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Abstract. Coexistence of  N A D P H - d i a p h o r a s e  with vaso- 
pressin and oxytocin  was studied in the magnocel lular  
neurosecre tory  nuclei of  the rat hypo tha lamus  by use of 
sequential histochemical  and immunocy tochemica l  tech- 
niques in the same sections. Coexistence was found in all 
the nuclei examined (supraoptic,  paraventricular ,  circu- 
lar, fornical, and in some isolated neurons  located in the 
hypotha lamic  area between the paraventr icular  and 
supraopt ic  nuclei). The ratios of  neurons  expressing bo th  
markers  ( N A D P H - d i a p h o r a s e  and vasopressin, 
N A D P H - d i a p h o r a s e  and oxytocin) in each of the nuclei 
were very similar. A l though  further studies must  be car- 
ried out, the partial coexistence found in all nuclei sug- 
gests that  N A D P H - d i a p h o r a s e  is p robab ly  not  related to 
general mechanisms involving vasopressin and oxytocin,  
but  rather  in specific functions shared by certain hypo-  
thalamic neuronal  cell populat ions.  
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Introduction 

Nitric oxide is a gas fo rmed f rom the amino acid L- 
arginine by nitric oxide synthases;  one o f  the latter, re- 
cently purified f rom brain tissue (Bredt and Snyder 
1990), has been found  to be identical to N A D P H - d i a -  
phorase  (ND)  (Hope  et al. 1991). We have recently dem- 
onst ra ted the distr ibution o f  N D  activity in the hypo tha -  
lamic magnocel lu lar  neurosecre tory  nuclei (Ar6valo 
et al. 1992) and its partial  coexistence with calbindin 
D-28K and somatos ta t in  (Alonso et al. 1992a, b). These 
results showed a distr ibution pat tern  o f  N D  superimpos-  
able to those wel l -known for the nonapept ides  vasopres-  
sin (VP) and oxytoc in  (OT). 
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Thus,  coexistence o f  N D  with VP and OT could be 
expected. However ,  wi thout  a double  labelling study, 
at the single cell level, it is no t  possible to conclude 
whether  such coexistences are total, partial  or  absent 
in each nucleus (or subdivisions) and whether  the ranges 
o f  coexistence are similar. 

Based u p o n  the foregoing,  the aim o f  the present 
s tudy is to elucidate the possible range o f  coexistence 
o f  N D  activity with VP and OT in the hypotha lamic  
magnocel lular  neurosecre tory  nuclei o f  the rat. 

Materials and methods 

Ten adult female Wistar rats were used. After deep anaesthesia 
(Ketamine, Ketolar| 50 mg/kg body weight), the animals (sup- 
plied by Charles River, Spain) were perfused via the ascending 
aorta with 100 ml Ringer solution, followed by 500 ml of a fixative 
mixture consisting of 4% paraformaldehyde and 15% saturated 
picric acid in 0.t M phosphate buffer, pH 7.25 (PB) 

After 2 h, the brains were removed, the hypothalamic regions 
dissected out and postfixed at 4 ~ C for a further 2-4 h in the same 
fixative. Blocks were incubated in PB containing 30% sucrose (v/v) 
until they sank. Thirty-gm thick serial coronal sections were cut 
in a cryostat ( -  19 ~ C) and collected in cold (4 ~ C) PB, in multiwell 
dishes. Visualization of the NADPH-activity was developed as de- 
scribed in previous papers (Ar~valo et al. 1992; Alonso et al. 1992 a, 
b). 

Following the histochemical procedure, serial sections from 5 
animals for VP and the other 5 for OT were immersed in primary 
antibodies (see Negro-Vilar et al. 1979 for VP, and Jirikowski et al. 
1988 for OT) diluted 1:1200 in 0.05 M TRIS-buffered saline, 
pH 7.4 (TBS) (containing 0.03% Triton X-100, v/v) for 48 h at 
4 ~ C. Thereafter, the sections were processed according to the per- 
oxidase-antiperoxidase method. Tissue-bound peroxidase was visu- 
alized by means of diaminobenzidiue and hydrogen peroxide (see 
Alonso et al. 1992 a, b). Controls of the immunostaining procedure 
such as immunoabsorption with OT and VP (Sigma) and substitu- 
tion with normal rabbit serum were also carried out. No residual 
immunoreaction was observed. 

In double-labelled sections, the blue-coloured reaction of the 
ND histochemistry and the brown DAB reaction product of the 
immunoperoxidase were clearly distinguishable. The neurons that 
displayed both stainings showed cell bodies with both colours at 
the same focussing plane. The numbers of the reacting cells show- 
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ing VP, OT, ND and coexistence were calculated by analyzing 
each nucleus with the exception of the parvicellular subdivisions 
of the paraventricular nucleus, given the scarcity of reacting neu- 
rons in that  region. Calculation of the number  of reacting cells 
was aIways carried out by the same author (F.S.) with the aid 
of an image analyzing system MIP-2 (IMCO 10) (positive-immuno- 
reactive neurons were counted by singling out the different types 
of cells with the use of an optic pen connected to the screen of 

the image analyzer). Only cells in which the nucleus was present 
were considered. Total numbers of stained neurons were corrected 
by a factor of 0.750, according to Rhodes et al. (1981) and S/mchez 
et al. (1990), using the Abercrombie's formula (1946). The mean 
and the standard error of the mean for each group were calculated 
by using the corrected average for every individual animal. 

In the different magnocellular subdivisions of the PVN all posi- 
tive-immunoreactive neurons showing the nucleus and located 

Fig. 1. Vasopressin (a-d) and oxytocin (e-h) (brown) and N A D P H -  
diaphorase (blue)-labelled neurons in the hypothalamic magnocel- 
lular nuclei. Scale bar: 100 gm. a In the commissural subdivision 
of the PVN, most neurons were ND-active. Only a few VP-immu- 
noreactive neurons (arrowheads) and some neurons showing coex- 
istence (arrow) were detected, x200. b Posterior magnocellular 
subdivision of the PVN. Note the preferential location of VP-im- 
munoreaetive neurons in the dorsolateral part  (arrowheads). Note 
ND-active neurons in the medial part, and scattered neurons show- 
ing ND-VP coexistence (arrows). x 100. c In the medial part  of 
the posterior magnocellular subdivision, the presence of neurons 
expressing VP (arrowheads), ND, or showing coexistence (arrows) 

was clearly distinguishable, x 200. d Predominance of ND-active 
cells in the anterior fornical nucleus, x 200. e In the medial part  
of the posterior magnocellular subdivision of the PVN, OT-, ND-, 
and OT-ND (arrows)-labelled neurons were found. Note the pres- 
ence in this medial part  of a higher number  of OT-immunoreactive 
neurons when compared to the VP-immunoreactive cells (see b). 
x 200. f Prechiasmatic subdivision of the SON. OT-immunoreac- 

tive neurons were mainly located in the dorsal part. x 100. g OT- 
and ND-labelled neuronal populations in the circular nucleus. 
x 200. h In the hypothalamic area between the SON and the PVN, 
scattered labelled neurons were detected, x 100 



within every subdivision have been considered as "magnocellular" 
independent of their size. The exact location of the positive-immu- 
noreactive neurons was determined by means of phase-contrast 
microscopy. 

Results 

The nomenclature and nuclear boundaries proposed by 
Peterson (1966), Rhodes et al. (1981) and Swanson and 
Kuypers (1980), slightly modified as previously described 
(Alonso etal .  1992a; Ar6valo et al. 1992) have been 
used. 

In all the structures considered, ND-act ive neurons 
were seen. In the PVN, stained neurons were located 
in both magnocellular subdivisions, forming a dense 
cluster especially in the commissural  division (Fig. 1 a) 
and in the medial part  of  the posterior subdivision 
(Fig. 1 b, c). In the SON most  stained neurons were 
located at the level of  the prechiasmatic subdivision 
(Fig. 1 f). In the accessory nuclei and in the hypothalamic 
area located between the PVN and SON, ND-act ive neu- 
rons were found (Fig. I d, g, h). However, no ND-posi-  
tive neurons were found in the nucleus of  the medial 
forebrain bundle. 

VP-immunoreact ive neurons were present in all the 
nuclei and subdivisions considered. In the PVN the neu- 
rons were preferentially located in the posterodorsolater-  
al part  (Fig. 1 b) and in the SON in the posteroventral  
par t  of  the prechiasmatic subdivision. In all the nuclei 
and magnocellular subdivisions of  the PVN, partial 
coexistence for VP and N D  was found (Fig. 1 a-d).  The 
different nuclei considered showed values of  coexistence 
in the same range with the exception of  a minor  coex- 
istence in the magnocellular posterior subdivision (Ta- 
ble 1). On the contrary,  there was only a very low degree 
of  coexistence in the area between the SON and the 
PVN (Table 1). The degree of  coexistence seemed to be 
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independent of  the predominance of N D -  or VP-positive 
neurons in a given nucleus. 

OT-immunoreact ive neurons were present in all nu- 
clei and subdivisions considered. In the PVN these neu- 
rons were predominant ly located in the ventromedial  
par t  (Fig. le) ,  whereas in the SON they were located 
in the dorsal and anterior part  of  the prechiasmatic sub- 
division (Fig. 1 f). Partial coexistence was found in all 
the structures studied (Fig. 1 e-h), the least being ob- 
served in the magnocellular posterior subdivision of the 
PVN and, particularly, the area between the PVN and 
the SON (Fig. 1 h, Table I). The values of  coexistence 
of  N D - O T  showed a similar range of  variations to those 
found for ND-VP.  Thus, all nuclei considered showed 
a similar degree of  coexistence with the lowest value 
found in the posterior subdivision of  the PVN. Addition- 
ally, the hypothalamic area located between the SON 
and the PVN is also the zone under study with the lowest 
percentage of N D - O T  coexistence. 

Discussion 

With the exception of  the paper  of  Swaab et al. (1975), 
who found a slightly higher number  of  VP- and OT- 
immunoreactive neurons, the observed distribution and 
number  of  both  types of  neurons as well as of  N D -  
positive neurons were in agreement with previous papers 
(e.g., Rhodes et al. 198i ; Sawchenko and Swanson 1982; 
S~mchez et al. 1990; Alonso et al. 1992a; Ar6valo et al. 
1992). 

The location of N D  has previously been compared,  
in addition to VP and OT in the present study, with 
that of  calcium-binding proteins such as calbindin-D- 
28K (Alonso et al. 1992a), with classical neurotransmit-  
ters such as acetylcholine (acetylcholinesterase: Cabal- 
lero-Bleda et al. 1991; choline acetyltransferase: e.g., 

l ane  1. Number (mean_+ SEM.) and percentages of NADPH-di- 
aphorase active (ND), vasopressin (VP)- and oxytocin (O T)-immuno- 
stained and double-labelled (coexistence) neurons in the hypotha- 

lamic magnocellular neurosecretory nuclei. AF Anterior fornical 
nucleus; CN circular nucleus; PF p0sterior fornical nucleus; PVN 
paraventricular nucleus; SON supraoptic nucleus 

Nucleus ND VP Coexistence 

SON 493 _+ 31 (22%) 1554 _+ 260 (68%) 226 + 22 (10%) 
PVN (commissural) 51 _+ 4 (62%) 23 _+ 3 (28%) 8 _+ 1 (10%) 
PVN (posterior) 601 _+ 36 (36%) 979 -t- 198 (59%) 73 + 7 (5%) 
CN 26-+3 (67%) 9-+2 (24%) 3+1 (9%) 
AF 19_+1 (68%) 7_+1 (23%) 3-+1 (9%) 
PF 14_+1 (44%) 14_+1 (44%) 4+1 (12%) 
Area between SON-PVN 257 _+ 16 (76%) 78 _+ 7 (23 %) 2 _+ 1 (1%) 

ND OT Coexistence 

SON 454_+31 (28%) 1051 _+ 183 (65%) 122_+ 19 (7%) 
PVN (commissural) 47 _+ 4 (17%) 187 _+ 6 (70 %) 36 _+ 5 (13 %) 
PVN (posterior) 613 _+ 37 (41%) 860 _+ 185 (57%) 36 _+ 5 (2%) 
CN 23_+3 (61%) 11+3 (31%) 3-+1 (8%) 
AF 18_+2 (46%) 17_+2 (42%) 5+1 (12%) 
PF 12-+1 (60%) 6+1 (30%) 2-+1 (10%) 
Area between SON-PVN 272 -+ 17 (89 %) 32 + 5 (10 %) 2 _+ 1 (1%) 
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Vincent  1986; Schobe r  et al. 1989) a n d  G A B A  (e.g., 
Hed l ich  et al. 1990), and  wi th  n e u r o p e p t i d e s :  n e u r o p e p -  
t ide  Y, C - P O N ,  a n d  av ian  panc rea t i c  p o l y p e p t i d e  (Vin- 
cent  1986; Scot t  et al. 1987; Vi l la lba  et al. 1989), enke-  
pha l ins  (Rober t s  and  Dif ig l ia  1988), and  s o m a t o s t a t i n  
(e.g., Vincent  1986; A l o n s o  et al. 1992b).  The  bas ic  con-  
c lus ion  seems to be tha t  the d i s t r i bu t ion  o f  N D  ac t iv i ty  
is i n d e p e n d e n t  o f  all these o the r  systems.  However ,  a 
c o m m o n  synap t i c  r e l a t ion  be tween  co r t i co t rop in - r e l ea s -  
ing f a c t o r - i m m u n o p o s i t i v e  neu rons  and  N D - a c t i v e  cells 
has  recent ly  been  es tab l i shed  (Knigge  and  Schock  1992). 

W i t h  the  excep t ion  o f  the  p a p e r  o f  Pow (1992), who  
has  recent ly  shown tha t  the N D - s t a i n i n g  in the S O N  
is m o d i f i e d  af ter  d e h y d r a t i o n  st imuli ,  very l i t t le  is k n o w n  
a b o u t  the role  o f  N D  in the h y p o t h a l a m u s .  Thus ,  the  
c o m p a r i s o n s  be tween  N D  and  d i f ferent  neu roac t ive  sub- 
s tances  migh t  help  to expla in  the puzz l ing  p a t t e r n  o f  
this  h i s tochemica l  m a r k e r  in the  bra in .  In  fact ,  the  pa r -  
t ia l  coexis tence  f o u n d  in ou r  s tudy  suggests  t ha t  N D  
is no t  re la ted  to genera l  mechan i sms  invo lv ing  VP and  
OT.  However ,  fu r the r  s tudies  m u s t  be ca r r i ed  ou t  to 
inves t iga te  the role o f  N D  in the  magnoce l l u l a r  neu- 
rosec re to ry  nuclei  o f  the  ra t  h y p o t h a l a m u s .  
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