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iti r/w /~!;~~~~~1~~~~~f7j~ nitr,~tlctc,c~i/rtiu~ ~zt{~~(l; t$~h~ mr BRAIN RES BULL 28(J) 599403. 1992.-A histochemlcal study of the 
dlslrihut~on of NADPH diaphorase activity in the hypothalamus of normal rats was carried out. Our study demonstrates the 
presence of NADPH-diaphora~ activity in the circularis and anterior and posterior kxnicals nuclei for the first time. Additionally. 
we confirm the presence of NADPH-diaphorase-stained neurons in the paraventricular (both magno- and parvieellular neurons) 
and supraoptic nuclei, as well as a population of isolated positive neurons (not included in any hypothalamic nuclei) located 
among the different nuclei. Because NADPH diaphorase has recently been shown to be a nitric oxide synthase. our study reveals 
a wide presence of this enzymatic activity in the hypothalamus of the rat. 

NADPH-diaphorasc Magnocellular nuclei Hypothalamus Rat 

DIAPHORASE (NAD( P)H: dye oxidoreductase, EC 1.6.99) 
transfers reducting equivalents from NADPH (the reduced form 
of nicotinamid~ adenine dinucIeotide phosphate) to various 
electron acceptors including tetrazo~ium dyes (13). It is supposed 
that diaphorases are widely employed cofactors involved in the 
electron transfer between NAD(P~H-de~ndent dehydrogenases 
and the electron-transport chain (8). 

Biochemically, the term diuphorasc> is not used further, be- 
cause it cannot be applied to a specific enzymatic activity. How- 
ever, it has been retained in histochemical studies because using 
NADPH and the dye nitroblue tetrazolium it is possible to stain 
in fixed brain sections specific populations of neurons known 
as h!~~1)PII-diuphom.s~~-po.sifi~~~~ cells. These neurons reduce ni- 
troblue tetrazolium to an insoluble dark-blue formazan reaction 
product (6). 

The interest of this histochemicai technique has been en- 
hanced because it was demonstrated that neuronal NADPH di- 
aphorase is a nitric oxide synthase providing, therefore, a specific 
histochemical labeling for neurons producing nitric oxide 
throughout the brain (4). 

The possible colocaiization of NADPH-diaphorase (ND) ac- 
tivity and different neurotransmitters and neuroactive substances 
has been studied by several authors (l&23,24,29,34). Thus, it 
has been shown that ND-active neurons colocalize somatostatin 
in the cerebral cortex, striatum, and olfactory bulb (l&23,24,32): 

neuropeptide Y in the cerebral cortex, striatum, and olfactory 
bulb (24.32): GABA in a small neuronal population in the retina 
(29), c-pon in the striatum (30); and acet~~lcholin~ in the pontine 
reticular formation. medial septal nucleus. diagonal band of 
Broca. and some neurons in the magnoceliular preoptic nucleus 
(23,33). However, the overall distribution of ND activity in the 
brain with the exception of nitric oxide and citrulline (4) does 
not match that of any neuroactive substance hitherto described 
( 18,19.X). 

Presence of ND activity in the hypothalamic region has been 
described ( 14) where it has been proposed as a useful tool for 
the assessment of neuronal activity in selected neuronal popu- 
lations. However. these ND-positive regions and populations 
have not been clearly established, because a detailed morpho- 
logical study of ND staining in this region is still lacking. 

The remarkable selectivity and Golgi-like quality of ND 
staining enables the mo~hological identification of neuronal 
types that have not previously been characterized (29). Addi- 
tionally, these topographical studies on the dist~bution of ND- 
positive neurons are useful for neuropathological studies because 
these cells are selectively resistant to ischemia and excitatory 
neurotoxins ( 1.5) and, in some regions such as the striatum, they 
are selectively spared in Huntington’s disease (2). 

Thus, the aim of the present study is to establish clearly the 
exact location in the hypothalamic magnocellular nuclei of ND 
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activity and to describe the characteristics of the ND-positive 
neurons in this region. 

MATERIAL AND METHOD 

Five adult female Wistar rats weighting 220-250 g were used 
for the present study. The animals were deeply anesthetized using 
ketamine (Ketolar: 50 mg/kg body weight), and perfused through 
the ascending aorta with 50 ml Ringer’s solution followed by a 
fixative containing 4% paraformaldehyde and 15% saturated pi- 
cric acid in 0.1 M phosphate buffer, pH 7.3 (PB). 

After 2 h, the brains were removed from the skull, the hy- 
pothalamic region was dissected out and postfixed at 4°C for a 
further 2 h in the same fixative. Thereafter, the blocks were 
rinsed 12 h in PB, transferred overnight to a 30% vol/vol sucrose 
solution in PB and frozen using liquid nitrogen. 

Thirty-micrometer frontal sections were cut on a cryostat 
and collected in cold (4°C) PB. Free-floating sections were pro- 
cessed for the demonstration of NADPH-diaphorase activity as 
previously described (22). Briefly, the sections were incubated 
in a solution made up of 0.08% Triton x- 100, 1 mA4 reduced-/? 
NADPH, and 0.8 mA4nitroblue tetrazolium in 0.1 M tris buffer 
pH 8, at 37°C for l-3 h. All reagents were obtained from Sigma. 
The course ofthe reaction was controlled under the microscope. 

After incubation, the sections were rinsed in PB, dehydrated, 
and mounted on gelatin-coated slides for examination by light 
microscopy. 

Drawings of the distribution of positive neurons were per- 
formed by means of a camera lucida-equipped Leitz microscope 
with the aid of a low power planar lens. The exact location of 
the positive neurons was determined by means of Nissl-staining 
of adjacent sections and by phase-contrast microscopy. 

RESULTS 

Nomenclature 

In the present study, the nomenclature and nuclear bound- 
aries proposed by Peterson (11) and Rhodes et al. ( 12) were 
used. For the paraventricular nucleus (PVN), the subdivision 
proposed by Swanson and Kuypers (25) was followed. However, 
we considered both the anterior and medial magnocellular sub- 
divisions of Swanson and Kuypers as one called commissural 
subdivision (according to 11 and 12) as described earlier ( 1% 
17). Although our study is focused on the magnocellular neurons, 
in the PVN, both well-known cellular types (magnocellular and 
parvicellular) were also considered. 

Topographical Distribution 

Paraventricular nucleus. Both neuronal types of the nucleus 
(magnocellular and parvicellular) showed positive labeling [Figs. 
I and 2(a-d)]. 

In the magnocellular subdivisions, most of the stained neurons 
were located in the posterior one, forming a dense cluster of 
ND-active neurons [Figs. 1 and 2(a, c)]. A few stained cells were 
seen in the commissural subdivision [Figs. 1 and 2(b)]. 

In the parvicellular subdivisions, the neurons were predom- 
inantly located close to the wall of the third ventricle, in the 
anterior part of the periventricular subdivision (at the level of 
the commissural magnocellular subdivision) [Figs. 1 and 2(b)]. 
In the latter, the number of stained neurons was higher in the 
dorsal part of the ventricle than in the ventral one (Fig. 1). 

Positive neurons were also located in the anterior and medial 
parvicellular subdivisions. However, the number of these neurons 
was very scarce, specially in the medial subdivision [Figs. 1 and 
2(a, d)]. 

FIG. I. NADPH-diaphorase activity. Drawings of frontal sections from 
rostra1 (a) to caudal (h) planes [(c)-(f) have been exclusively focused on 
the PVN], showing the distribution of NADPH-diaphorase-stained neu- 
rons. AC: anterior commissure; CN: circularis nucleus; FX: fornix; OC: 
optic chiasma; OT: optic tract; pSON: prechiasmatic supraoptic nucleus; 
&ON: retrochiasmatic supraoptic nucleus; V: third ventricle; I: com- 
missural magnocellular subdivision; 2: periventricular parvicellular sub- 
division; 3: anterior parvicellular subdivision; 4: medial parvicellular 
subdivision; 5: Dorsal parvicellular subdivision; 6: posterior magnocellular 
subdivision; 7: lateral parvicellular subdivision. 

In the dorsal and lateral subdivisions, some labeled neurons 
were seen. In the dorsal one, they formed a small cluster located 
close to the dorsal part of the third ventricle [Figs. 1 and 2(c)]. 
In the lateral subdivision, only a few labeled neurons were seen 
[Figs. 1 and 2(d)]. 

Supraoptic nucleus. In this nucleus, reactive neurons located 
in both subdivisions were seen [Figs. 1 and 3(a, b)]. 

In the prechiasmatic subdivision, all the extension was oc- 
cupied by ND-active neurons. However, the number of stained 
neurons was scarce when compared to those observed in the 
magnocelIular subdivisions of the PVN [Figs. 1 and 3(a)]. It was 
possible to observe strongly stained neurons intermingled with 
very weakly stained ones without a specific distribution of both 
neuronal types into the subdivision [Fig. 3(a)]. 

In the retrochiasmatic subdivision, some well-stained reactive 
neurons were observed [Figs. I and 3(b)]. They were character- 
istically grouped forming parallel rows of stained cell bodies 
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FIG. 2. NADPH-diaphorase activity in the paraventricular nucleus. (a) 
Large population of stained neurons located in the posterior magnocel- 
Mar subdivision. Some isolated active neurons can be seen in the medial 
parvi~ellular subdivision (arrows) and in the dorsal part of the periven- 
tricuiar parvicellular subdivision (a~owheads), X58. (b) Strongly stained 
neurons located in the commissural subdivision (arrows) and in the pcri- 
ventricular pxvicellular subdivision (arrowheads), X I 16. (c) At the level 
of the posterior magnocellular subdivision (arrows), note the presence 
of stained neurons located in the dorsal parvicellular subdivision (arrow- 
heads). X58. (d) In the most posterior part of the PVN, some stained 
neurons were located in the lateral parviceiiular subdivision (arrows). 
Only a few stained cells were seen in the medial and ~rivent~~ular 
parviceliular subdivisions (arrowheads). X58. V: third ventricle. 

(without stained processes) located close to the pial limit of the 
hypothalamus [Figs, I and 3(b)]. 

.-~~~wc.w~~ turcki. In the cYrcxluris nrrciws, stained neurons 
forming a small cluster of six to Seven positive somata were 
observed [Figs. 1 and 3(c)]. 

In the anterior and posterior,,fi,rn~(~l.s nuclei, positive neurons 
were found with the same mo~hological characteristics as those 
observed in the magnocellular neurons of the PVN and SON 
[Figs. I and 3(d)]. 

Finally, some stained neurons were seen in the hypothalamic 
area between the pre~hiasmatjc subdivision of the SON and the 
PVN fFigs. 1 and 3(e, f)]. 

In general, the morphological characteristics observed for the 
reactive neurons located in the magnocellular subdivisions of 
the PVN, the SON, and the accessory nuclei were quite super- 
imposable. 

These neurons &owed a strong intensity of reaction (with 
the exception of some weakly stained neurons located in the 
prechiasmatic subdivision of the SON) located in the cell body 
and proximal dendrites. They showed different shapes, mostly 
rounded. Sometimes it was possible to see one or two well-stained 
processes (Figs. 2 and 3). 

The morphological characteristics observed in the neurons 
located in parvicellular subdivision of the PVN were very 
similar to those observed in the previously mentioned neurons 
[Fig. 2(c, d)]. 

The isolated neurons located in the hypothalamic area be- 
tween the SON and the PVN displayed a strong intensity of 
reaction. The presence of a higher number of long stained pro- 
cesses was noticed. The shapes of these neurons were predom- 
inantly pyramidal or oval [Fig. 3(e, f)). 

NADPH-diaphorase histochemistry stains subpopulations of 
nerve cells in widely distributed brain regions including, among 
others, striatum, olfactory bulb, substantia innominata, posterior 
pituitary. pontine reticular formation, cortex, and several brain- 
stem nuclei (3,13,14,18,19). 

In the hypothalamus, presence of ND activity has been re- 
ported (14.35). These authors describe only positive neurons 
located in the PVN (both in the magno- and parvicellular sub- 
divisions) and in the SON. 

In our analysis, we confirmed the presence of those earlier 
described posltlve neurons in some magnocellular nuclei such 

a b 

FIG. 3. NADPH-diaphorase activity in the supraopttc nuclei and in the 
magnoceltular accessory nuclei. (a) A few rounded neurons were strongly 
reactive in the prechi~matic su~i~isjon of the SON (arrows), X59. (b) 
Rounded stained neurons can be seen in the retrochiasmatic subdivision 
of the SON (arrows), X59. (c) A small cluster of intensely reactive neurons 
were located at the level ofthe circularis nucleus, X59. (d) In the anterior 
fornical nucleus. some stained neurons were present (arrows), X59. (e 
and f) Throughout the hypothalamic area between the SON and the 
PVN a lot of stained neurons with various processes were seen: (e) X 1 18: 
(f) X236. OC: optic chiasma. FX: fornix. 
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as the PVN (both magnocellular and parvicellular cellular types) 
and the SON (17). Additionally, our study shows ND-positive 
neurons in some magnocellular accessory nuclei such as the CN 
and the anterior and posterior fomicals nuclei. However, other 
accessory nuclei such as the medial forebrain bundle nucleus 
did not display this activity. 

Although it is possible to find some isolated positive neurons. 
especially located in the hypothalamic area between the pre- 
chiasmatic subdivision of the SON and the PVN, it is more 
characteristic of the hypothalamic ND staining that the positive 
neurons formed very dense clusters, contrary to which it has 
been observed in other regions. Therefore, the term solitary active 
ceils (27,28) frequently used to define the ND-positive cells is 
not valid in the hypothalamus. 

Comparing the distribution of ND staining with that of 
transmitters and neuroactive substances located in the hypo- 
thalamic nuclei, only vasopressin and oxytocin were present in 
all the nuclei and subdivisions in which ND activity appeared 
(12,15-17, among others). However, the necessity to use col- 
chicine or adrenalectomy to show the vasopressin-parvicellular 
reacting neurons is well-known (15- 17,2 1, among others). Thus, 
this simple histochemical method may be a useful way to vi- 
sualize specific populations of neurons in this region. 

Other peptides and substances described in the rat hypo- 
thalamus (CRF, SRIF, VIP, GABA, neuropeptide Y, among 

1. 

2. 

3. 

4. 

5. 

6. 

I. 

8. 

9. 

10. 

I I. 

12. 

13. 

others) (7,9,10,17,2 1,26, among others) were much more re- 
stricted to some nuclei or within the PVN to some subdivisions. 
Although it has been shown in earlier studies that ND may bc 
a selective marker for neurons containing both somatostatin and 
neuropeptide Y in other brain areas (3 1,32). and also based on 
previous research, including some carried out at our laboratory 
( 17), the more restricted neuronal topography of these two pep- 
tides in the hypothalamus does not agree with the wide distri- 
bution of ND activity. Detailed studies about the coexistence 
not only of these two peptides (somatostatin and neuropeptide 
Y) but also vasopressin and oxytocin with NADPH activity 
should be carried out to clarify the presence of a partial coex- 
istence. 

Finally, it has been recently demonstrated that ND-diapho- 
rase is a neuronal nitric oxide synthase (4). Thus, this histo- 
chemical technique allows the cellular location of nitric oxide 
synthase, showing a wide presence of such oxide in the neurons 
of the hypothalamic nuclei described in the present study. 

ACKNOWLEDGEMENTS 

The authors express their gratitude to Miss E. L. Shorten for kindly 
revising the English version of the manuscript. This work has been sup- 
ported by grants of the University of Salamanca to J. R. Alonso and J. 
Aijbn, and by the PB86/02 13 project. 

REFERENCES 

Beal, M. F.; Kowall, N. W.; Ellison, D. W.; Mazurek, M. F.; Swartz. 
K. J.; Martin, J. B. Replication ofthe neurochemical characteristics 
of Huntington’s disease by quinolinic acid. Nature 32 1: 168-l 7 1: 
1986. 
Ferrante, R. J.; Kowall, N. W.; Beal, M. F.; Richardson, E. P.. 
Jr.; Bird, E. D.; Martin, J. B. Selective sparing of a class of stri- 
atal neurons in Huntington’s disease. Science 230:561-563: 
1985. 
Gonzllez, M. F.; Sharp, F. R. Fetal frontal cortex transplanted to 
injured motor/sensory cortex of adult rats. I. NADPH-diaphorase 
neurons. J. Neurosci. 7:2991-3001; 1987. 
Hope, B. T.; Michael, G. J.; Knigge, K. M.; Vincent, S. R. Neuronal 
NADPH diaphorase is a nitric oxide synthase. Proc. Natl. Acad. 
Sci. USA 88:2811-2814; 1991. 
Koh, J. -Y.; Peters, S.; Choi, D. W. Neurons containing NADPH- 
diaphorase are selectively resistant to quinolinate toxicity. Science 
234173-76; 1986. 
Kuonen, D. R.; Kemp, M. C.; Roberts, P. J. Demonstration and 
biochemical characterisation of rat brain NADPH-dependent di- 
aphorase. J. Neurochem. 50:1017-1025; 1988. 
Lind, R. W.; Swanson, L. W.; Bruhn, T. 0.; Ganten, D. The dis- 
tribution of angiotensin II-immunoreactive cells and fibers in the 
paraventriculo-hypophysial system of the rat. Brain Res. 338:8 l- 
89; 1985. 
Mahler, H. R.; Cordes, E. H. Biological chemistry (2nd Ed.). New 
York: Harper and Row; 1971:656. 
Mezey, E. Vasoactive intestinal polypeptide immunopositive neurons 
in the paraventricular nucleus of homozygous brattleboro rats. Neu- 
roendocrinology 42:88-90; 1986. 
Mezey, E.; Kiss, J. Z. Vasoactive intestinal peptide-containing 
neurons in the paraventricular nucleus may participate in reg- 
ulating prolactin secretion. Proc. Natl. Acad. Sci. USA 82:245- 
247; 1985. 
Peterson, R. P. Magnocellular neurosecretory centers in the rat hy- 
pothalamus. J. Comp. Neurol. 128: 18 l-190; 1966. 
Rhodes, C. H.; Morrel, J. I.; Pfaff, D. Immunohistochemical analysis 
of magnocellular elements in rat hypothalamus: Distribution and 
number of cells containing neurophysin, oxytocin and vasopressin. 
J. Comp. Neurol. 198:45-64; 198 1. 
Sagar, S. M. NADPH diaphorase histochemistry in the rabbit retina. 
Brain Res. 373:153-158; 1986. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

Sagar, S. M.; Ferriero, D. M. NADPH Diaphorase activity in the 
posterior pituitary: Relation to neuronal function. Brain Res. 400: 
348-352: 1987. 
SBnchez, F.; Carretero, J.; Rubio, M.; Blanco, E.; Riesco, J. M.; 
Vbzquez, R. Topographical distribution of vasopressin-producing 
neurons in the paraventricular nucleus of the rat hypothalamus fol- 
lowing adrenalectomy and treatment with colchicine. Neuroendo- 
crinoc Lett. 10(3):165-174; 1988. 
Sanchez. F.: Carretero. J.: SBnchez-France. F.: Riesco. J. M.: Blanco. 
E.; Juanes,‘J. A.; V&quez, R. Morphometric changes of specific 
located vasopressin-reacting parvicellular neurons in the paraven- 
tricular nucleus of the rat after adrenalectomy. Neuropeptides 17: 
127-134; 1990. 
Sbnchez, F.; Carretero, J.; Riesco, J. M.; Blanco, E.; Juanes, J. A.; 
GonzLlez, R.; VBzquez, R. Role of the paraventricular nucleus in 
the hypothalamic control of the release of corticotropin hormone. 
An. Anat. 36: 199-209; 1990. 
Sandell, J. H. NADPH-diaphorase in the rat brain, macaque striate 
cortex and the mammalian retina. Sot. Neurosci. Abstr. 10:441; 
1984. 
Sandell, J. H. NADPH diaphorase cells in the mammalian inner 
retina. J. Comp. Neurol. 238:466-472; 1985. 
Sandell, J. H.; Graybiel, A. M.; Chesselet, M. F. A new enzyme 
marker for striatal compartmentalization: NADPH diaphorase ac- 
tivity in the caudate nucleus and putamen of the cat. J. Comp. 
Neural. 243:326-334; 1986. 
Sawchenko, P. E.; Swanson, L. W.; Vale, W. W. Corticotropin-re- 
leasing factor: Co-expression within distinct subsets of oxytocin-. 
vasopressin-, and neurotensin-immunoreactive neurons in the hy- 
pothalamus of the male rat. J. Neurosci. 4(4): 1118- 1129; 1984. 
Scherer-Sintier. U.: Vincent, S. R.; Kimura, H.; McGeer, E. G. 
Demonstration of a unique population of neurons with NADPH- 
dianhorase histochemistrv. J. Neurosci. Meth. 9229-234; 1983. 
Sciober, A.; Brauer, K.; Lippa, H. Alternate coexistence of NADPH- 
diaphorase with choline aceiyltransferase or somatostatin in the rat 
neostriatum and basal forebrain. Acta Histochem. Cytochem. 22(6): 
669-674; 1989. 
Scott, J. W.; McDonald, J. K.; Pemberton, J. L. Short axon cells of 
the rat olfactory bulb display NADPH-diaphorase activity, neuro- 
peptide Y-like immunoreactivity, and somatostatin-like immuno- 
reactivity. J. Comp. Neurol. 260:378-391; 1987. 



NADPH-DIAPHORASE ACTIVITY IN THE RAT HYPOTHALAMUS 603 

25. 

26. 

21. 

28. 

29. 

30. 

Swanson. L. W.; Kuypers. H. G. J. M. The paraventricular nucleus 
of the hypothalamus: Cytoarchitectonic subdivisions and organi- 
zation of projections to the pituitary, dorsal vagal complex and spinal 
cord as demonstrated by retrograde fluorescence double-labelling 
methods. J. Comp. Neurol. 194:555-570; 1980. 
Theodosis, D. T.: Paut. L.; Tappaz. M. L. Immunocytochemical 
analysis of the GABAergic innervation of oxytocin-0 and vasopressin 
neurons in the rat supraoptic nucleus. Neuroscience 19:207-222: 
1986. 
Thomas, E.: Pearse. A. G. E. The fine localization of dehydrogenases 
in the nervous system. Histochemie 2:266-282: I96 I. 
Thomas, E.; Pearse, A. G. E. The solitary active cells. Histochemical 
demonstration of damage resistant nerve cells with a TPN-diaphorase 
reaction. Acta Neuropathol. 3:238-249; 1964. 
Vaney. D. 1.: Young, H. M. GABA-like immunoreactivity m 
NADPH-diaphorase amacrine cells of the rabbit retina. Brain Res. 
474:380-3X5; 1988. 
Villalba. R. M.; Martinez-Muriilo. R.; Blasco, I.; Alvarez. F. J.; 
Rodrigo. J. C-PON containing neurons in the rat striatum are also 
positive for NADPH-diaphorase activity. A light microscopic study. 
Brain Res. 462:359-362; 1988. 

31. 

32. 

33. 

34. 

35. 

Villalba, R. M.; Rodrigo. J.: Alvarez. F. J.; Achaval, M.: Martinez- 
Murillo. R. Localization of C-PON immunoreactivity in the rat main 
olfactory bulb. demonstration that the population of neurons con- 
taining endogenous C-PON display NADPH-diaphorase activity. 
Neuroscience 33(2):373-382: 1989. 
Vincent. S. R.: Johansson. 0.: Hokfelt. T.; Skirboll, L.; Elde, 
R. P.; Terenius, L.; Kimmel. J.: Goldstein. M. NADPH-diaph- 
orase: A selective histochemical marker for striatal neurons con- 
taining both somatostatin- and avian pancreatic polypeptide 
(APP)-like immunoreactivities. J. Comp. Neurol. 2 I7:252-263: 
1983. 
Vincent, S. R.: Satoh, K.; Armstrong, D. M.: Fibiger, H. C. NADPH- 
diaphorase: A selective histochemical marker for the cholinergic 
neurons of the pontine reticular formation. Neurosci. Lett. 43:3 I - 
36: 1983. 
Vincent S. R.: Steines. W. A.; Fibiger. H. C. Histochemical dem- 
onstration of separate populations of somatostatin and cholinergic 
neurons in rat striatum. Neurosci. Lett. 35: 1 I l-l 14: 1983. 
Vincent. S. R. NADPH-diaphorase histochemistry and neurotrans- 
mitter coexistence. In: Neurohistochemistry: Modern methods and 
applications. New York: Alan R. I.iss; 1986:376-396. 


