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Our previous studies demonstrated that local microperfusion of exogenous atrial natriuretic peptide 
(ANP) inhibits norepinephrine release in the anterior hypothalamic nucleus (AHN) and increases mean 
arterial pressure (MAP) in spontaneously hypertensive rats (SHR) and that a high NaCl diet blunts 
these effects.  The present study tested the hypothesis that in SHR, a local increase in endogenous ANP 
similarly decreases norepinephrine release in AHN and increases MAP.  Since neuronal ANP is 
normally degraded by neutral endopeptidase, the AHN was microperfused with the neutral 
endopeptidase inhibitor SCH 32615 to increase the local concentration of endogenous ANP.  Ten-
week-old male SHR that had been on a basal or high NaCl diet for two weeks and age-matched 
normotensive Wistar Kyoto rats (WKY) were implanted with a femoral arterial catheter and a guide 
cannula.  Five days later in awake freely moving rats, the AHN was microperfused with artificial 
cerebrospinal fluid, to which SCH 32615 (10-5 M) was added after a control period.  In SHR on the 
basal NaCl diet, microperfusion of SCH 32615 caused a local decrease in the major metabolite of the 
norepinephrine (3-methoxy-4hydroxy-phenylglycal; MOPEG) and an increase in MAP.  In contrast, 
microperfusion of SCH 32615 did not decrease AHN extracellular MOPEG in SHR on a high NaCl 
diet or in WKY on a basal NaCl diet, although it did cause a delayed rise in arterial pressure in the 
former.  These data support the hypothesis that endogenous ANP regulates the release of 
norepinephrine in the AHN in SHR but not in normotensive rats and that this effect is abolished by a 
high NaCl diet.   
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 In spontaneously hypertensive rats (SHR), diets high in NaCl exacerbate hypertension, at least 
in part, by decreasing norepinephrine release in the anterior hypothalamic nucleus (AHN), a 

sympathoinhibitory area of the brain that plays a 
role in blood pressure regulation (Chen et al., 
1988, 1991; Wyss et al., 1987, 1990).  However, 
the mechanism that inhibits norepinephrine 
release from nerve terminals in AHN has not 
been fully elucidated.  Recent studies in our 
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laboratory suggest that atrial natriuretic peptide (ANP) in the AHN may contribute importantly to the 
tonic control of norepinephrine release in the AHN of SHR (Jin et al., 1991; Peng et al., 1996; Yang et 
al., 1990).   
 ANP released by the atria into the circulation is a potent vasodilator that induces diuresis and 
natriuresis through direct action on the kidney, and thus can regulate total body fluid volume and blood 
pressure (Blaine, 1990; Brenner et al., 1990; De Bold et al., 1981; Konrad et al., 1991; Lin et al., 1995).   
ANP has also been identified as an important neuromodulator in the brain that plays a role in regulation 
of the sympathetic nervous system.   
 In the peripheral nervous system, ANP can inhibit the release of norepinephrine from nerve 
terminals and thereby alter neuronal regulation of the cardiovascular system (Holtz et al., 1987).  Other 
studies indicate that endogenous ANP in the brain can regulate norepinephrine release in the brain, can 
influence cardiovascular regulation and may contribute to NaCl-sensitive hypertension in SHR.  The 
ANP content of the AHN is selectively elevated in SHR compared to normotensive Wistar Kyoto rats 
(WKY); this is not seen in other brain regions such as posterior hypothalamic area or medulla (Jin et 
al., 1991).  Further, in SHR local microperfusion of the AHN with exogenous ANP significantly 
decreases local, extracellular norepinephrine concentration and increases arterial pressure (Peng et al., 
1996).  A subsequent experiment suggested that endogenous ANP in the AHN of SHR has similar 
effects.  Microperfusion of the AHN of SHR with the truncated ANP analog ANP4-23 (c-ANP), which 
has been shown to block the ANP clearance receptor (C-receptor), and thereby increase endogenous 
ANP (Peng et al., 1996), resulted in a rapid fall in AHN norepinephrine concentration and an increase 
in mean arterial pressure.  These responses were blunted in WKY and in SHR after maintenance on a 
high NaCl diet for two weeks.  It should be noted that a rise in arterial pressure effected by 
administration of a peripheral vasoconstrictor results in a rise in AHN norepinephrine concentration, 
whereas infusion of ANP or c-ANP into AHN is associated with directionally opposite changes in 
AHN norepinephrine (decrease) and mean arterial pressure (increase) (Peng et al., 1995, 1996).  
Together, these data led to the hypothesis that ANP in the AHN acts as a neuromodulator that inhibits 
the local release of norepinephrine. 
 ANP is inactivated both by binding to the ANP C-receptor, followed by internalization and 
catabolism, and by degradation by the neutral endopeptidase (NEP; a zinc-metallopeptidase) metabolic 
pathway (Richards et al., 1991).  Systemic NEP inhibition results in diuresis, natriuresis (Helin, 1993) 
and a rise in plasma ANP levels in the DOCA-NaCl hypertensive rat, in mice and in humans (Gros et 
al., 1990; Jayaram et al., 1995; Sybertz, 1991).  In SHR, oral administration SCH 34826, a pro-drug of 
the active endopeptidase inhibitor SCH 32615, significantly potentiates the hypotensive, diuretic and 
natriuresis actions of circulating ANP and increases plasma ANP levels (Abassi et al., 1992).   NEP 
inhibitors can also elevate cerebrospinal fluid ANP concentrations by blocking the enzymatic 
degradation of ANP (Jayaram et al., 1995). 
 The present study tests the hypothesis that endogenous ANP in AHN, which is present in 
increased concentrations, acts as a tonically active inhibitory neuromodulator, reducing the local 
release of norepinephrine, thereby blunting AHN mediated sympathoinhibition and increasing arterial 
pressure.  The NEP SCH 32615 (Schering, Kenilworth, NJ) was used to increase local, extracellular, 
endogenous ANP concentration in the AHN.  This intervention decreased local norepinephrine release 
and increased arterial pressure.  The results further support a role for AHN ANP in the regulation of 
norepinephrine release in the AHN and suggest that AHN ANP may contribute to tonic control of 
arterial pressure. 
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Materials and Methods 
 All experiments were performed in conscious, freely moving, male SHR and normotensive 
WKY (Harlan Sprague-Dawley, Inc., Indianapolis, IN).  Two weeks before each experiment, one group 
of 7-week-old, male SHR (n=10) was placed on a high (8%) NaCl diet (ICN Biochemicals, Inc., Costa 
Mesa, CA), while a second group of SHR and a group of WKY remained on a basal (0.6%) NaCl diet 
(n=10/group; diet #5001, Teklad, Indianapolis, IN).  All animals were maintained on a 12/12 h 
light/dark cycle (light from 06:00-18:00 ) at a constant temperature (24 ± 1°C ) and  humidity (60 ± 
5%), and they were housed 3 rats per cage before surgery.  Body weights were measured weekly prior 
to experiments.  All protocols for the use of animals were approved by the University of Alabama at 
Birmingham’s Institutional Animal Care and Use Committee in accordance with the NIH guide on The 
Humane Treatment of Experimental Animals and were consistent with the ethical standards for the 
treatment of animal subjects of the American Psychological Association.  
 Two weeks after initiation of the diets, rats were anesthetized with sodium pentobarbital (50 
mg/kg, i.p.), and a stainless steel guide cannula (24 gauge) fitted with a removable, 31 gauge obturator 
(that extended 0.5 mm past the tip of the outer cannula) was stereotaxically implanted above the AHN 
(the tip of guide cannula was positioned so that it would be 0.6 mm dorsal to the AHN [the stereotaxic 
coordinates measured from bregma were anterior -1.6 mm, lateral +0.7 mm, ventral -8.1 mm] (Paxinos 
and Watson, 1986).  The cannula was secured in place with acrylic cement that was anchored to the 
skull by three stainless steel screws.  After recovery from anesthesia, all animals were placed into 
individual cages and maintained on their diet until the time of study.  Five days after implantation of 
the guide cannula, animals were anesthetized with sodium methohexital (60 mg/kg, i.p.).  Catheters 
(PE-10 fused to PE-50 tubing, Becton Dickinson, Parsippany, NJ) were implanted into the abdominal 
aorta through the right femoral artery for measurement of arterial pressure and into the right femoral 
vein for intravenous infusion of saline.  The free ends of the catheters were externalized between the 
scapulae and secured in place with dental acrylic.   
 The push-pull microperfusion was performed after the animals had recovered from anesthesia 
(at least 16 hours after implantation of the catheters).  On the day of the experiment, each animal was 
placed in a small cage which allowed free movement, and the arterial line was attached to a pressure 
transducer for recording blood pressure.  After adaptation to these conditions (as evidenced by a stable 
blood pressure signal and resting posture; approximately 30 min), the push-pull assembly was inserted 
into the guide cannula, so that its tip extended 1 mm beyond the guide cannula.  Polyethylene tubing 
(PE-20) was connected to the inflow and outflow of the push-pull assembly and to two identically 
calibrated Rabbit pumps (Rainin Instruments, Woburn, MA).  Microperfusion with artificial cerebral 
spinal fluid (ACSF; NaCl 119 mmol/L, KCl 3.3 mmol/L, CaCl2 1.3 mmol/L, MgCl2 1.2 mmol/L, 
Na2HPO4 0.5 mmol/L, NaHCO3 21.0 mmol/L, and glucose 3.4 mmol/L; adjusted to pH 7.4 with 1 N 
HCl) was then begun.  ACSF was pushed through the inner cannula and drawn up between the inner 
cannula and guide cannula at a rate of 10 µl/min.  After a 30 min equilibration period, during which 
perfusate was discarded, perfusate was collected in 10 min fractions in plastic tubes containing 25 µl of 
a 0.5 N perchloric acid-EDTA solution (0°C) and subsequently stored at -20°C.   
 After a 90-min baseline collection period, the neutral endopeptidase inhibitor SCH 32615 (10-5 
M) was microperfused at a flow rate 10 µl/min for 20 minutes through the push-pull cannula.  Perfusate 
samples were collected and mean arterial pressure (MAP) and heart rate were monitored continuously 
during the baseline, microperfusion and subsequent 90-min recovery periods.  At the conclusion of the 
experiment, 0.3% pontamine sky blue dye in ACSF was perfused through the push-pull cannula for 
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3 min, and the animal was sacrificed with an overdose of ether.  The brain was removed and sectioned 
for histological verification of cannula placement by an investigator who was blind to the group 
designation of the sections examined.  
 
Quantification and Statistics 
 Monoamines and metabolites in the perfusate were measured using high performance liquid 
chromatography with electrochemical detection (HPLC-EC) as described previously (Wyss et al., 1987, 
1990).  Quantitation of compounds of interest in each HPLC-EC sample was achieved by comparing 
peak heights to those obtained after injection of known quantities of the compound (standard).  The 
elution profile of a standard preparation (250 pg in 25 µl) of monoamines and their metabolites clearly 
resolved the peak for 3-methoxy-4-hydroxy-phenylglycol (MOPEG), the major extracellular metabolite 
of norepinephrine in the brain.  In addition to MOPEG, dopamine, serotonin and their metabolites (3,4-
dihydroxyphenylacetic acid and 5-hydroxy indoleacetic acid) also were consistently detected by this 
technique, but norepinephrine was typically undetectable. 
 The results are expressed as means ± SEM.  The data were analyzed by analysis of variance 
with appropriate post hoc tests (Newman-Keuls) to determine the source of main effects and 
interactions (Winer, 1971). 
 
Results 
 In SHR, maintenance on the high (compared to the basal) NaCl diet for 2 weeks significantly 
elevated MAP (Fig. 1 compared to Fig. 2).  Arterial pressure in WKY on the basal NaCl diet was 
normotensive and significantly lower than that of either SHR group (Fig. 3).  Resting heart rate was 
similar in all three groups (SHR basal NaCl diet = 465 ± 8 bpm; SHR high NaCl diet = 451 ± 12 bpm; 
WKY = 470 ± 13 bpm).  The high NaCl diet did not affect body weight in the SHR (248 ± 5 g, 1% 
NaCl diet; 247 ± 6 g, 8% NaCl diet).  
  SHR on a basal NaCl diet, micro-perfusion of the AHN with SCH 32615 caused a fall in the 
extracellular  concentration  of  MOPEG in 
the AHN perfusate (Fig. 1) and a rise in 
arterial pressure (Fig. 1).  Both responses 
began during the 20 min microperfusion 
period.  Microperfusion of SCH 32615 at 
a concentration of 10-5  M caused a peak 
reduction in AHN MOPEG of -47 ± 11 
pg/10 min (-18 ± 4%), and AHN MOPEG 
remained significantly reduced below 
baseline levels for over 40 min following 
the termination of the NEP inhibitor 
microperfusion (Fig. 1).  By one hour 
after the termination of the infusion, AHN 
MOPEG had returned to baseline 
concentration.  Arterial pressure remained 
significantly elevated above baseline 
levels for the duration of the experiment 
(Fig. 1). 

Figure 1. AHN MOPEG and mean arterial pressure 
(MAP) responses to the microperfusion of the AHN with 
10-5 M SCH 32615 in SHR on a basal NaCl diet.   
* P < 0.05 compared to preinfusion baseline. 
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 In SHR maintained on the high 
(compared to basal) NaCl diet for 2 weeks, 
basal levels of MOPEG in the AHN were 
approximately 60% lower and arterial 
pressure was approximately 12 mm Hg 
higher, as previously reported (Peng et al., 
1995; Fig. 2).  The microperfusion of SCH 
32615 into AHN elicited no significant 
decrease in AHN MOPEG in the SHR on 
the high NaCl diet.  This contrasts with the 
large decrease in AHN MOPEG elicited in 
the SHR on the basal NaCl diet (Fig. 1).  
Despite this difference in MOPEG 
responses, the SCH 32615 microperfusion 
caused a similar increase in arterial pressure 
in SHR on the two diets.  In WKY, the SCH 
32615 microperfusion elicited no significant 
change  in  extracellular MOPEG concentra- 

tion in AHN and no change in arterial pressure (Fig. 3).   
 The SCH 32615 infusion did not cause a significant alteration in heart rate in any group 
(maximum heart rate change was between +5 to +15 bpm during the infusion in the three groups).  
Compared to the preinfusion baseline, at 60 min after SCH 32615 infusion, heart rate was increased by 
40 bpm in the SHR on the high NaCl diet and by 22 bpm in the SHR on the basal NaCl diet, but 
unchanged in the WKY.  Infusion of ACSF alone did not alter either AHN MOPEG or arterial pressure 
in any of the groups tested, i.e., the baselines remained stable for the 180 min microperfusion.   
 
Histological analyses 
 Histological examination demon-
strated that nearly all cannula placements 
(86%) were within the AHN.  Typically, 
the area of the hypothalamus containing 
pontamine sky blue dye was centered in 
the AHN and had a diameter of 
approximately 1 mm (Fig. 4).  Four 
cannula placements were outside of the 
AHN, and on that basis, these rats were 
eliminated from further analysis.  Four 
rats with correct cannula placement were 
eliminated from the analysis because of 
inadequate push-pull microperfusion.  
Following these exclusions, at least 6 
evaluatable rats were left in each group.  

Figure 2.  AHN MOPEG and mean arterial pressure 
(MAP) responses to the microperfusion of the AHN 
with 10-5 M SCH 32615 in SHR on a high NaCl diet for 
2 weeks. * P < 0.05 compared to preinfusion baseline.  

Figure 3.  AHN MOPEG and mean arterial pressure 
(MAP) responses to the microperfusion of the AHN with 
10-5 M SCH 32615 in WKY on a high NaCl diet for 2 
weeks. * P < 0.05 compared to preinfusion baseline.  
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Figure 4.  A reconstruction of a microper-
fusion site in the AHN to demonstrate the 
location of the perfused region and the 
approximate area perfused (stippled area) 
based on the diffusion of pontamine sky blue 
dye which was microperfused for 3 minutes at 
the end of the experiment.  The horizontal lines 
above PVN indicate the location of the outer 
cannula.  AHN, anterior hypothalamic area; 
AV anterior ventral thalamic nucleus; fx, 
fornix; LHA, lateral hypothalamic area; RB, 
rhomboid nucleus of the thalamus; RE, nucleus 
reuniens of the thalamus; ot, optic tract; PV, 
paraventricular nucleus of the hypothalamus.  

 
Discussion 
 The present results demonstrate that microperfusion of a NEP inhibitor causes an increase in 
mean arterial pressure and a decrease in AHN MOPEG in SHR on a basal NaCl diet.  Further, in SHR 
on a high NaCl diet for two weeks, the microperfusion of SCH 32615 results in a rise in arterial 
pressure but no significant alteration in extracellular MOPEG in the AHN.  Initially, this would seem to 
suggest that the microperfusion of the NEP inhibitor has no effect on the AHN MOPEG concentrations 
in the SHR on the high NaCl diet; however, our previous studies suggest that this conclusion would be 
erroneous.  We have previously shown that an increase in arterial pressure, induced by an agent that 
causes systemic vasoconstriction, elicits a rise in AHN MOPEG (Peng et al., 1995).  Thus, we have 
hypothesized that increases in arterial pressure elevate norepinephrine release in the AHN, resulting in 
the activation of AHN neurons and leading to an increased inhibition of sympathetic nervous system 
activity (Peng et al., 1995).  In contrast, in SHR both microperfusion of the AHN with ANP and 
intravenous infusion of hypertonic saline elicits the non-parallel effect; an increase in arterial pressure 
but a decrease in AHN MOPEG, i.e., an inverse relationship (Peng et al., 1996).  The current findings 
strengthen this interpretation.  Similar to the effects of exogenous ANP microinfusion into the AHN, 
SCH 32615 microperfusion of the AHN causes an inverse relationship between arterial pressure and 
AHN norepinephrine, likely by increasing endogenous ANP in the AHN.  Interestingly, in SHR on a 
high NaCl diet, the SCH 32615 microinfusion causes a delayed rise in arterial pressure and no 
significant change in AHN MOPEG.  Thus, in SHR on either diet the predicted direct relationship 
between arterial pressure and AHN MOPEG is disturbed.  These findings are in agreement with our 
previous studies which demonstrate that microperfusion of ANP into the AHN causes a rise in arterial 
pressure in SHR on high and basal NaCl diets but has a greater effect on AHN MOPEG concentration 
in SHR on a basal NaCl diet (Peng et al., 1996).   
 ANP can be removed from circulation by binding to the ANP C-receptor or by being 
enzymatically metabolized by NEP (Helin, 1993).  While NEP is most abundant in the kidney, it also 
present in lung, brain, intestine, blood vessels and white blood cells (Abassi et al., 1992; Ladic and 
Buchan, 1997).  Studies by Sybertz et al. (1991) indicated that NEP inhibition appears to delay the 
removal of exogenous ANP from the circulation, thereby potentiating its renal and vascular effects in 
rats (Sybertz, 1991).  Additional reports by Richards et al. (1991, 1993) and Helin et al. (1993) also 



Neutral endopeptidase inhibition of hypothalamic norepinephrine release          97 

 

 

show that NEP inhibition increases plasma ANP and angiotensin II in animals and humans.  NEP 
inhibitors, therefore, potentiate the effects of endogenous ANP, resulting in an enhanced hypotension, 
diuresis and natriuresis (Abassi et al., 1992; Fink et al., 1995).  While NEP plays a significant role in 
the metabolism of ANP in plasma, there is less evidence demonstrating its physiological role in the 
central nervous system.  The present findings on the effect of a neutral endopeptidase inhibitor on local 
AHN MOPEG release are in close agreement with similar experiments using microperfusion of ANP or 
c-ANP, which blocks to clearance receptor and causes an increase in endogenous ANP (Peng et al., 
1995).  This suggests that the neutral endopeptidase is alters AHN MOPEG by decreasing the 
catabolism of ANP.   
 ANP was first isolated from the atrium of the heart, and subsequent studies have demonstrated 
that ANP is a potent circulating hormone in the periphery (8-12).  In the brain, all elements of the ANP 
biosynthetic pathway are located in neurons, and several lines of evidence suggest that ANP in the 
brain acts as a neuromodulator (Fuller et al., 1982).  Interestingly, ANP in the brain is most 
concentrated in the AV3V area, an area that is important for the regulation of volume and sodium 
balance and arterial pressure homeostasis (Langub, Jr. et al., 1995).   
 Previous studies demonstrate that ANP content is altered in the brains of several rodent models 
of hypertension including SHR, Dahl-S, renovascular and DOCA-salt (Imada et al., 1985; Jin et al., 
1989, 1991).  In the SHR compared to WKY, ANP content is high in the AHN, and cell culture 
experiments suggest that these differences are present in neonatal rats, long before the development of 
hypertension.  The precise sequence of events by which ANP in the brain contributes to salt-sensitive 
hypertension in the SHR remains unresolved, but clearly this interaction occurs, at least in part, in the 
AHN.  Our previous studies suggest that a postprandial rise in plasma NaCl initiates the sequence of 
events that lead to a fall in AHN norepinephrine in the SHR.  The organum vasculosum of the lamina 
terminalis (OVLT) appears to be responsible for monitoring this rise in plasma NaCl and relaying that 
information into the brain (Johnson et al., 1996; McKinley et al., 1999).  Projections from OVLT to 
ANP containing neurons in the AV3V region are likely candidates for the next link in this circuit, but 
other ANP neurons may also be involved (Langub, Jr. et al., 1995).  Irrespective of the source, the 
release of ANP onto cell bodies and axon terminals in the AHN appears to cause a fall in local 
norepinephrine release from terminals.  Both the c-ANP (via the blockade of receptor-mediated ANP 
clearance) and NEP inhibition (which leads to decreased local degradation of ANP) cause an increase 
in extracelluar ANP in the AHN.  It is intriguing that these two manipulations cause a decrease in AHN 
MOPEG similar to that caused by direct infusion of ANP into the AHN.   
 The final link in the sequence leading to reduced AHN norepinephrine release may involve the 
direct presynaptic inhibitory action of ANP on norepinephrine terminals in the AHN (Langub, Jr. et al., 
1995).  In PC-12 cells in vitro and peripheral nerve terminals in vivo, ANP has a significant, direct 
inhibitory effect on the release of norepinephrine (Holtz et al., 1987; Nakamaru and Inagami, 1986; 
Rankin et al., 1987).  In man, ANP inhibits sympathetic nervous system activity (Floras, 1995), and the 
depressor effect of ANP is related to the ability of circulating ANP to modify noradrenergic 
neurotransmission (Lang et al., 1992).  In the rat hypothalamus, ANP regulates the pressor action of 
angiotensin II (Shibata et al., 1993) and inhibits neuronal firing (Yamashita and Kannan, 1992).  The 
effect of ANP on extracellular norepinephrine concentration in brain is likely mediated by two direct 
actions of ANP on noradrenergic nerve terminals: (1) inhibition of norepinephrine release from nerve 
terminals, as documented above, and (2) enhancement of the reuptake of norepinephrine by nerve 
terminals (Fernandez et al., 1993; Vatta et al., 1994). 
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 The current experiments provide further evidence that ANP in the AHN of SHR is an inhibitory 
neuromodulator of local norepinephrine release.  The regulation of norepinephrine release by local 
neuromodulators has been described by Marrocco and colleagues (1987) who suggest that in the 
primary visual cortex of the cat and monkey, norepinephrine release is tightly regulated by the activity 
of lateral geniculate afferent terminals that end in this area of cortex, but the neuromodulator 
responsible for this interaction in the visual cortex remains undefined.  Examples of neuromodulators 
that appear to regulate norepinephrine release include acetylcholine and α2 adrenergic receptor 
agonists.   
 Attenuated baroreflex-mediated input to AHN, in concert with inhibition of norepinephrine 
release in the AHN by locally released ANP, reduces activation of sympathoinhibitory neurons in the 
AHN.  This in turn, leads to increased sympathetic nervous system activity and higher arterial pressure 
in the SHR on a high compared to basal NaCl diet.  WKY are protected from the hypertensive effects 
of the high NaCl diet by a more responsive baroreflex and a greatly reduced effect of local ANP on 
norepinephrine release in the AHN.  The precise mechanisms that link dietary NaCl to ANP release in 
the AHN and the role of hypothalamic ANP in human NaCl-sensitive hypertension await further study, 
but together the existing data clearly point to an important role for hypothalamic ANP in hypertension.  
 In summary, increased local concentration of ANP in the AHN via local NEP inhibition of ANP 
degradation causes a fall in AHN MOPEG but a rise in arterial pressure.  Together with previous data, 
this suggests that ANP in the AHN may play a critical role in the neuronal mechanisms that lead to 
dietary NaCl-sensitive hypertension in SHR. 
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