eliminated. Davis and Freeman (18)
nephrine or hypertonic saline. Propranolobbtained evidence for a circulating natriuret-
also potentiated the natriuretic response tic factor in volume-expanded dogs by cross-
carbachol. Cholinergic blockade with atro-circulation experiments.
pine diminished the response to norepineph- Cort et al. (19) reported the purification
rine and blocked the natriuretic response tof a hypothalamic natriuretic factor and
hypertonic saline. It was suggested that s@laimed it was an OT analog. Orias and
dium receptors in the ventricular wall (12)McCann (20-22) confirmed that both VP
modify renal sodium excretion by a stimula-and OT are natriuretic. Also alpha- and beta-
tory pathway involving cholinergic and al- melanocyte-stimulating hormone-MSH,
pha adrenergic receptors and inhibit sodiurB-MSH) have natriuretic activity in conscious
excretion by a tonically active beta-receptowater-loaded male rats. It is now known that
pathway (13). Much later, beta receptorst-MSH is produced in neurons in the brain
were described in the hypothalamus (14). and is also released from the intermediate
Covian, Antunes-Rodrigues and their aslobe of the pituitary, so it was possible that
sociates (15) mapped the various pathways the natriuretic hormone is MSH; however, it
the CNS controlling salt excretion and ob-s still not clear if MSH has a physiologic
tained similar results concerning the role ofole in the induction of natriuresis.
cholinergic and adrenergic receptors. Cholin- Since there was considerable evidence
ergic or adrenergic stimulation of the mediakuggesting that there was a natriuretic hor-
septal area, medial preoptic area, anterior latnone in the hypothalamus and it could be
eral hypothalamus, and subfornical organ a®lated to OT, Morris et a(23) evaluated
well as the anterior portion of the AV3V the effect of median eminence lesions on the
induced dose-related natriuresis accompaniettriuretic responses to hypertonic saline
by a lesser kaliuresis. Thus, considerable eand carbachol or norepinephrine injected
idence indicates that the medial preoptic aremto the 3V, since if indeed there were a
anterior lateral hypothalamus, subfornical orhypothalamic natriuretic hormone, it might
gan, AV3V, habenula, stria medullaris, sube expected to gain exit to the general circu-
praoptic nucleus, and medial septal area atation via the neurohypophysis. These ani-
organized in a neural circuit involved in themals had lesions which destroyed most of
regulation of water and sodium intake andhe median eminence and thereby induced
excretion (15). Specific hypothalamic lesionsliabetes insipidus, because of interruption
in this circuit altered salt intake (16). The roleof the supraopticohypophyseal tract and con-
played by the CNS in the control of renalsequent elimination of VP and OT secretion.
sodium excretion was demonstrated by othéfhe median eminence lesions blocked the

investigators as well (8,12). natriuresis, kaliuresis and antidiuresis which
followed the injection of hypertonic saline
Natriuretic hormones or norepinephrine into the 3V. Sham lesion

did not interfere with the responses. Hypo-

During the sixties much attention wasphysectomy did not block the responses,
paid to the possibility of the existence of avhich ruled out the participation of anterior
natriuretic hormone. The idea stemmed frompituitary hormones (23). Orias and McCann
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(24) showed that the responses still occurredll in the control of water intake and that it

in rats with hereditary diabetes insipidusnight be the long sought hypothalamic natri-
which lacked VP. Thus, although natriureturetic hormone. Indeed, it is now known that
ic, both VP and MSH were eliminated asANPergic neurons are localized in the re-
essential components of the natriuretic region extending from the paraventricular
sponses. Therefore, we suggested that thesecleus rostrally to the organum subfornicalis
lesions had interrupted the secretion of and ventrally to the organum vasculosum
natriuretic hormone involved in the induc-lamina terminalis, areas known to be impli-

tion of central natriuresis. cated in thirst (30), and their axons also
project caudally and ventrally to the median
Atrial natriuretic peptide eminence and neural lobe (4). There they

terminate in proximity to either the long or
We were amazed to become aware of thghort portal vessels, so that the peptide could
discovery of atrial natriuretic factor (pep-be transported to the anterior pituitary and
tide) (ANP) in 1983 (25). It had been knownalso into the general circulation.
that dilation of the atria could produce diure-
sis from the pioneering experiments of GaueFhe ANPergic neurons in water and
and Henry (26). At that time it was thoughtsalt intake
that distension of the atria activated impulses
which traveled up the vagus to inhibit the Injection of ANP into the 3V of water-
release of antidiuretic hormone. The dedeprived rats induced a dose-related inhibi-
creased release of this hormone was thougtion of drinking with doses of 1.0 or 2.0 nmol
to be responsible for the diuresis. Immersionf ANP injected into the ventricle. Inhibition
in baths had been known to evoke diuresisould only be obtained following intrave-
since the mid 19th century. Immersion probnous injections of the peptide at the higher
ably increased venous return to the heart arti0-nmol dose, indicating a central action of
dilated the atria. the intraventricularly injected peptide (31).
Therefore, it was a great shock to findANP also blocked All-induced drinking. This
that this was not due to a reflex activation ofnhibitory response was present at doses of
the brain but instead was due to the release iotraventricularly injected All ranging from
ANP from the right atrium of the heart.4.8 to 25.0 pmol; however, the 1.0-nmol
Space does not permit the elaboration of thdose of ANP given 5 min before All infusion
history of ANP; however, the thinking thenwas unable to block responses to much higher
changed to the idea that natriuresis followeloses of All ranging from 96.0 to 956.0
ing volume expansion was due to secretiopmol (31).
of this peptide from the atria which circu-  Since All also increases salt intake, we
lated to the kidneys and evoked natriuresispeculated that ANP would have the oppo-

(27). site effect and inhibit saline intake when
injected into the 3V of conscious salt-de-
The brain ANPergic neurons pleted rats. Animals were salt-depleted by 4

days of salt restriction followed by perito-

The demonstration of ANP in extractsneal dialysis with 5% glucose solution to
from various hypothalamic regions (28) andgroduce hyponatremia. Intake of 1.5% so-
the evidence that ANP had opposite actiondium chloride solution was suppressed dra-

to those of angiotensin Il (All) in every site matically by a minimal effective dose of 0.2
so far studied (29) led us to hypothesize thatmol of ANP. There was no additional effect
ANP might have opposite actions to those ofvith a 10-fold higher dose. The suppression
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was maintained during the 24 h after centraéxperiments with saralasin have been nega-
injection of the peptide; however, in thistive (34). These results contrast strikingly
case the inhibition was somewhat greatewith the dramatic effectiveness of All anti-
with the higher dose of ANP. In contrast, theserum in blocking dehydration-induced
relatively low intake of distilled water which drinking. We believe that the discrepancy is
was also offered to the animals was nagprobably related to the short duration of
affected by any dose of ANP (32). Conseaction of saralasin, plus the failure to distrib-
quently, it appears that this peptide can defidte it to the active sites following infusions
nitely suppress dehydration and All-inducednto the lateral ventricle which would not
drinking and is even more potent to suppreddistribute the antagonist uniformly bilater-
salt intake. ally and therefore might not completely in-
To evaluate the physiologic significanceactivate the All receptors. We conclude that
of various peptides in the control of waterAll, either reaching the brain via the circula-
intake, we injected into the 3V highly puri-tion and uptake via the circumventricular
fied antibodies against peptides thought torgans, or more likely released from neurons
be involved and injected control animalscontaining All within the hypothalamus,
with normal rabbit serum in the same volwhich have been found in close association
ume. Since the evidence was already quiteith ANP neurons, plays an essential role in
strong that All might be involved in the dehydration-induced drinking. By contrast,
drinking which follows hemorrhage and de-All appears to play no role in the normal
pletion of extracellular fluid volume, we prandial drinking that occurs concomitantly
decided to evaluate its possible role in dehywith feeding when the lights are turned off,
dration-induced drinking. Antiserum directedbecause the antiserum injected 3 h before
against All was microinjected into the 3V oflights off had no effect on prandial drinking
rats which had been deprived of water over33). A review on the interaction of ANP and
night. We had previously found that fre-All in the central nervous system was pub-
guently there is a delay following intraven-lished by Phillips (35).
tricular injection of antiserum against pep-
tides before they are effective. These delayldormonal effects of the brain
may represent the time for the antiserum tANP system
be absorbed from the ventricle and to diffuse
the site of action of the peptide. In this case, In addition to altering water and salt in-
if water was offered immediately after injec-take and excretion, ANP has important ac-
tion of the antiserum, drinking was not al-tions on the release of anterior and posterior
tered. If water was offered 1 h after injectionpituitary hormones (36). The peptide can
drinking was largely blocked. At 3 h afterinhibit the release of corticotrophin (ACTH)
injection of the antiserum, drinking was com-and prolactin, anterior pituitary hormones
pletely abolished. These results indicate thdhat are released during stress (37). To deter-
All is required to induce the drinking which mine the physiologic significance of ANP in
follows dehydration (33). the control of basal and stress-induced re-
Previous attempts had been made to blodkase of anterior pituitary hormones, the same
dehydration-induced drinking with saralasin highly specific antiserum against the peptide
an antagonist of All; however, except for(AB-ANP) which we had employed earlier
one experiment in the rat in which lateral33) was microinjected into the 3V of con-
ventricular infusion of saralasin commencscious, freely moving male rats to immuno-
ing 30 min prior to giving the animals accessieutralize hypothalamic ANP. In the initial
to water partially suppressed drinking, thesexperiment, the antiserum or control normal
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rabbit serum (NRS) was injected into the 3\sion of VP release. Endogenous ANP has a
to determine the effect of the antiserum opathophysiologic role in augmenting the pro-
basal release of pituitary hormones. The adactin release in stress either by inhibiting
tiserum had no effect on the concentrationselease of prolactin-inhibiting factors or, al-
of plasma ACTH, prolactin, or thyroid-stimu- ternatively, by enhancing release of prolac-
lating hormone (TSH) for 3 h after the injec-tin-releasing factors, such as OT. Endoge-
tion; however, plasma growth hormone connous ANP appears to inhibit resting, without
centration, although unchanged for 2 h, waaltering stress-induced inhibition of growth
markedly elevated at 3 h. These results indhormone-releasing hormone release or by
cate that, although ANP appears to have raimulating resting somatostatin release or
effect on the basal release of the other hoby both actions (36,37).
mones, it has a physiologically significant The results of our experiments appear to
inhibitory effect on growth hormone releaseindicate that the increased release of ANP
The delay of the effects is probably related tduring stress dampens a number of responses
the time required for the antiserum to diffuseéo the stressful stimulus. For example, the
to the site of action, presumably at soménhibition by ANP of stress-induced VP re-
distance from the ventricle. lease would increase renal water loss and the
Since this effect was demonstrable onlydiminished ACTH release induced by the
after 3 h, in the stress experiment the antisgeptide would lead to reduction in aldoster-
rum or NRS was microinjected into the 3Vone secretion thereby diminishing the so-
3 h prior to application of ether stress. Thelium retention which characterizes stress.
rapid elevation of plasma ACTH in NRS-The ANP released in stress probably acts
injected rats was markedly augmented bintrahypothalamically to suppress VP secre-
AB-ANP. Ether also induced a rapid in-tion and since VP augments ACTH secretion
crease in plasma prolactin in the NRS-induring stress, this diminution in VP release
jected animals, as expected. Contrary to theould lead to the decreased ACTH secre-
ACTH response, the maximal increase ition. The increased prolactin release in stress
plasma prolactin after ether was attenuateédduced by the increased endogenous ANP
in animals preinjected with AB-ANP. release probably would not augment sodium
In the NRS-injected animals, there was &xcretion since, at least under certain cir-
significant decline in plasma growth hor-cumstances, prolactin appears to have a di-
mone after the application of ether that wagect antinatriuretic effect on the kidney (38).
significantly accentuated by AB-ANP, but In contrast to these results with growth
this was probably the result of the highehormone, ACTH and prolactin, there was
initial levels of plasma growth hormone innot only no effect of the antiserum on resting
the AB-ANP group followed by its disap- TSH values but also no alteration in the
pearance with a half-time similar to that ofsuppression of TSH release induced by ether
the NRS-injected group. The decline instress. In other studies we have discovered
plasma TSH after ether stress was unaltergde physiological significance of the sup-
in the animals injected with AB-ANP. pressive action of ANP on basal luteinizing
The results of these immunoneutralizatiorhormone but not follicle-stimulating hormone
studies suggest that endogenous ANP doeslease (39).
not play a role in TSH release. On the other Insummary, these immunoneutralization
hand, the endogenous peptide appears éxperiments supportthe conceptthatin states
have a physiologically significant inhibitory of volume expansion the increased ANP re-
role in suppressing ACTH release durindeased would act centrally to inhibit release
stress, mediated at least partly by suppresf VP and ACTH. The inhibition of VP
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release would augment renal water loss arid plasma ANP at both 24 and 120 h after
the reduction of aldosterone release cons&V3V lesions had been placed. This effect
quent to decreased ACTH release wouldvas accompanied by a slight decline in the
augment water and Ndoss, respectively, content of the peptide in the lungs. There
amplifying the natriuresis induced by ANPwas no change in its content in the right
and hastening the return of the blood volumatrium at 24 h after lesions, but there was a

to normal. significant increase at 120 h. These small

changes contrasted sharply with the dramatic
Brain ANPergic neuronal system decline in the content of the peptide in the
and release of ANP medial basal hypothalamus, median emi-

nence, neurohypophysis, choroid plexus,

The next question was the role of theanterior hypophysis and olfactory bulb. These
brain ANPergic neuronal system in CNS-declines persisted or became greater at 120
induced natriuresis brought on by intravenh, except in the olfactory bulb in which the
tricular injection of hypertonic saline or acti-decline was no longer significant (40).
vation of brain cholinergic and adrenergic Therefore, lesions which destroyed the
circuits by carbachol or norepinephrine. Weperikarya of ANPergic neurons caused a
had earlier thought that these effects werdecline in ANP content in presumed projec-
brought about by the release of a hypothaion areas of these neurons to the olfactory
lamic natriuretic hormone. Alternatively, theybulb, where they are probably involved in
could be brought about by neural activatiorcontrol of salt and water intake. ANP con-
of the release of ANP from the neurohypoient of the choroid plexus also declined prob-
physis or the atria. ably because of loss of input from the AV3V

Therefore, we evaluated the possible rolaeeurons. There is evidence that the ANP
of brain ANP in evoking the changes in renaheuronal projection to the choroid plexus
sodium excretion that followed stimulationsmay be involved in cerebrospinal fluid for-
or lesions of the AV3V, a region further mation. Destruction of the AV3V also caused
implicated in control of sodium excretion byloss of ANP from caudal axonal projections
earlier experiments (6). Injection of carbato the neurohypophysis, whereas only a de-
chol into the AV3V produced the expectedayed increase in left atrial ANP content
natriuresis on the basis of our earlier experieccurred, probably related to decreased re-
ments, which was accompanied by a drdease of the peptide in the presence of con-
matic rise in the plasma ANP concentratioriinued synthesis which led to increased tis-
and arise in ANP content in the medial basalue content of the peptide (41).
hypothalamus, the neurohypophysis and par- The dramatic decline in plasma ANP af-
ticularly the anterior hypophysis but withoutter AV3V lesions was accompanied by a
alterations in the content of ANP in the lungs/ery dramatic decline in the content of ANP
or the right or left atrium. The dramaticinregions containing the caudal axonal ANP
increase in plasma ANP after carbachol stimaeuronal connections to the median emi-
ulation of the AV3V was accompanied bynence and neural lobe of the pituitary gland,
marked elevations in the content of the peghat was probably caused by release of these
tide in basal hypothalamus and neuro- anstores of the peptide which could not be
adenohypophysis suggesting that the natrieplenished by axoplasmic flow of the pep-
uresis resulting from this stimulation istide from the destroyed perikarya.
brought about, at least in part, by the release In view of the much larger quantities of the
of ANP from the brain (40). peptide stored in the atria, it is probable that

Conversely, there was a dramatic declinehanges in atrial release contribute to the alter-
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ations in plasma ANP observed after stimulasham-operated rats, volume expansion with
tion or ablation of the AV3V region; however, hypertonic or isotonic solutions caused
these results suggest that the dramatic changeguivalent rapid increases in plasma ANP
in plasma ANP that followed the manipula-that peaked at 5 min and returned nearly to
tions may be due to altered release of theontrol values by 15 min. Lesions caused a
peptide from brain structures as well as thdecrease in the initial levels of plasma ANP
atria and lungs (40,41). These stimulation anoh comparison with values from the sham-
lesion experiments support a crucial role of theperated rats, and each type of lesion in-

CNS in controlling ANP release. duced a highly significant suppression of the
response to volume expansion on testing 1-5

Role of hypothalamic ANPergic days after lesions were made.

neurons in volume expansion-induced Because a common denominator of the

release of ANP lesions was the elimination of the brain ANP

neuronal system, these results suggest that

Expansion of the blood volume causes #e brain ANP plays an important role in the
release of ANP that is believed to be impormediation of the release of ANP that occurs
tant in induction of the subsequent natriureafter volume expansion. Since the content of
sis and diuresis which, in turn, act to reducANP in this system is 1000-fold less than
the increase in blood volume. Since stimulathat in the atria, it is likely that release of
tion of the AV3V induced a rapid elevationbrain ANP associated with this stimulus can-
of plasma ANP, whereas lesions of the AV3\hot account for the 4-fold increase in plasma
were followed by a marked decline in plasm&NP within 5 min of volume expansion.
concentration of the peptide, we hypothTherefore, a large increase in release from
esized that release of ANP from the braithe atrium must occur. This could be medi-
ANP neuronal system might be important tated by efferent neural input to the atrium
the control of plasma ANP. As already debut cannot account for the ability of neural
scribed, the perikarya of the ANP-containdfobectomy to block volume expansion-in-
ing neurons are densely distributed in theluced ANP release since the lesions would
AV3V and their axons project to the mediamot directly injure the CNS. Therefore, we
eminence and neural lobe (4). hypothesized that volume expansion-induced

To test the hypothesis that these neurorrelease of other neurohypophyseal hormones,
are involved in volume expansion-inducedsuch as VP, OT or endothelin, may induce
ANP release, we destroyed the AV3V, theelease of ANP from atrial myocytes (40).
site of the perikarya, in male rats by electro- In other experiments, we determined the
Iytic lesions. Other lesions were made in thessentiality of the brain ANP neuronal sys-
median eminence and posterior pituitaryfem to the blood volume expansion (BVE)-
sites of termination of the axons of thesénduced ANP release induced by hypertonic
neurons, and also hypophysectomy was pesaline by injecting antiserum directed against
formed in other animals (41). ANP into the AV3V prior to inducing vol-

In conscious freely moving animals, vol-ume expansion. The antiserum had no effect
ume expansion and stimulation of postuen resting levels of ANP; however, it par-
lated sodium receptors (12) in the hypothalatially blocked the increase in ANP and the
mus were induced by injection of hypertonionatriuresis which followed BVE (42). Other
NaCl solution (0.5 or 0.3 M NaCl; 2 ml/100 experiments in sheep had given similar re-
g body weight). Volume expansion alonesults (43). Therefore, it appears that the es-
was induced with the same volume of arsentiality of the nervous system in these
isotonic solution (NaCl or glucose). In theresponses of ANP to volume expansion is
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conferred by the ANP neuronal system. volume expansion induced lwinjection of
Previously, we have shown that cholin-hypertonic saline solution (0.3 M NaCl, 2 ml/
ergic and adrenergic synapses within th&00 g body weight, over 1 min) into con-
hypothalamus mediated the natriuresis inscious, freely moving male rats (45). In sham-
duced by 3V injection of hypertonic salineoperated rats, BVE induced a rapid increase
(12). Therefore, we evaluated their role irin plasma ANP as before. The concentration
the ANP release evoked by volume exparpeaked at 5 min and remained elevated at 15
sion. The receptor-blocking agents were inmin after saline injection. One week after
jected into the 3V 30 min prior to BVE asdeafferentation of the carotid-aortic barore-
previously described. These blockers had neptors, basal plasma ANP concentrations
effect on resting levels of the hormone justvere highly significantly decreased in com-
prior to BVE; however, a highly significant parison with values of sham-operated rats;
blockade of the response was induced by tidasma ANP levels 5 min after BVE in the
prior injection of the muscarinic cholinergic deafferented rats were greatly reduced. Uni-
receptor blockers, atropine sulfate (5 pmdiateral right vagotomy reduced resting levels
in 2 ml 0.9% NacCl) or methyl atropine at aof plasma ANP but not the response to BVE;
similar dose. Microinjection of the alpharesting concentrations of plasma ANP and
receptor blocker, phentolamine (5 umol in Zesponses to expansion were normal in bilat-
ml saline) also markedly suppressed the ANPrally vagotomized rats. In rats that had un-
response (44). dergone renal deafferentation, resting levels
To determine whether this was a centrabf ANP were normal but the response to
or possibly a systemic effect of the blockersBVE was significantly suppressed.
methyl atropine (0.01 nmol/100 g body The evidence indicates that afferent im-
weight), which does not cross the bloodpulses via the right vagus nerve may be
brain barrier, was injectdgd 30 min before important under basal conditions, but they
volume expansion. It also had no effect omre not required for the ANP release induced
basal levels of plasma ANP, but in strikingby BVE. In contrast, baroreceptor impulses
contrast to the blockade of the response toom the carotid-aortic sinus regions and the
volume expansion induced by intraventricukidney are important pathways involved in
lar injection of methyl atropine, the responseeuroendocrine control of ANP release. Oth-
to volume expansion was markedly enhanceets have also found that the carotid-aortic
by ip injection of methyl atropine. The re- baroreceptors are important in mediating the
sults therefore indicate that hypothalamiecesponse (46). The evidence from these ex-
muscarinic and alpha adrenergic synapseeeriments and our previous stimulation and
are essential to release of ANP in response besion studies indicates that the ANP release
volume expansion (44). in response to volume expansion is mediated
Thus, the results to this point indicatedoy afferent baroreceptor input to the AV3V
the crucial participation of the CNS and theegion, which mediates the increased ANP
brain ANP neurons in the response of ANRelease via activation of the hypothalamic
and natriuresis to volume expansion. WANP neuronal system (40,41).
considered the possibility that the barore-
ceptors, when stretched by volume exparRole of the locus coeruleus and
sion, would activate the brain ANP neuronsaphe nuclei in transmission of
which would then produce the release oafferent input to the AV3V region
ANP and the ensuing natriuresis. Therefore,
we determined the role of the baroreceptors Since baroreceptor afferents terminate in
in affecting the increase in plasma ANP fronthe nucleus tractus solitarius (NTS), we hy-
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pothesized that baroreceptor impulses to thatake and urine volume to control levels one
NTS might be relayed to the locus coeruleuseek after the lesions had been placed. Dur-
which would then transmit the informationing the diuresis, the osmolality of the urine
by axons of the noradrenergic neurons lowas dramatically reduced as was the sodium
cated there to the AV3V region. Indeedgexcretion. When the animals were water-
lesions of the locus coeruleus lowered restoaded and sodium excretion was measured
ing ANP levels and blocked the response ain day 2 after lesions, the excretion was of
ANP to volume expansion (47). We specusodium was drastically lowered. However,
late that the axons of these noradrenergitis had recovered by 4 and 14 days after the
neurons projecting to the AV3V region acti-lesions.
vate cholinergic interneurons there, whichin ~ We believe that these changes were due
turn stimulate the hypothalamic ANPergicto a drastic suppression of ANP release since
neurons. These neurons would activate ethe basal levels of ANP were reduced in a
ferent neurohumoral or neural pathwayshighly significant manner and concluded that
which induce the release of ANP from thehe serotonergic system has a tonic stimula-
brain and in much greater quantities from théory drive on the release of ANP. When this
atria (44). ANP drive is removed by the lesions, there
An afferent pathway to the AV3V region may be a removal of tonic inhibition by ANP
via serotonergic (5-HTergic) neurons withof All-secreting neurons within the AV3V
cell bodies in the raphe nuclei has beeregion resulting in increased All release
demonstrated (48). Therefore, we hypothwhich then brings about an increase in water
esized that 5-HT may play a role in theintake. At the same time, the reduction in
control of ANP neurons in the region of theANP output causes a reduction in renal so-
AV3V. Indeed, earlier studies have showrdium excretion. Consequently, water intake
that injection of 5-HT agonists into the thirdis increased leading to reduction in VP re-
or lateral ventricle could increase plasmdease and a hypotonic urine with drastically
ANP, and that the responses were preventedduced sodium concentration. The animals
by 5-HT, receptor blockers (49). To deter-recovered, probably because the DRN is not
mine the effect of loss of 5-HT input into thethe only source of serotonergic input, which
AV3V region, bilateral lesions were placedis also delivered through the median raphe
in the dorsal raphe nuclei (DRN), a majomnuclei. Depletion of 5-HT from these seroto-
source of 5-HT neurons that project to thenergic cells also produced a similar picture
AV3V region, and in other animals, deple-(50).
tion of 5-HT from 5-HTergic neurons was When the rats with PCPA lesions were
accomplished by systemic administration ofvater-loaded 5 days after lesions, they
parachlorophenylalanine (PCPA), an aminehowed a similar reduction in natriuresis as
acid that competes with tryptophan, the sulthat of the rats with DRN lesions. The results
strate of tryptophan hydroxylase, the ratediffered from those in rats with DRN lesions
limiting enzyme in the synthesis of indole-only in that there was also a significant re-
amines (50). duction in kaliuresis in the PCPA-injected
Rather surprisingly at first glance, therats. These effects were probably also due to
DRN lesions produced a diabetes insipidugeduced serotonergic input to the AV3V re-
like state in which there was a highly signifi-gion and thereby reduced stimulation of the
cant increase in water intake and urine volANP neurons with resultant reduction in
ume beginning on the 1st day following leplasma ANP. As in the case of the DRN
sions, reaching a peak of water intake at [®sions, not only were the initial levels of
days, followed by gradual decline in watemplasma ANP significantly lowered, but also



Brain ANP

the response of plasma ANP to BVE was
significantly reduced, although the reduc-

tion was not complete as was the case for the Aypp,

DRN lesion group of animals.

0
Therefore, we concluded that there was a ™

tonic stimulatory input from the 5-HT neu-
rons to the hypothalamic ANP neurons, which
when removed, resulted in disinhibition of
All release causing increased water intake
and decreased ANP release into the circula-
tion resulting in sodium retention. The raphe

i X ) fANP toT
nuclei may be stimulated by afferent input IC e
from the baroreceptors via the NTS and this CS

then may be in part responsible for the stim-

AHn

+
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A —
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H,O intake
//Achn

437

Figure 1 - Schematic diagram of
the ANP neuronal control of ANP
release. For explanation see the
text. Alln, Angiotensin Il neu-
ron; Achn, acetylcholinergic neu-
ron; NEn, norepinephrinergic
neuron; ANPn, ANPergic neu-
ron; OTn, oxytocinergic neuron;
5-HTn, 5-HTergic neuron; OC,
optic chiasm; A, artery; PV, por-
tal vessel; AL, anterior lobe of
the pituitary gland; NL, neural
lobe of the pituitary gland; v,
vein; Rn, raphe nuclei; LC, locus
coeruleus; NTS, nucleus tractus
solitarius; IC, internal carotid ar-
tery; CS, carotid sinus; AS, aor-
tic sinus; Ao, aorta; RA, right
atrium; V, ventricles; Bra, barore-

ulation of ANP release which occurs follow- , Ao

. . . . Saline \\ —_IBr
ing volume expansion. Alternatively, atonic infusion /
stimulatory drive via these neurons may be RA

all that is required to have the volume expan-
sion-induced release of ANP, and the major v
stimulation may be via the locus coeruleus
with increased noradrenergic drive to the Some of the ANP neurons terminate in
AV3V region. Further work will be neces- the median eminence and neural lobe of the
sary to distinguish between these two posshypophysis. It is probable that their activa-
bilities. tion leads to release of the peptide into the
We have illustrated (Figure 1) the putawvasculature draining the median eminence
tive pathway of activation of ANP releaseor the neural lobe. Since the quantity of ANP
and natriuresis via volume expansion. Thigs more than 1000-fold less in these struc-
pathway involves distention of baroreceptures than in the atria (40), we believe that
tors in the right atrium, carotid and aorticANP released from the brain plays a minor
sinuses and in the kidney which alters theirole in the response. Rather, we would sug-
afferentinput to the brain stemin the nucleugest that these ANPergic neurons activate
tractus solitarius. Impulses from there actidescending pathways which then activate
vate the locus coeruleus since lesions of thefferent pathways to the heart with the con-
locus coeruleus, a major source of noradresequent release of ANP from cardiac myo-
ergic axons to the hypothalamus, lower reseytes. Combined release from both sources
ing ANP. The axons of these noradrenergithen accounts for the increase in plasma
neurons projecting to the AV3V region acti-ANP concentrations which mediate the en-
vate cholinergic interneurons there, which irsuing natriuresis. We do not believe that the
turn stimulate the hypothalamic ANPergicefferent pathway to the heart is principally
neurons. These neurons would activate eheural. It cannot be cholinergic since bilat-
ferent neurohumoral or neural pathwayral section of the vagi does not block the
which induce the release of ANP from theresponse to volume expansion. It is unlikely
brain and the atria. that it is a sympathetic efferent pathway
since volume expansion by elevating blood
pressure should, if anything, diminish sym-
pathetic outflow. There is a possibility that
there could be an unknown efferent pathway

Efferent pathways by which volume
expansion stimulates ANP release

ceptor afferents;
baroreceptor afferents; K, kid-
ney; OT, oxytocin.
50, with permission).

rBr, renal

(From Ref.
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Figure 2 - Schematic dia-
gram of the mechanism of
natriuresis following blood
volume expansion (BVE) by
injection of isotonic saline
into the right atrium. See Fig-
ure 1 legend for abbrevia-
tions. S, Pituitary stalk; SVC,
superior vena cava; AM,
atrial myocytes. (From Ref.
52, with permission).
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reaching the atria, perhaps peptidergic iments, we considered the possibility that OT
nature, or even nitricoxidergic. was indeed the natriuretic peptide (22).
Instead, we believe that release of brain Therefore, we reevaluated the role of OT
peptides induced by ANP neurons is probin natriuresis and ANP release induced by
ably the major pathway. These peptides cirvolume expansion (52). OT (1-10 nmol) in-
culate to the atria and there act directly ofectedip into water-loaded conscious rats
atrial myocytes to stimulate the release ofaused significant dose-dependent increases
ANP. Because there was a large amount @f urinary osmolality, natriuresis and kaliu-
endothelin discovered in the neural lobe, weesis, results exactly similar to those ob-
evaluated the possibility that this could beained by volume expansion in the conscious
the activator of the release of ANP by thevater-loaded rat under the same conditions
atrial myocytes. However, our data indicateised in all our prior experiments. Plasma
that this is unlikely (51).a-MSH is also ANP concentrations increased nearly 4-fold
natriuretic and we evaluated its effect or20 min after this dose of OT, but there was
ANP release, but so far the results have nob change in plasma ANP values in control
been impressive. The major peptides of thanimals. OT (1 or 10 nmol) injectad in-
neurohypophysis are vasopressin (VP) anduced a dose-related increase in plasma ANP
oxytocin (OT). Both are natriuretic in the rat,peaking at 5 min. Therefore, we have dem-
but OT is by far the most potent of thesenstrated that OT can indeed induce natri-
natriuretic peptides and in our earlier experiuresis and kaliuresis and furthermore that it
induces a concomitant release of ANP at the
concentrations and with the same time course

Aen . as that previously found with BVE. Further-

ANPn 7 more, OT (1 or 0.1 uM) evoked a release of
i ANP from incubated rat atria which was
blocked by an OT antagonist (Ferring,

oc Malmo, Sweden). The antagonist (1 uM and

1 nM) reduced basal ANP release. The data
suggest that OT may be a physiologically
NER significant releaser of ANP (53).
To determine if indeed BVE induces OT
as well as ANP release, intra-atrial injections
of isotonic saline were given (2 ml/100 g

PV

LC

AL
\%
NL NTS
v \/

tO0T

MIC

v +ANP
saline

~1Bra

Ao
— 1 PrBr

SVC
a

Br
AM K
RA tANP
ANP
\%

tNa+t K+

body weight), which induced a rapid (5 min
post-injection) increase in plasma OT and
ANP concentrations and a concomitant de-
crease in plasma arginine VP concentration
(52). When hypertonic volume expansion
was produced by injection of 0.3 M NaCl,
which should also stimulate putative osmo-
or sodium receptors and might be expected
to cause a secretion of VP, there was a
greater increase in plasma ANP and also OT,
but not significantly different from the in-
creases in the isotonic volume-expanded
animals. However, in contrast to isotonic
volume expansion, there was a transient (5
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min) increase in plasma arginine VP.
We have already shown that sucklingalso follows volume expansion, and for the
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ANP can account for the kaliuresis which

which causes the release of OT, increasekecrease in potassium excretion which also
plasma ANP in rats, and that an OT antagaccurs along with the decrease in sodium
nist injected 15 min prior to suckling com-excretion when there is a reduction in ANP
pletely blocked the increase in ANP causedkelease. This view may need maodification
by suckling (Haanwinckel MA and Antunes-with the recent discovery of a kaliuretic pep-
Rodrigues J, unpublished results). Experitide which produces kaliuresis with little or

ments are currently underway to determin@o natriuresis and is the 20-amino acid pep-
if OT antagonists can similarly block thetide aminoterminal extension of ANP (55).

ANP release caused by volume expansion.
Consequently, we have proposed the hyman that water-immersion to the neck, as

Furthermore, it has now been shown in

pothesis that baroreceptor activation of thevould be expected from results obtained
CNS by BVE stimulates the release of OTeven in the middle ages, produces diuresis,
from the neurohypophysis (Figure 2). Thisatriuresis and kaliuresis. Vesely et(&b)

OT circulates to the right atrium to inducehave shown that in this situation, there is an
release of ANP. ANP circulates to the kid-elevation of plasma concentrations of both
ney and induces natriuresis and diuresikaliuretic peptide and ANP. However, the
which restore body fluid volume to normaltime course of the ensuing kaliuresis is more
levels. Itis not clear whether or not OT has aasily explained on the basis of increased
separate, independent natriuretic actiononcentrations of kaliuretic peptide than
which is additive or synergistic with the ANP. Therefore, it is possible that stimuli
action of ANP. Studies with antisera di-which either increase or decrease plasma
rected against the peptides and recept&NP also produce a concomitant stimula-
tion or inhibition of the release of kaliuretic

blockers will be necessary to reveal this.
It has been noteworthy throughout allpeptide. Further experiments are needed to

these studies that smaller changes in potagetermine whether both peptides are involved
sium excretion parallel those in sodium exin the changes or only ANP.

cretion, although they are not so pronounce
We found this also to be the case with injec-
tion of OT. Similarly, ANP produces a greater
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