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Dynorphin-A-(1-8) Is Contained Within Vasopressin 
Neurosecretory Vesicles in Rat Pituitary 

Abstract. Dynorphin-A-(la), an opioid peptide widely distributed in the rat 
central nervous system, is present in vasopressin-containing neurosecretory cells 
terminating in the neural lobe of the pituitary. Electron microscopic immunocyto- 
chemistry reveals that dynorphin-A41-8) is contained within the same neurosecre- 
tory vesicles as vasopressin and vasopressin-associated neurophysin in the neural 
lobe of the rat. The results indicate that dynorphin may be released in the pituitary 
concomitantly with vasopressin during the antidiuretic response. 

Dynorphin A was originally isolated 
from porcine pituitary and gut as an 
extremely potent 17-amino-acid opioid 
peptide with leucine-enkephalin ([Leul- 
enkephalin) at its amino terminus ( I ) .  It 
is widely distributed in rat brain (2), and 
has been shown to be present with- 
in vasopressin-containing magnocellular 
neurons (3). The amino-terminal octa- 
peptide dynorphin-A-(1-8) is the pre- 
dominant form of dynorphin in rat brain 
(4). The messenger RNA sequence for 
the prodynorphin precursor has been de- 
termined by cloning and sequence analy- 
sis of complementary DNA (5). The pre- 
cursor contains the sequence for a previ- 
ously isolated 32-amino-acid peptide 
consisting of dynorphin A at the amino 
terminus and a related tridecapeptide 
(dynorphin B) at the carboxyl terminus 
(6). The precursor also contains the se- 

Fig. 1. Immunostaining of neurosecretory 
vesicles for dynorphin-A-(1-8) in the rat pos- 
terior pituitary. (A) Section stained with dy- 
norphin-A-(1-8) antiserum. (B) Stained with 
dynorphin-A-(1-8) antiserum absorbed with 
dynorphin-A-(1-8). No  staining is present. (C) 
Dynomhin-A-(1-8) antiserum absorbed with 
dynoihin-A-(1-13). Staining is partially in- 
hibited. No  inhibition of staining results from 
absorbing the dynorphin-A-(1-8) antiserum 
with [Leulenkephalin (D), arginine vasopres- 
sin (E), or cholecystokinin (F). Asterisk, unla- 
beled axon. Abbreviations: BV, blood vessel; 
PN, pituicyte (glial) nucleus; EN, endothelial 
cell nucleus. Bars represent 1.0 pm; (C) to (F) 
are printed at the same magnification as (B). 
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quence for a-neo-endorphin, which ex- 
plains the identical distributions by im- 
munocytochemistry of dynorphin and a- 
neo-endorphin (2), and the approximate- 
ly equimolar concentrations of dynor- 
phin-A-(1-8) with a-neo-endorphin in all 
regions of rat brain (4). Immunoreactive 
dynorphin A and a-neo-endorphin are 
released in approximately equal amounts 
in a Ca2+-dependent manner from isolat- 
ed neurointermediate lobes of the pitu- 
itaries of developing postnatal rats (7). In 
view of the possible influence of opioid 

'A" - * 

peptides on the release of vasopressin 
and oxytocin in the neurohypophysis (8), 
it is important to characterize the synthe- 
sis, processing, packaging, and release 
of dynorphin and related peptides in 
magnocellular neurosecretory cells. 
Dynorphin-like immunoreactivity in rat 
neurointermediate lobe homogenates mi- 
grates in sucrose density gradients at the 
same rate as vasopressin (9), which sug- 
gests that dynorphin may be located in 
vasopressin neurosecretory vesicles. 
[MetIEnkephalin or [Leulenkephalin im- 
munoreactivity (or both) has been locat- 
ed in neurosecretory vesicles in oxytocin 
or vasopressin axons (or both) in rat (10) 
and cat (11) neurohypophysis by elec- 
tron microscopic (EM) immunocytoche- 
mistry. However, [Leulenkephalin im- 
munoreactivity has also been located by 
EM immunocytochemistry in fibers 
making synaptoid contacts with neuro- 
hypophyseal glial cells (pituicytes), but 
no evidence was found for the coexis- 
tence of the enkephalins with vasopres- 
sin or oxytocin in the same terminals 
(12). 

We have been able to locate dynor- 
phin-A-(1-8) on the EM level by using a 
recently developed postembedding im- 
munostaining method that stains intense- 
ly without the use of etching or enzymat- 
ic treatment of the sections. In addition, 
the use of serial ultrathin sections has 
allowed us to unequivocally compare the 
intraaxonal distributions of dynorphin- 
A-(1-8), vasopressin, and oxytocin. 

Adult heterozygous Brattleboro rats 
were perfused through the heart with 
4 percent paraformaldehyde, 2 percent 
glutaraldehyde, 0.2 percent picric acid, 
and 0.1M sodium cacodylate (pH 6). The 
pituitaries were embedded in LR White 
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Fig. 2. Serial sections of rat posterior pituitary stained with (A) a monoclonal antibody to 
oxytocin-associated neurophysin, (B) dynorphin-A-(1-8) antiserum, and (C) a monoclonal 
antibody to vasopressin-associated neurophysin. Symbols are as in Fig. 1. Bar, 2.0 pm. 

resin (Fullam) (13), and silver sections 
were cut and picked up on nickel grids. 
For dynorphin staining, the grids were 
placed sequentially on drops of antise- 
rum specific for dynorphin-A-(1-8) (4) 
diluted 1 : 400 in 10 percent normal goat 
serum for 20 minutes, biotinylated goat 
antiserum to rabbit immunoglobulin 
(Vector, 1 : 300, 10 minutes), avidin-bio- 
tinylated peroxidase complex (Vector, 
10 pYm1, 10 minutes), 0.5 percent 
diaminobenzidine (DAB) containing 0.01 
percent H202 (2 minutes), and 0.5 per- 
cent osmium tetroxide (Os04, 30 sec- 
onds). All 160-nm neurosecretory vesi- 
cles in a subpopulation of axons and 
axonal endings were intensely stained 
for dynorphin-A-(1-8) (Figs. 1, A and D 
to F, and 2B). To ascertain the staining 
specificity of the dynorphin-A-(1-8) anti- 
serum, solid-phase absorption controls 
were performed with peptides bound to 
-gel-10 beads (Bio-Rad). A 100-pl 
sample of antiserum (1 : 400) was incubat- 
ed overnight at 4°C with 20 p1 of beads 
coupled to 0.05 mg of dynorphin-A-(1- 
8), dynorphin-A-( 1-1 3), [Leulenkepha- 
lin, arginine vasopressin, or cholecysto- 
kinin. Dynorphin-A-(1-8) completely in- 
hibited staining (Fig. lB), and dynor- 
phin-A-(1-13) partially inhibited staining 
(Fig. lC), but [Leulenkephalin, chole- 
cystokinin, and vasopressin had no ef- 
fect (Fig. 1, D to F). We conclude that 
the specificity of the antiserum under 
these conditions is restricted to parts of 
the dynorphin molecule other than the 
[Leulenkephalin segment, which is con- 
sistent with the liquid-phase radio- 
immunoassay (RIA) characterization re- 
ported previously (4, 14). Since dynor- 
phin-A-(1-8) is the predominant form of 
dynorphin in the pituitary and elsewhere 
(41, the staining seen with this antiserum 
is probably due mostly to dynorphin-A- 
(1-8), although some fraction of the 
staining could be due to larger forms of 
this peptide. 

To ensure that the subpopulation of 

axons staining for dynorphin consisted 
only of the vasopressin axons (as a fur- 
ther test of the specificity of staining 
under these conditions), serial thin sec- 
tions were cut and sequential sections 
were stained with a monoclonal antibody 
to oxytocin-associated neurophysin (NP- 
OT), dynorphin-A-(1-8) antiserum, and 
a monoclonal antibody to vasopressin- 
associated neurophysin (NP-VP). The 
immunocytochemical specificities of the 
monoclonal antibodies will be described 
in detail elsewhere (15). For neurophysin 
staining, grids were placed on drops of 
hybridoma-conditioned medium diluted 
in 10 percent normal goat serum (1 : 1000 
for NP-OT, 1 :200 for NP-VP, 10 min- 
utes), goat antiserum to mouse immuno- 
globulin coupled to peroxidase (1 : 40, 
Boehringer Mannheim, 10 minutes), and 
DAB/H202 and Os04 as for dynorphin 
staining. The two monoclonal antibodies 
stained 160-nm neurosecretory vesicles 
in mutually exclusive populations of ax- 
ons (Fig. 2). Dynorphin-A-(1-8) staining 
was confined to the neurosecretory vesi- 
cles in the axons staining for NP-VP 
(Fig. 2). 

All NP-VP-containing axons exam- 
ined in serial sections were also found to 
stain for dynorphin-A-(1-8). Thus, our 
results suggest that this peptide is pres- 
ent in all vasopressin-containing neuro- 
secretory vesicles in rat neurohypophy- 
sis. The colocalization of these peptides 
in the neurosecretory vesicles indicates 
that vasopressin and dynorphin-A-(1-8) 
(and related peptides such as dynorphin 
A, a-neo-endorphin and possibly 
[Leulenkephalin, formed from the dy- 
norphin precursor) are probably released 
concomitantly from vasopressin termi- 
nals in the neurohypophysis. The site of 
action of these opioid peptides and their 
role in the physiology of the antidiuretic 
response remain to be characterized. 
Since a prohormone-converting enzyme 
capable of processing another opiate 
peptide precursor, pro-opiomelanocor- 

tin, has been detected in neurosecretory 
granules from the neural lobe (16), it will 
be important to determine whether the 
same enzyme is used intragranularly to 
process both the vasopressin and dynor- 
phin precursor proteins. 
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Dietary Chloride as a Determinant of 
"Sodium-Dependent" Hypertension 

Abstract. The uninephrectomized rat given desoxycorticosterone (DOC) provides 
a classic model of "sodium-dependent" hypertension. In such rats, the extent to 
which a given dietary intake of sodium induced an increase in blood pressure 
depended on whether or not the anionic component of the sdoium salt was chloride. 
With normal and high dietary intakes of sodium, sodium chloride induced increases 
in blood pressure much greater than that induced by approximately equimolar 
amounts of sodium bicarbonate, sodium ascorbate, or a combination of sodium 
bicarbonate and sodium ascorbate. A normal amount of dietary sodium chloride 
induced hypertension, whereas an equimolar amount of sodium bicarbonate did not 
increase blood pressure. This difference could not be attributed to differences in 
sodium or potassium balances, weight gain, or caloric intake. The DOC model of 
"sodium-dependent" hypertension might better be considered sodium chloride- 
dependent. 

In many clinical settings, restriction of 
dietary sodium chloride (NaCl) can miti- 
gate, and its supplementation can exac- 
erbate, hypertension, an abnormally in- 
creased blood pressure (I). Although 
Ambard and Beaujard suggested in 1904 
that increased retention of chloride 
might be important in the pathogenesis 
of hypertension ( 2 ) ,  Dahl, in 1954, stated 
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Fig. I .  Squares and circles represent the mea- 
sured blood pressure of rats that consumed an 
average of 40.4 mmole of sodium chloride per 
week (N = 8) or 40.9 mmole of a combination 
of sodium bicarbonate and sodium ascorbate 
per week ( N  = 8), respectively. Open sym- 
bols denote systolic pressures measured with 
the tail plethysmography method. Closed 
symbols denote mean arterial pressures mea- 
sured directly through femoral artery cathe- 
ters placed 3 hours beforehand. Symbols and 
their brackets indicate means + standard er- 
rors. P values indicate statistical differenc- 
es (one-tailed Student's t-test) between the 
group receiving sodium chloride and the 
group receiving sodium bicarbonate and sodi- 
um ascorbate at the times indicated. In a 
similar experiment (results not depicted), the 
blood pressures in six rats given DOC and 
NaCl(38.5 mmole per week) were significant- 
ly greater than those in six rats given DOC 
and NaHC03 (38.8 mmole per week). 

the now prevalent view that "the sodium 
ion alone is important" [in the pathogen- 
esis of hypertension] (3). This view, 
however, is based almost entirely on 
studies in which dietary sodium has been 
varied mainly by varying the dietary 
intake of NaCl (4). It is now recognized 
that the chloride ion (5 ) ,  like the bicar- 
bonate ion (6, 7), can be specifically 
transported by a variety of tissues and 
exert its own biological effects. The 
pathogenesis of NaC1-dependent hyper- 
tension might therefore depend on the 
dietary intake of chloride. We now re- 
port a positive test of this hypothesis in a 
well-characterized model of "sodium- 
dependent" hypertension, the unine- 
phrectomized rat given desoxycortico- 
sterone and dietary sodium (8). This min- 
eralocorticoid hormone stimulates the 
kidney to reclaim both sodium and chlo- 
ride and can induce continued retention 
of both ions when administered over 
time in pharmacological amounts (9). 

Male Sprague-Dawley rats (100 to 150 
g) were uninephrectomized and individ- 
ually housed in metabolic cages (Nalge 
Company, No. 650-0100) so that food 
and fluid intake could be controlled and 
sodium and votassium balances cumu- 
latively measured. Desoxycorticoster- 
one (DOC) was injected intramuscularly 
as Percorten pivalate (Ciba-Geigy), 50 
mglkg initially and 25 mglkg each week 
thereafter. All animals were fed a NaC1- 
deficient, natural ingredient diet (Teklad) 
(sodium content less than 0.03 mmolelg). 
Dietary sodium was thus provided main- 
ly by adding sodium to the drinking 
water as near equimolar amounts of 
NaCl, sodium bicarbonate (NaHC03), 

sodium ascorbate (Na-ascorbate), or a 
combination of sodium bicarbonate and 
sodium ascorbate (NaHCO31Na-ascor- 
bate). The sodium concentrations of the 
solutions ranged from 70 to 172 mmolel 
liter depending on the weekly dietary 
sodium intake being studied. The daily 
amount of food and fluid provided to 
each animal drinking the solution of 
NaCl was equal to that amount con- 
sumed by a partner drinking the solution 
of NaHC03 or Na-ascorbate or both. 
The animals drinking the solution of 
NaCl usually consumed all of the food 
and fluid provided to them. 

Systolic blood pressures and body 
weights were similar for all rats before 
DOC was administered. Afterward, at 
dietary intakes of sodium ranging from 
approximately 17 to 40 mmole per week, 
the systolic or mean blood pressures of 
rats given NaCl were significantly great- 
er than those of rats given NaHC03 or 
Na-ascorbate or both (Figs. 1 and 2). At 
the lowest dietary intake of sodium em- 
ployed, approximately 17 mmole per 
week, the blood pressure of rats given 
NaHC03 with DOC was not significantly 
different from that of rats given NaCl 
without DOC (Fig. 2 ) .  With DOC, how- 
ever, this normal amount of NaCl (10, 
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Fig. 2. Mean arterial pressures (measured 
through femoral artery catheters implanted 24 
hours beforehand) in conscious, unrestrained, 
uninephrectomized rats given sodium chlo- 
ride without desoxycorticosterone pivalate 
(DOC) (A, N = 6), sodium bicarbonate with 
DOC (0, N = 8), or sodium chloride with 
DOC (W,  N = 8), in amounts of 16.1, 17.9, 
and 16.6 mmole of sodium per week, respec- 
tively, for 5 weeks. Horizontal bars and their 
brackets indicate group means r standard er- 
rors. P values indicate statistical differences 
between group means by Student's one-tailed 
t-test with the Bonferonni correction for mul- 
tiple comparisons. Metabolic data from these 
studies are presented in Table 1. In a similar 
experiment (results not depicted), the mean 
arterial pressures of eight rats given NaC1, 
22.8 mmole per week for 5 weeks, with DOC 
were significantly greater than those of five 
rats given sodium ascorbate, 24.7 mmole per 
week for 5 weeks, with DOC (mean = 169 
t 7 versus 134 f 3 mmHg, respectively; 
P < 0.01). 




