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Endothelin: A Novel Peptide in the Posterior 
Pituitary System 

Endothelin (ET), originally characterized as a 21-residue vasoconstrictor peptide from 
endothelial cells, is present in the porcine spinal cord and may act as a neuropeptide. 
Endothelin-like immunoreactivity has now been demonstrated by immunohisto- 
chemistry in the paraventricular and supraoptic nuclear neurons and their terminals in 
the posterior pituitary of the pig and the rat. The presence of ET in the porcine 
hypothalamus was confirmed by reversed-phase high-pressure liquid chromatography 
and radioimmunoassay. Moreover, in situ hybridization demonstrated ET messenger 
RNA in porcine paraventricular nuclear neurons. Endothelin-like bunoreactive 
products in the posterior pituitary of the rat were depleted by water deprivation, 
suggesting a release of ET under physiological conditions. These findings indicate that 
ET is synthesized in the posterior pituitary system and may be involved in neurosecre- 
tory functions. 

E NDOTHELIN (ET) WAS ORIGINALLY 

characterized as a 21-amino acid va- 
soconstrictor peptide from endothe- 

lid cells, with a molecular weight of 2492 
(1). The structure of ET is different from 
previously known bioaaive peptides of 
mammalian origin (1). We have demonstrat- 
ed a depolarizing action of ET on spinal 
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neurons and the presence of ET in the 
porcine spinal cord (2). Autoradiographic 
studies in brain tissues also reported a non- 
vascular pattern of distribution of binding 
sites'for ET (3). In addition, sarafotoxins, 
which are toxins from the burrowing asp 
(Atvactaspis engaddensis) that have striking 
structural and functional similarities to ET, 
were reported to show high-affinity binding 
and hydrolysis of phosphoinositides in brain 
(4). These data suggest that ET may have an 
important role in neuronal function as a 
neuropeptide. However, the precise local- 
ization i f  ET in brain areas has-not vet been 
elucidated. In the present study, we demon- 
strate a prominent localization of ET in the 
paraventricular and supraoptic nuclear neu- - - 
Ions in the hypothalamus and in the neuro- 
hypophysis (posterior pituitary). 

An antiserum was developed against 
[Arg14]~T(15-21) conjugated with keyhole 
h p e t  hemocyanin (KLH) with m-maleimi- 

dobenzoyl-hydroxysuccinimide ester (5, 6). 
ET(15-21) corresponds to the COOH-ter- 
mind region of ET (ETc), which is homolo- 
gous in the ET family of proteins (7, 8). 
Using the antiserum to ETc (ETc antise- 
rum), we performed immunohistochemistry 
on porcine and rat brain and found strong 
ET-like immunoreactivity in the posterior 
pituitary systems of both species. The caudal 
part of the paraventricular nucleus (PVN) of 
the porcine hypothalamus (frontal section) 
is shown in Fig. 1A. A number of PVN 
neurons, mainly-localized near the surface of 
the third ventricle, were densely immuno- 
stained for ET. The distribution of these 
ET-~ositive neurons in the PVN was similar 
to that of oxytocin-producing neurons, also 
reported to be confined adjacent to the third 
ventricle (9). In the supraoptic nucleus 
(SON), some neurons were strongly im- 
munostained and others were negative in 
the same region (Fig. 1B) (10). In the rat, 
magnocellular neurons in PVN and SON 
were immunostained for ET (Fig. 1, C and 
D, respectively). Numerous dot-like immu- 
noreaaive structures were also found in the 
posterior pituitary (Fig. 1E). By contrast, 
antiserum that had been absorbed with ET 
showed negative immunostaining in the 
same region (Fig. IF). These immunohis- 
tochemical data suggested the existence of 
ET-related peptides in these neurosecretory 
systems. 

For the chemical identification of ET in 
the hypothalamus, we applied the peptide 
extract prepared from the porcine hypotha- 
lamic homogenates to a reversed-phase 
high-pressure- liquid chromatographi col- 
umn and determined ET-like immunoreac- 
tivity in each fraction by radioimmunoassay 
(RIA) with ETc antiserum (11). There are 
three distinct ET-related genes encoding 
different ET-related peptides in the human 
genome: ET-1, identical to porcine and 
human mature ET; ET-2, [~r$ ,  L ~ U ~ I E T ;  
and ET-3, [ ~ h ? ,  phe4, T ~ S ,  ~ ~ r ~ ,  Lys7, 
Tyr14]~T (8). The ETc structure is predicted 
to be preserved among these three peptides 
(8). The existence of three distinct ET- 
related loci has also been shown in the 
porcine and rat genomic DNAs (8). In the 
porcine hypothalamic extracts, however, the 
peaks of ET-like immunoreactivity emerged 
only at the elution time corresponding to 
that of ET-1 (Fig. 2), indicating that the 
major component in the porcine hypothala- 
mus was ET- 1. 

Furthermore, to obtain direct evidence 
for the uroduction of ET mRNA in PVN 
neurons, we examined porcine hypothala- 
mus by in situ hybridization with a 35S- 
labeled ET-1 complementary RNA probe. 
Neurons in the region of porcine PVN were 
heavily labeled, demonstrating the expres- 
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sion of ET-1 mRNA (Fig. 3). This result 
indicates that the presence of ET-like immu- 
noreactivity in PVN neurons is due to syn- 
thesis of ET in these cells rather than other 
mechanisms, for example, uptake of ET 
from external sources. 

Because dehydration is a potent stimulus 
for the release of vasopressin and probably 
also oxytocin (12), we examined whether 
water deprivation exerted any effea on the 
amount of ET-like immunoreactive prod- 

Fia. 1. Immunohistochem- -. , - - - 
i d  localization of ET-like A 
immunoreactivity in the ' 
porcine and rat hypothalam- 
ic and posterior pituitary -- - systems with ETc antise- . .  

ucts in the rat posterior pituitary. After 4 
days of water deprivation, immunoreactive 
products in the posterior lobe had largely 
disappeared (Fig. 4) (13). These findings 
suggest that ET is released from the posteri- 
or pituitary during dehydration. 

Endothelin could have one of two roles in 
the posterior pituitary system. The first is 
that ET released from the nerve terminals in 
the posterior lobe may locally modulate the 
release of the classical neurosecretory hor- 

I&. (A) Porcine PVN; (6)  
- 
I ' 4  3 4  porcine SON; (c) rat PVN; . .;t. .?, T, 

(D) rat SON; (E) rat poste- 
rior pituitary; and (F) rat 
posterior pituitary stained ( 
with absorbed antiserum. 
Specificity of the imrnuno- 
staining was examined by 
the absorption test in which 
ETc antiserum (1: 1000, 1 
ml) was neuaalized by ET-1 
(10 nmol) combined with ,-*,; + - L  :- 
ET-3 (10 nmol). Absorbed E , - +.-,:. 
antiserum showed negative .. . . , ,, . -i.t. . , . .  I ., 
immunostaining. A male .,.h - ,  i.:: . . , >,, ' 

miniature pig (body weight, ., ,.. '. 

3.5 kg) and male Wistar rats * : '., ' . '; ;-. ..a 

were anesthetized with pen- - -‘ . , .: 
'I . 

tobarbital and perfused in- .;, ..(( 

. 3 , .  i 

tracardially with a 4% para- .,- . Y . , " .  a :,--:&; . I 

formaldehyde solution buff- 
ered with 0.1M phosphate buffer (PB) (pH 7.2). Hypothalamic regions and pituitary glands were 
removed and placed in the same fixative for 2 hours at 4°C. After several rinses in O.1M PB containing 
5% sucrose for 24 hours, tissues were immersed in 0.1M PB containing 10% sucrose for 2 hours and 
successively in 0.1 M PB containing 30% sucrose for 12 hours at 4°C. The hypothalamus was frontally 
sectioned at 20 pm, and the pituitary gland was transversely sectioned at 10 pm with a cryostat at 
-20°C. After treatment with 0.3% H202 in methanol for 30 min, sections were incubated with 2% 
normal goat swum in 0.01M phosphate-buffered 0.15M saline (PBS) (pH 7.2) containing 0.05% 
Tween 20 (Sigma). Diluted ETc antiserum (1: 1000) was applied for 48 hours at 4°C. Sections were 
then washed with PBS and incubated with biotinylated antibody to rabbit IgG (Vector) (1 : 100) for 1 
hour at 37°C followed by the incubation with avidin-biotinyl horseradish peroxidase (HRP) complex 
(Vector) (1:lOO) for 1 hour at 37°C. The HRP reaction was performed with 0.05% 3,3'- 
diaminobenzidine and 0.0015% H202 for 5 min. Bars, 50 pm. 

Fig. 2. Chemical identification of ET in the - 
-8 - porcine hypothalamus. Porcine hypothalamic re- al 

gions (total 170 g) were excised from fresh por- -. 50 .- 
cine brains and homogenized in two volumes 0.50 

(vlw) of acetone-lN HCI (100:3, vlv). The ho- 8 
25 5 

a, 

mogenate was stirred at 4°C for 12 hours and 0 2 
centnfUged at 900g for 30 min. The supernatant 8 0.25 
was filtered and washed with a mixture of petro- 
leum ether and diethyl ether (1 : 1, vlv) and con- 2 - 
centrated to 100 ml under vacuum. After ultra- " 2 
centrifugation at 100,000g for 60 min, the super- ' 40 ' 
natant was diluted in three volumes with 0.1% 1 20 _n g 
trifluoroacetic acid (TFA). This crude extract was 
applied on a chemcosorb 50DS-H column 0 

(Chemco, 10 by 300 mm). The column was Time (min) 
eluted with a 50-min linear gradient from 0 to 

t3" 
50% acetonitrile in 0.1% TFA at a flow rate of 3 d m i n .  The efluent was monitored by measuring 
absorbance at 280 nm. The ET-like immunoreactivity (LI) in each fraction was determined by RIA 
(1 1). The large arrow indicates the elution time of synthetic ET-1. The small arrow corresponds to the 
elution position of synthetic ET-3 and the arrowhead corresponds to that of ET-2. The peaks of ET-LI 
(shaded bars) emerged at the elution position corresponding to that of authentic ET-1. 

mones vasopressin or oxytocin. Endogenous 
opiate peptides, which are also localized in 
the posterior pituitary system, inhlbit the 
release of vasopressin and oxytocin (14). By 
contrast, ET increases the plasma level of 
vasopressin by intravenous infusion in con- 
scious dogs (15). These findings suggest that 
ET in the posterior pituitary system may 
modulate the release of vasopressin or oxy- 
tocin. 

In addition, ET released from the posteri- 
or pituitary may act as a circulating hormone 
similar to vasopressin and oxytocin. Indeed, 
ET has a wide range of actions on the 
cardiovascular, renal, and endocrine sys- 
tems; for example, ET exerts a positive 
inompic effea on heart (16), inhibits renin 
release from isolated glomeruli (1 7), induces 
the release of atrial natriuretic peptide 
(ANP) from atria (It?), and increases the 
plasma levels of vasopressin and epinephrine 
(15). Moreover, the concentration of irnrnu- 
noreactive ET- 1 in human plasma measured 

Fig. 3. Autoradiograms of in situ hybridization in 
the oorcine hvoothalamic PVN with a 35S-labeled 
hu- ET-1 & N A  probe. Porcine hypothalamic 
PVN regions were obtained as in Fig. 1. Brain 
tissues were immersed in 4% paraformaldehyde in 
0.1M borate buffer (pH 9.6) for 6 hours and 
washed in 0.1M PBS containing 15% sucrose for 
18 hours. Tissues were then frontally sectioned at 
20 pm with a cryostat. Sections were mounted on 
ply-L-lysinccoated slides. A clone that con- 
tained a cDNA fragment encoding the 3' noncod- 
ing region of human ET-1 cDNA (phET9I) (20) 
was used as a source of cDNA for the preparation 
of the cRNA probe. The Eco RI fragment (ap- 
proximately 700 nucleotides) of phET9I was 
inserted into the polylinker region of the Blue- 
script M13 KS+ plasmid (Stratagene) and was 
cloned (pT7hET91). The labeled sense or anti- 
sense probe was synthesized by incubating the 
Bam HI linearized recombinant plasmid with 
either T3 or T7 RNA polymerase Bethesda I Research Labs) in the presence of S-labeled 
cytidine mphosphate (Arnersham). Since the 3' 
noncoding sequences of human and porcine pre- 
proendothelin-1 mRNAs retain nucleotide identi- 
ty of 77% (20), porcine preproendothelin-1 
rnRNA can readily cross-hybridize with the hu- 
man ET-1 cRNA probe under the stringency of 
the in situ hybridization. The transcription proce- 
dure and the tissue processing for in situ hybrid- 
ization was previously described (21). Specificity 
of the labeling was assessed by incubation of the 
section with a sense-strand probe or treatment of 
the section with ribonuclease before hybridization 
(22). Bar, 25 pm. 
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Fig. 4. Depletion of ET-like immunoreactive 
products in the posterior lobe of the rat pituitary 
gland after water deprivation. Male Wistar rats 
weighmg about 300 g were used. (A) Numerous 
dot-like immunoreacdve products are observed in 
the posterior pituitary supplied with food and 
water ad libitum. (B) Four days after water 
deprivation. Body weight decreased from 290 g 
to 230 g (21% loss). ET-Wre immunoreactive 
products in the posterior pituitary are largely 
depleted. All animals were perfused just before 
noon. Ccyostat sections (10 pm thick) were 
processed as described in Fig. 1.  Bars, 150 pm. 

with a sensitive sandwich-type enzyme im- 
munoassay was reported to be around 1.59 
pglml (19), suggesting the presence of the 
circulating pool of ET. These data are con- 
sistent with the possibility that ET is a 
circulating hormone. Although the conm- 
bution of ET in the posterior pituitary sys- 
tem to the circulating level of ET remains 
unclear, our results suggest that ET has a 
role in newsecretion. 
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Mutations of the Adenylyl Cyclase Gene That Block 
RAS Function in Saccharomyces cerevisiae 

The interaction between RAS proteins and adenylyl cydase was studied by using 
dominant interfering mutations of adenylyl cyclase &om the yeast Saccharomyces 
cerevisiae. RAS proteins activate adenylyl cydase in this organism. A plasmid express- 
ing a catalytically inactive adenylyl cyclase was found to  interfere dominantly with this 
activation. The interfering region mapped to  the leucine-rich repeat region of adenylyl 
cyclase, which is homologous to domains present in several other proteins and is 
thought to  participate in protein-protein interactions. 

OMINANT INTERFERING MUTA- 
tions can be use l l  for investigat- 
ing interactions between compo- 

nents of signal transduction systems (1). 
Such a mutation can inhibit signal outputs 
by causing the production of a partially 
functional protein. The protein is functional 
in that it binds to an appropriate target, but 
nonfunctional in that the binding event is 
not productive. Thus, the mutant molecule 
sequesters its partner and prevents it from 

interacting with other components of the 
system. The net result is a diminished out- 
put from the signaling system. 

RAS proteins activate adenylyl cyclase in 
Saccharomyces cerevisiae (2, 3),  and several 
dominant interfering mutations of RAS 
have been found (4-7). One of these mutant 
proteins (7) appears to act by sequestering 
an "upstream" component, the CDC25 gene 
product, which is thought to be an activator 
of yeast RAS. Feig and Cooper (5) isolated a 
similar mammalian ras mutation that appears 

a i d  s . Harbr hb spring 
to interfere with activation of maGalian 

NY 11E Ras. Michaeli et al. 16) demonstrated that 

*P-t address: Lcdede h b o r a t o ~ ~ ,  Pearl River, NY mutant RAS proteins'that fail to translocate 
10965. from the cytoplasm to the membrane also 
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