
Nevertheless, a central lesion could be 
of pivotal importance in the development 
of the syndrome. To  evaluate this, we 
analyzed brain catecholamines in the 
mice. Catecholamines have been impli- 
cated in abnormal endocrine function in 
obiob mice (8) and probably are impor- 
tant in hypothalamic control of feeding 
patterns (9). Catecholamine levels were 
determined in the brainstem, hypothala- 
mus, and forebrain of five obese animals, 
five infected lean controls, and five unin- 
fected lean controls by the analytical 
procedure of Hegstrand and Eichelman 
(lo), which involves high-pressure liquid 
chromatography with electrochemical 
detection. Concentrations of dopamine 
and norepinephrine in forebrain speci- 
mens from obese animals were two to 
three times lower than in specimens from 
uninfected lean controls. Forebrain from 
infected lean controls had concentra- 
tions of dopamine and norepinephrine 
that were intermediate between those 
measured in forebrain from obese and 
uninfected controls. Catecholamine lev- 
els in hypothalamic specimens from in- 
fected animals, both lean and obese, 
were difficult to evaluate because of con- 
siderable variance. There were no signif- 
icant differences in brainstem dopamine 
and norepinephrine between obese mice, 
infected lean controls, and uninfected 
lean controls. Thus a primary patholog- 
ical process involving virus-induced de- 
struction (or dysfunction) of select 
groups of neurons, resulting in defective 
catecholamine synthesis o r  release, may 
be critical in the development of the 
syndrome. Studies of a variety of other 
physiological and biochemical variables 
are needed to fully describe this type of 
obesity. 

There is a clear role for virus infection 
in the initiation of a number of chronic 
disorders in man (11). The present find- 
ings raise the possibility that virus infec- 
tion also plays a role in some cases of 
obesity in children and in some cases of 
severe spontaneous obesity in adults. 
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Dynorphin and Vasopressin: Common Localization in 
Magnocellular Neurons 

Abstract. The opioid peptide dynorphin is rridely distributed in neuronal tissue of 
rats. By immunoc~ytochemic.rrl methods, it 1t.a.s .shoi~,n previously thrli dynorplzin-like 
immunoreactiiity is present in the postcrior pituitary ond the cells of the hypothcr- 
lamic neurosecretory magnoc~ellular nuclei tr,hicli crlso Lire responsible jbr the 
synthesis of oxytocin, vasopressin, and their neurophysins. By using an qfinity- 
pur$ed antiserum to the non-enkephalin pcrrt of rhe dynorphin molecule it has nou3 
been demonstrared that dynorphin and ~usopressin oc.cur in the same h?pothnlrrmic 
cells of rats, whereas dynorphin und oxytocin occur in separnte cells. Homozygorts 
Brattlebnro rats (deficient in vasoprr,ssin) have mclgnocellular neurons thcrt contoin 
dynorphin sepczrate from oxytocin. Thus dynorphin and vasoprc~ssin, althongh they 
occur in the same (.ells, appear to be under seprzrtrtr genetic control and presumrrbl~~ . . 
arise .porn diferent precursors. 

The opioid peptide dynorphin, which 
was originally extracted from porcine 
pituitary, is highly active in the guinea 
pig ileum bioassay for opiate activity 
(700 times more potent than leucine- 
enkephalin) ( I ) .  By radioimmunoassay 
dynorphin has been demonstrated in the 
neurointermediate lobe of the pituitary, 
hypothalamus, cortex, hippocampus, 
medulla-pons, spinal cord, and dorsal- 
root ganglia of rats (2, 3). We previously 
demonstrated that immunoreactive dy- 
norphin occurs in cells other than p-en- 
dorphin-producing cells and pituitary in 
rat brain (4). We located dynorphin in 
the posterior pituitary and the magnocel- 
Mar  nuclei of the hypothalamus (su- 
praoptic and paraventricular nuclei). 
Since the magnocellular components of 
these nuclei are associated with the pro- 
duction of oxytocin, vasopressin, and 
the enkephalins (5 ) ,  we undertook an 
anatomical study of the cellular distribu- 
tion of dynorphin and these peptides. We 
now report the presence of immunore- 
active dynorphin in cells that produce 
vasopressin. We also show that Brattle- 
boro rats, known to be deficient in the 
production of vasopressin and its neuro- 
physin (6 ) ,  contain dynorphin in the non- 
oxytocin-containing cells of the magno- 
cellular nuclei. This, along with a 300- 
fold difference in content of arginine 
vasopressin (AVP) and dynorphin (2, 7) 
suggests that the peptides are under dif- 
ferent biosynthetic control. 

Brain tissue was prepared from 
Sprague-Dawley rats for immunocyto- 
chemical study as  reported elsewhere 
(4). In brief, normal rats and rats treated 
with colchicine (50 kg150 PI,  injected 
into the cerebral ventricles 48 hours be- 
fore the rats were killed) were anesthe- 
tized with pentobarbital (50 mgikg) and 
perfused by way of the aorta with 4 
percent cold formaldehyde phosphate 
buffer (0.1M) at 4°C for 30 minutes. The 
brains were removed, blocked, and post- 
fixed in the same fixative and maintained 
overnight at 4°C in 0.1M phosphate-buff- 
ered normal saline, pH 7.2, with 15 per- 
cent sucrose. They were then frozen in 
liquid nitrogen and sectioned at -20°C 
on a cryostat. Serial 5-p.m sections were 
cut through the hypothalamic magnocel- 
Mar  nuclei. 

Immunocytochemical staining was 
carried out according to the PAP tech- 
nique (8) with antiserums to dynorphin- 
(1-13). AVP. and oxytocin. Dynorphin- 
(1-13) was conjugated via glutaraldehyde 
to thyroglobulin as reported (2). To  re- 
duce nonspecific background reactivity 
in the immunocytochemical study we 
used affinity-purified and fully recharac- 
terized dynorphin antibodies. The affini- 
ty resin used for antibody purification 
was prepared by linking dynorphin(1-13) 
to cyanogen bromide-activated Sephar- 
ose 4B with cyanogen bromide (9). The 
resulting antibodies were used at a 11300 
dilution; they were found to be blocked 
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by 1 pM dynorphin(1-13) (Fig. 1, A and 
B) but not by 50 pM leucine-enkephalin, 
methionine-enkephalin, p-endorphin, 
AVP, oxytocin, or methionine-Arg6, 
Arg7-enkephalin. We therefore conclud- 
ed that the affinity-purified antibodies 
bound to some part of dynorphin(6-13). 
Since natural dynorphin is a 17-amino 
acid opioid (9), the affinity-purified anti- 
body can be construed as a "midpor- 
tion" dynorphin antiserum. It is fully 
cross-reactive with the recently isolated 
hepta decapeptide from porcine pituitary 
(9). Furthermore, it readily detects dy- 
norphin precursors from porcine pitu- 
itary and rat dynorphin from hypothala- 
mus in tissue extracts or when partially 
purified by molecular sieving and high- 
pressure liquid chromatography. 

Two antiserums to AVP (111000 titer) 
and one antiserum to oxytocin (111000 
titer) were also used in this study. By 
immunocytochemical standards all three 
magnocellular-directed antiserums were 
specific for their original peptide anti- 
gens. One set (prepared by G.N. and 
E.Z.) was produced by injecting rabbits 
with AVP or oxytocin coupled to bovine 
thyroglobulin with carbodiimide. These 
two antibodies stain different magnocel- 
lular neurons (10) and the staining can 
only be blocked by the homologous pep- 
tide; that is, AVP antiserum was blocked 
by 1 pA4 AVP but not by oxytocin, p- 
endorphin, methionine-enkephalin, leu- 
cine-enkephalin, or dynorphin(1-13) up 
to concentrations of 50 pM. Further- 
more, the AVP antiserum did not stain 

the cells of homozygous Brattleboro 
rats. 

The second AVP antiserum (1/1000 
titer) (prepared by T.B. vW.G.) was pro- 
duced by a similar conjugation strategy 
and resulted in a 0.6 percent cross-reac- 
tivity with oxytocin (at 50 percent dis- 
placement in a radioimmunoassay. In 
immunocytochemical tests 50 pM oxyto- 
cin and the other peptides listed above 
could not block the cellular staining, 
whereas 1 pM AVP completely blocked 
it (Fig. 1, C and D). 

Two hundred serial sections (5 pm) 
were sequentially taken through the su- 
praoptic and paraventricular nuclei of 
each of five rats. A series of 12 sections 
was stained as a unit with sections 1 and 
12 being used for blockade of their re- 
spective antiserums with dynorphin(1- 
13) and AVP (or oxytocin). Sections 2,4, 
6, 8, and 10, for example, were stained 
for AVP and sections 3, 5, 7, 9, and 11 
for dynorphin. Because of their size, the 
same magnocellular neurons were often 
found in three or more consecutive sec- 
tions. For example, the cell might be 
stained in section 2 for AVP, section 3 
for dynorphin, and section 4 for AVP 
again (Fig. 2A). A single cell was consid- 
ered to contain both the dynorphin and 
vasopressin-like immunoreactivities if it 
stained for both compounds in at least 
three consecutive sections; and if the 
staining pattern was broadly observed 
across many cells, at several levels of the 
nucleus, and in tissue from several ani- 
mals. We found that the two peptides 

generally, but perhaps not always, occur 
in the same cell (Fig. 2A). 

By using the anity-purified antibod- 
ies to dynorphin(1-13) we confirmed that 
the brain and pituitary regions contain 
dynorphin-like imrnunoreactivity (4). The 
posterior pituitary stained heavily 
whereas very little staining occurred in 
the intermediate lobe and only a few 
scattered cells stained in the anterior 
lobe. In the hypothalamus many cells in 
the supraoptic (Fig. IA), paraventricular 
(Fig. 2B), and accessory nuclei showed 
positive staining. A few fibers stained in 
the median eminence. The staining of all 
of these cells was blocked by 1 pM or 10 
pM dynorphin(1-13) (Fig. 1B) but not by 
the other peptides. 

By using affinity-purified antiserum to 
leucine-enkephalin it is possible to show 
that many areas of rat brain contain 
enkephalin-positive cells (11). However, 
the magnocellular neurons in rat hypo- 
thalamus either do not stain or do so only 
very weakly (in contrast to other areas of 
the same section). Although the anti- 
serum against leucine-enkephalin is 
blocked by 10 pM dynorphin(1-13), it is 
possible, however, to visualize enkepha- 
lin-containing cells in the area of the 
paraventricular nucleus. Cells that are 
positive for dynorphin and AVP are not 
stained by antiserum to leucine-enkepha- 
lin under these conditions. Thus, in our 
experiments, leucine-enkephalin-posi- 
tive cells and dynorphin-positive cells in 
the magnocellular nuclei are not the 
same. 

Fig. 1 (left). Adult male Sprague-Dawley rats received intracerebroventricular injections of colchicine (50 pg150 PI) 48 hours before they were 
anesthetized and killed by perfusion. Serial sections through the supraoptic nucleus [next to the optic tract (OT)] were stained (A) with affinity- 
purified antibodies to dynorphin, (B) with the same antiserum plus 10 @I dynorphin (control), (C) with antiserum to AVP, and (D) with the same 
antiserum to AVP plus 50 wM oxytocin (arrows indicate darkly stained immunopositive cells). Fig. 2 (right). (A) Serial 5-pm sections through 
the supraoptic nucleus [near the optic tract (On]  from a colchicine-treated rat (see legend to Fig. 1). Alternate sections were stained for AVP 
(AVP,) then dynorphin (DYN,) then AVP (AVP2) and then again dynorphin (DYN2). Several cells were stained in three consecutive sections (see 
sections 1 and 2). Section 1 shows a cell stained by antibodies to both AVP and dynorphin. Section 2 shows three such cells. Scale bar, 30 wm. (B) 
Dynorphin-positive cells (arrows indicate darkly stained immunopositive cells) in the paraventricular nucleus in homozygous Brattleboro rat. 
Scale bar, 30 wm. 
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After establishing that AVP and dy- 
norphin occur in the same cells we re- 
peated the study with oxytocin and dy- 
norphin. In an equal number of parallel 
experiments with the same animals as 
studied for AVP and dynorphin we have 
detected no oxytocin in cells that contain 
dynorphin. 

The homozygous Brattleboro rat pro- 
duces no detectable quantities of AVP or 
its associated neurophysin (6). Therefore, 
it was of interest to determine whether 
dynorphin was present in the magnocel- 
Mar cells of these animals and, if so, 
where. Using the same set of antiserums 
that was described above in five normal 
and five colchicine-treated homozygous 
Brattleboro rats, we were able to visual- 
ize cells containing oxytocin but no cells 
containing AVP. The dynorphin antise- 
rums clearly showed positive cells in the 
supraoptic, circularis, and paraventricu- 
lar nuclei (Fig. 2 B). The cells so visual- 
ized did not contain oxytocin. These 
data are in agreement with biochemical 
studies of the whole hypothalamus of 
Brattleboro rats (7). Our biochemical 
studies and those of other laboratories 
indicate that the amount of dynorphin in 
the brain of Brattleboro rats is the same 
as or slightly less than that in normal 
Sprague-Dawley rats. 

Thus, the peptides dynorphin and 
vasopressin occur in the hypothalamus 
and pituitary in the same neurons. Fur- 
thermore, dynorphin occurs in non-oxy- 
tocin-containing neurons of the supraop- 
tic nucleus of the homozygous Brattle- 
boro rat. These data, taken with the 
approximate 300-fold molar excess of 
AVP over dynorphin (2, 7), suggest that 
AVP and dynorphin are produced by 
genetically separate precursor systems. 

Martin and Voight (12) reported en- 
kephalin-like immunoreactivity in the 
posterior pituitary of the rat. They found 
immunoreactive methionine-enkephalin 
in oxytocin-containing fibers and immu- 
noreactive leucine-enkephalin in vaso- 
pressin-containing fibers. However, they 
also reported that their leucine-enkepha- 
lin antiserum cross-reacted with dynor- 
phin(1-13). Using affinity-purified anti- 
bodies to dynorphin(1-13) that do not 
cross-react with leucine-enkephalin, we 
have demonstrated dynorphin in vaso- 
pressin-positive cells and fibers. We sug- 
gest that dynorphin is at least one com- 
ponent of the "leucine-enkephalin-like 

immunoreactivity" found in vasopres- 
sin-producing cells and fibers. The pres- 
ent work does not address the issue of 
the relation of dynorphin to the putative 
enkephalin precursor (13). It does, how- 
ever, suggest that dynorphin occurs in 
cells where leucine-enkephalin is not 
seen under the same conditions. This 
does not preclude a common biosynthet- 
ic origin, since peptides derived from a 
common precursor can be distributed or 
processed differently, as is the case for 
a-melanotropin in the intermediate lobe 
and adrenocorticotropin in the anterior 
lobe of pituitary (14). It is therefore 
possible that dynorphin and leucine-en- 
kephalin either have separate precursors 
or have the same precursor but different 
post-translational events leading to their 
selective production in neurons of the 
central nervous system. However, bio- 
chemical evidence favors the possibility 
of separate precursors (15). 

Glucagon-, cholecystokinin-, and an- 
giotensin-11-like immunoreactivities have 
also been identified in magnocellular 
neurosecretory systems (16). The exact 
form of these peptides, their releasabil- 
ity, and their biological activity are open 
to question. Further, the biosynthetic 
relation of these substances to AVP, 
oxytocin, the neurophysins, and dynor- 
phin is unknown. The possibility that 
one neuronal group synthesizes and re- 
leases several active neuropeptides from 
different biosynthetic pathways raises a 
variety of questions on the potential reg- 
ulation of and interactions among these 
substances. 
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