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ABSTRACT
A recent study of the distribution of NADPH-diaphorase (NADPHd) and nitric oxide
synthase (NOS) in a turtle brain (Brüning et al. [1994]: J. Comp. Neurol. 348:183–206) has
revealed that these enzymes are not only widely distributed throughout the brain, but also
seem to be colocalized with other classical neurotransmitters, such as catecholamines and
acetylcholine. The main goals of the present study were 1) to determine sites of colocalization
of NADPHd/NOS with tyrosine hydroxylase (TH, as marker for catecholamines), and 2) by
studying a representative of another reptilian radiation, to assess primitive and derived traits
of the distribution of NADPHd and NOS in the brains of reptiles. For that purpose, single
(NADPHd or NOS) and double staining (NADPHd with TH, or NOS with TH) techniques were
applied to the brains of adult gekkonid lizards (Gekko gecko). The distribution of NADPHd and
NOS in Gekko was largely comparable to that in turtles, which implies involvement in certain
functions of these enzymes. Notable differences, however, were observed in the thalamus and
pretectum. Colocalization was observed in numerous cells of the ventral tegmental area, the
substantia nigra, and the retrorubral dopaminergic cell group. In other catecholaminergic cell
groups, e.g., the locus coeruleus and the solitary tract nucleus, TH-immunoreactive cells and
NADPHd/NOS-positive cells were closely intermingled, but not double-stained. From the
present evidence, it is concluded that extensive colocalization of NADPHd/NOS with
catecholamines occurs in the midbrain dopaminergic cell groups of reptiles and birds, but not
(or only sparsely) in the corresponding cell groups of amphibians and mammals. J. Comp.
Neurol. 377:121–141, 1997. r 1997 Wiley-Liss, Inc.
Indexing terms: NOS; histochemistry; colocalization; substantia nigra; locus coeruleus

During the last 5 years, a dramatic increase in the
number of papers dealing with the distribution of reduced
nicotinamide adenine dinucleotide phosphate-diaphorase
(NADPHd) in the brains of vertebrates has occurred. There
are several reasons that the distribution of NADPHd has
attracted so much attention. First, the relatively simple
NADPHd histochemistry allows the demonstration of specific populations of neurons and fibers throughout the
brain and spinal cord. These positive neurons are frequently stained in a Golgi-like way, thus providing valuable morphological information. By using b-NADPH as a
substrate, and tetrazolium dyes as a chromogen, the
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enzyme produces an insoluble dark blue formazan reaction
product (Thomas and Pearse, 1964; Kuonen et al., 1988). A
second, more important reason is that NADPHd has been
recently identified as a nitric oxide synthase (NOS), which
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generates nitric oxide (NO) from a terminal guanidino nitrogen of L-arginine (Knowles et al., 1989; Hope et al., 1991).
Nitric oxide, in its turn, is considered to play a major role
as an endothelium-derived relaxing factor (Ignarro et al.,
1987; Palmer et al., 1987, 1988), and because it can diffuse
freely across membranes, can act both as an intracellular
and intercellular messenger in the nervous system (for
reviews, see Garthwaite, 1991; Moncada et al., 1991;
Snyder and Bredt, 1991; Bredt and Snyder, 1992; Snyder,
1992; Vincent and Hope, 1992).
More or less detailed mapping studies of the distribution
of NADPHd and/or NO synthase are available for mammals (Mizukawa et al., 1989: cat; Vincent and Kimura,
1992: rat; Rodrigo et al., 1994: rat; Egberongbe et al., 1994:
human), for birds (Brüning, 1993: chicken; Panzica et al.,
1994: quail), for reptiles (Luebke et al., 1992: lizard;
Brüning et al., 1994: turtle), for amphibians (Muñoz et al.,
1996: frog; González et al., 1996: urodele), for teleost fish
(Holmqvist et al., 1994: Arévalo et al., 1995; Brüning et al.,
1995; Villani and Guarnieri, 1995), and lampreys (Schober
et al., 1994). Although limited in number, these studies
have revealed that distinct subsets of neurons and fiber
systems stain for NADPHd and/or NOS. These neurons
appeared not to be exclusively associated with any known
classical neurotransmitter system or functional system.
Colocalization of NADPHd and NOS has been demonstrated in discrete populations of cells that contain choline
acetyltransferase (Vincent et al., 1983b,c; Vincent, 1986;
Schober et al., 1989; Luebke et al., 1992), gammaaminobutyric acid (GABA) (Hedlich et al., 1990; Roberts
and Difiglia, 1988; Vaney and Young, 1988), neuropeptides—neuropeptide Y, C-PON, and avian pancreatic polypeptide (Vincent et al., 1983a; Scott et al., 1987; Villalba

et al., 1988, 1989)—enkephalins (Roberts and Difiglia,
1988), somatostatin (Vincent et al., 1983a; Vincent, 1986;
Kowal et al., 1987; Scott et al., 1987; Sharp et al., 1987;
Alonso et al, 1992a), vasopressin and oxytocin (Calka and
Block, 1993; Sanchez et al., 1994), calcium-binding proteins (Alonso et al., 1992b, 1993, 1995; Arévalo et al.,
1993), or monoamines (Johnson and Ma, 1993; Muñoz et
al., 1995; Panzica et al., 1996).
A recent study by Brüning et al. (1994) has revealed a
wide distribution of NADPHd- and NOS-positive neuronal
structures in the brains of turtles. At some places, such as
the midbrain tegmentum and the locus coeruleus, these
neurons lie in a position that strongly resembles that of
catecholaminergic cell bodies (Smeets et al., 1987). The
main goal of the present study was to examine the putative
sites of interaction between NADPHd and catecholamines
in the brains of reptiles, by using a double-staining technique for NADPHd and TH. Because the lizard Gekko
gecko has been the species-of-choice for more than a decade
for cytoarchitectonic, immunohistochemical, and hodological studies (for references, see Smeets, 1992, 1994), it therefore seems particularly attractive to correlate the data of the
NADPHd histochemistry. Moreover, because turtles and lizards belong to different radiations within the class of Reptilia,
the present study may also provide valuable comparative
data of the variations within a single class of vertebrates.
Some controversy exists whether the distribution of
NADPHd is identical to that of NOS. A complete overlap of
NADPHd-positive neurons and NOS-immunoreactive neurons has been reported by some authors (Bredt et al.,
1991a; Dawson et al., 1991), whereas others (Schmidt et
al., 1992; Valtschanoff et al., 1993; Dohrn et al., 1994;
Holmquist et al., 1994; Kharazia et al., 1994) found
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differential staining at several places in the brain. To make
certain that the NADPHd histochemistry reveals neuronal
structures that contain NOS, immunohistochemical studies with antibodies against neuronal nitric oxide synthase
(NOS-I) have been performed in combination with
NADPHd histochemistry and TH-immunohistochemistry.

MATERIALS AND METHODS
The brains of six adult Tokay gekkos (Gekko gecko) were
used for the present study. Four lizards were treated for
nicotinamide adenine dinucleotide phosphate-diaphorase
(NADPHd) histochemistry, combined with tyrosine hydroxylase (TH) immunohistochemistry, whereas on the other
two animals a combined nitric oxide synthase (NOS)/THimmunohistochemical procedure was applied. The gekkos
were anesthetized with nembutal and perfused transcardially with physiological saline, followed by 200 ml of 4%
paraformaldehyde and 15% saturated picric acid in 0.1 M
phosphate buffer, pH 7.4 (PB). The brains were removed
from the skulls, postfixed for 1 hour, and stored overnight
in 30% sucrose in PB. The next day, the brains were cut on
a freezing microtome in the transverse plane at 30–40 µm,
and the sections were collected in PB and rinsed several
times in the same buffer.

NADPH-diaphorase histochemistry
Free-floating sections were rinsed three times for 10
minutes in 0.1 M Tris buffered saline (TBS), pH 8.0. They
were then incubated in a medium of 1 mM b-NADPH, 0.8
mM nitro blue tetrazolium, and 0.08% Triton X-100 in 0.1
M TBS (pH 8.0), at 37°C for 1–2 hours. All chemicals were
purchased from Sigma (St. Louis, MO). Under microscopic
control, the reaction was brought to an end by rinsing in
cold TBS. Some sections were incubated in a medium
without b-NADPH. A second group of control sections was
heated in TBS to 70°C for 10 minutes. In both cases, no
residual reaction was observed. The sections were then
mounted on glass slides (mounting medium: 0.25% gelatin
in Tris buffer, pH 7.6) and dried overnight. After ethanol
dehydration and xylene cleaning, they were coverslipped
with DePeX. To facilitate the interpretation of the results,
some sections were counterstained with neutral red.

NOS immunohistochemistry
In two cases, alternating sections to those incubated for
the NADPHd reaction were treated for nitric oxide synthase (NOS) immunodetection. The sections were first
rinsed three times for 10 minutes in TBS, pH 7.6, and then
incubated in a sheep antiserum against NOS (kindly
provided by Dr. Emson), diluted 1:20,000 in TBS containing 0.5% Triton X-100 (TBS-T) for 48–60 hours at 4°C.
Rhodamine-conjugated donkey anti-sheep second antiserum (Chemicon), diluted 1:100 in TBS-T, was applied for
1.5 hours at 20°C. In some cases, fluorescein-conjugated
rabbit anti-sheep second antibody (Vector), diluted 1:100
in TBS-T, was used. The sections were then rinsed in TBS,
mounted on glass slides, and coverslipped with Vectashield (Vector).

Double labeling NADPHd and NOS
In the two gekkos which were used for NOS immunohistochemistry, some series of sections were mounted on glass
slides and, without drying, were studied, plotted, and
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photographed. Then, they were again collected in TBS and
rinsed profusely for 1 hour. Subsequently, the histochemical technique for NADPHd was performed on the same
sections that had been previously photographed.

Double labeling NADPHd and TH
In four gekkos, following the histochemical reaction for
NADPHd, alternating series were incubated in mouse
anti-TH antiserum (Incstar), and diluted 1:1,000 for 48–60
hours at 4°C. The sections were then processed immunocytochemically according to the peroxidase anti-peroxidase
technique (Sternberger, 1979), using a goat anti-mouse
(Dakopatts, diluted 1:100 in TBS-T for 1 hour at room
temperature) and a mouse peroxidase antiperoxidase
(Chemicon, diluted 1:500 in TBS-T for 1 hour) as secondary and tertiary antiserum, respectively. The final staining
was made with 0.5 mg/ml 3,38-diaminobenzidine (DAB,
Sigma), with 0.01% H2O2 in 10–20 minutes. The sections
were then mounted, dehydrated, and coverslipped as for
NADPHd histochemistry.

Double labeling NOS and TH
In two cases, the free-floating sections were simultaneously incubated in sheep anti-NOS (diluted 1:20,000),
and mouse anti-TH (diluted 1:1,000), in TBS-T for 60
hours at 4°C. After rinsing three times in TBS, the sections
were incubated in biotinylated horse anti-mouse (Vector,
diluted 1:100 for 1 hour at room temperature) and, after
rinsing, in a mixture of Texas Red-conjugated streptavidin
(Vector, diluted 1:100) and fluorescein-conjugated rabbit
anti-sheep (Vector, diluted 1:100) for 2–3 hours at room
temperature. Following a final rinsing in TBS, the sections
were mounted on glass slides and coverslipped with
Vectashield.

Specificity of the stainings
In order to make certain that the NADPHd histochemistry reveals neuronal structures that contain NOS, immunocytochemistry using K205 antiserum prepared against
purified rat neuronal nitric oxide synthase was performed
on the same tissues. Immunohistochemical control experiments involved parallel incubation of alternate sections
either with antiserum raised against different antigens,
normal serum, or with the omission of primary antiserum.
No residual immunostaining was detected. Furthermore,
the specificity of the antiserum has been previously described (Herbison et al., 1996). The antibody recognizes
neuronal NOS using Western blotting, and the immunoreactivity is abolished by absorption of the K205 antiserum
with recombinant neuronal NOS protein (1 mM overnight
at 4°C). The K205 antibody was raised in sheep against
purified rat recombinant neuronal NOS (gift of I. Charles,
Wellcome Research, UK), expressed in a baclovirus/insect
cell system (Charles et al., 1993).

Evaluation and presentation of the results
The distribution of NADPHd activity almost completely
matches the distribution of NOS immunoreactive neuronal structures, but as the staining of fibers for NADPHd is
superior to that obtained with NOS immunohistochemistry, a series of transverse sections reacted for NADPHd
histochemistry were used to chart in detail the whole brain
as presented in Figures 1–3. Drawings were made by
means of a camera lucida. Color photography of NADPHd/
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Fig. 1. A–G: Series of transverse sections from rostral (A) to caudal (G) through the telencephalon of
the lizard, Gekko gecko, showing the distribution of NADPH-diaphorase (NADPHd)- positive cells (large
dots) and fibers (small dots, wavy lines).

NADPHd-CATECHOLAMINE RELATIONS IN REPTILE BRAIN
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Fig. 2. A–F: Series of transverse sections from rostral (A) to caudal (F) through the diencephalon and
mesencephalon of the lizard, Gekko gecko, showing the distribution of NADPHd-positive cell bodies (large
dots) and fibers (small dots, wavy lines).

TH-stained material, as well as double (NOS/TH) fluorescent material, is used to demonstrate codistribution and
colocalization of NADPHd/NOS with catecholamines. The
nomenclature for the forebrain and midbrain is the same
as used previously for Gekko (Smeets et al., 1986a),
whereas that of the brainstem follows that of Ten Donkelaar et al. (1987).

histochemistry. Subsequently, we comment on the colocalization of NADPHd activity and NOS immunoreactivity in
neuronal structures. Finally, the distribution of NADPHd
and NOS is related to that of tyrosine hydroxylase (TH), as
a marker of catecholaminergic systems, in order to reveal
putative sites of colocalization.

Distribution of NADPHd
RESULTS
For clarity, we first describe briefly the distribution of
cell bodies and fibers that stain positively with NADPHd

The distribution of the NADPHd-positive neuronal structures is depicted in a series of transverse sections from
rostral to caudal (Figs. 1–3). NADPHd-positive cell bodies
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Fig. 3. A–E: Series of transverse sections from rostral (A) to caudal (E) through the rhombencephalon
of the lizard, Gekko gecko, showing the distribution of NADPHd-positive cell bodies (large dots) and fibers
(small dots, wavy lines).

and fibers were found throughout the brain and spinal
cord of the lizard Gekko gecko. Despite this wide distribution, it is very clear that the NADPHd histochemistry
stains discrete populations of cells and fibers, although the
intensity of cell staining may vary from pale to very dark,
almost Golgi-like. No obvious sexual differences were
observed in the present study.

Olfactory bulb
The most rostral NADPHd-positive neurons are located
in the olfactory bulb, where a few, weakly stained cell
bodies are scattered at the periphery of the internal
granular layer, in the inner plexiform layer, and in the
mitral cell layer. NADPHd staining of fibers is also very
limited both in number and intensity. The fibers are not
related to a specific layer, but are dispersed throughout all
layers.

Telencephalon
As shown in Figures 1A–G and 2A, the telencephalon of
Gekko contains numerous NADPHd-positive cell bodies
and fibers, which are primarily located within the basal
forebrain. In the cortex, some well-stained cells with a
clearly unstained nucleus were found in the large-celled
portion of the medial cortex (Cxml), the dorsal cortex
(Cxd), and the anterior and posterior lateral cortex (Cxla,
Cxlp). The NADPHd-stained cells in the Cxml lie predominantly within or adjacent to the cellular layer (Figs. 1D–G,

2A, 4). Cell bodies in the Cxd occur not only in greater
number, but also are more dispersed (Figs. 1D–G, 2A). In
the lateral cortex, the NADPHd-positive cells generally lie
adjacent to the cell layer. Occasionally, NADPHd-positive
neurons were observed in the lateral part of the smallcelled medial cortex (Cxms). Apart from cell bodies, the
cortical areas contain a limited number of NADPHdpositive fibers. In the small-celled medial cortex and the
lateral cortex, these fibers course parallel to the cellular
layer on both sides, whereas those in the dorsal cortex
have no preferential direction.
In sharp contrast to the cortex, the basal forebrain is
characterized by the presence of numerous NADPHdpositive cell bodies and fibers (Fig. 5). In the anterior
olfactory nucleus, a number of NADPHd-positive cell
bodies are found, some of which show well-stained processes (Fig. 1A). Caudally, this nucleus is replaced by the
olfactory tubercle, the pallial thickening, and the dorsal
ventricular ridge. Cells in the olfactory tubercle are moderately stained and lie within a rather dense plexus of
NADPHd-positive fibers (Fig. 1B,C). The NADPHdpositive cells in the pallial thickening (Pth) stained more
darkly than those in the olfactory tubercle, although
embedded in a NADPHd fiber plexus (Fig. 1B). The dorsal
ventricular ridge (DVR), together with the striatum and
the amygdaloid complex, contains the majority of NADPHdpositive cells and fibers. As illustrated in Figures 1C–G
and 2A, there is a considerable heterogeneity in the
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Figs. 4–7. Photomicrographs of transverse sections through the telencephalon illustrating NADPHdpositive cell bodies and fibers in the large-celled part of the medial cortex (4), the nucleus accumbens (5, level
comparable to that of 1C), the transition between the dorsal ventricular ridge (DVR), and the striatum (6, level
about the same as that of 1C), and the striatum (7, level equals that of 1E). Scale bars 5 100 µm.
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distribution of these neuronal elements. At very rostral
levels of the DVR, NADPHd-positive cells and fibers are
rather uniformly distributed, except for a band-like zone at
the transition to the striatum (Figs. 1C, 6). More caudally,
notable differences in density of cell bodies and fibers are
observed. In general, the intermediate zone of the DVR
contains more cell bodies and fibers than the medial and
lateral zones (Fig. 1D,E). At commissural levels (Fig.
1F,G), the cell bodies are mainly confined to the medial
half of the DVR. Moreover, throughout the whole extent of
the DVR, the number of stained cell bodies and density of
fibers is considerably lower in the superficial cell plate
than in the central core. The general impression is that
areas that contain relatively more cell bodies are also more
densely innervated by NADPHd-positive fibers. Like the
DVR, the striatum is characterized by the presence of
numerous Golgi-like stained NADPHd-positive cell bodies
embedded in dense plexuses of fibers (Figs. 6, 7). Although
at rostral levels the cells are located mainly in the lateral
part of the striatum (Fig. 1C), caudally they have a more
medial position (Fig. 1D–G). In contrast, only a few stained
cells were observed in the nucleus accumbens, primarily at
the caudal peduncular level (Fig. 1A). The nucleus accumbens also differs from the striatum in showing a rather
uniform distribution of NADPHd-positive fibers (Figs.
1A–C, 5).
Within the amygdaloid complex, the external and central nuclei contain many positive cells (Figs. 1F,G, 2A). A
tightly clustered group of NADPHd-positive cells is found
in the external amygdaloid nucleus. The cells are darkly
stained, but less Golgi-like than those in the striatum and
DVR. The NADPHd-positive cells in the central amygdaloid nucleus resemble those of the external nucleus in
staining intensity, but are much less tightly clustered
(Figs. 1G, 2A). Moreover, NADPHd-positive fibers could be
traced from the central amygdaloid nucleus to the ventromedial hypothalamic nucleus, coursing in the stria terminalis (Fig. 2A–C). The remaining nuclei within the amygdaloid complex, i.e., the lateral amygdaloid nucleus and
the nucleus sphericus, contain only a few scattered cell
bodies and fibers.
NADPHd-positive cell bodies and fibers are distributed
heterogeneously throughout the septum. The anterior
septal nucleus, which is large in Gekko gecko, does not
contain stained cell bodies (Figs. 1A–D, 5), nor are fibers
frequently observed; however, in the more caudal portion
of the nucleus, pericellular baskets of NADPHd fibers are
seen (Fig. 1D). Caudal to the anterior septal nucleus, many
positively stained cell bodies are found in the medial septal
nucleus, where they are tightly packed together (Fig.
1E,F). Cell bodies are also observed, but in significantly
smaller numbers, in the lateral and dorsal septal nuclei
(Fig. 1E–G).
Finally, a number of well-stained cells lie in the nucleus
of the diagonal band of Broca, primarily in its horizontal
limb (Fig. 1E). Numerous NADPHd-positive fibers course
within the boundaries of the medial forebrain bundle
(Figs. 1E–G, 2A). The lateral forebrain bundle, on the
contrary, is almost completely devoid of stained fibers.

Diencephalon
At the level of the anterior commissure, a considerable
number of stained cells were observed in the periventricular preoptic area, where they lie in several rows parallel to
the ventricle (Fig. 1F,G). At the same level, a few labeled

cells are located just dorsal to the optic chiasm. Caudally,
this group is continuous with NADPHd-positive cells in
the ventral part of the periventricular hypothalamic
nucleus (Fig. 2A). In addition, stained cells occur in the
dorsal portion of the preoptic area, lying adjacent to the
anterior commissure. At postcommissural levels, distinct
groups of stained cells were observed in the periventricular hypothalamic nucleus, the large-celled dorsolateral
thalamic nucleus, the suprapeduncular nucleus, the medial posterior thalamic nucleus, and the lateral hypothalamic area (Figs. 2B,C, 8, 9). At the di-mesencephalic
transition, NADPHd-positive cell bodies are located in the
nucleus lentiformis mesencephali and, in greater numbers, in the nucleus pretectalis ventralis and nucleus
profundus mesencephali (Fig. 2D). The cells in the ventral
pretectal nucleus are densely packed and embedded in a
strongly stained fiber plexus.
Apart from the medial forebrain bundle and the stria
medullaris with its terminal field in the ventromedial
hypothalamic nucleus, there are several other distinct
plexuses of NADPHd-positive fibers in the diencephalon.
Rather dense networks of stained fibers were found in the
small-celled and large-celled dorsolateral thalamic nucleus
(Fig. 9), the medial thalamic nucleus, the lateral geniculate nucleus, and the area surrounding the lateral forebrain bundle (Figs. 2B,C, 8). Moderately dense plexuses
are present in the habenular ganglion and the dorsomedial
thalamic nucleus. The remaining diencephalic areas also
contain fibers, but in considerably smaller numbers. The
nucleus rotundus is characterized by the almost complete
lack of NADPHd fibers (Figs. 2C, 9). The optic nerve does
not contain stained fibers. However, within the optic
chiasm, crossing NADPHd-positive fibers were observed,
which could be traced caudally within a ventral position in
the optic tract (Figs. 1G, 2A,B, 8). Although the origin and
termination site of these fibers are unknown, they most
likely represent fibers of the supraoptic commissure. Remarkably, these fibers merge into the plexus of NADPHdpositive fibers and cell bodies of the suprapeduncular
nucleus at slightly more caudal diencephalic levels (Fig.
2c).

Mesencephalon
Both the tectum and tegmentum mesencephali contain
numerous NADPHd-positive cells and fibers. In the tectum, the majority of the stained cell bodies lie in tectal
layers 3–5, as defined by Northcutt (1978). From these
cells, long apical processes can be followed to more superficial layers, where most of them seem to distribute to the
deep part of layer 7 (Figs. 2E,F, 10). As shown in Figure 10,
NADPHd-positive cells are present in all other tectal
layers, but, compared to those in the periventricular zone,
in much smaller numbers. Although stained fibers are
present throughout the tectum, there are several layers
which are particularly well-innervated. These are layers
2–5 of the periventricular zone, the deep zone of layer 7 in
the central zone, and layers 9 and 11 in the superficial zone
(Fig. 10). The tectofugal pathways (tectobulbar tracts)
contain many NADPHd-positive fibers (Figs. 2F, 3A).
NADPHd-positive cell groups in the tegmentum of Gekko
were observed in the ventral tegmental area, the substantia nigra pars compacta, the retrorubral area, the laminar
nucleus of the torus semicircularis, and the intercollicular
nucleus (Figs. 2E,F, 3A, 11, 12). In general, these cells are
intensely stained and form distinct clusters. Additionally,
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Figs. 8, 9. Photomicrographs of transverse sections through the
diencephalon showing NADPHd-positive cell bodies and fibers in the
hypothalamus located ventral and ventromedial to the lateral forebrain
bundle (8, level the same as in 2B), and in the large-celled part of the

dorsolateral thalamic nucleus (9, level comparable to that of 2C). Note
the NADPHd-positive fibers in the optic tract (arrow in 8) and almost
complete absence of fibers in the nucleus rotundus. Scale bars 5
100 µm.

less strongly stained cells are scattered through the reticular formation and the central nucleus of the torus semicircularis. Stained fibers are widely distributed throughout
the tegmentum, but show a higher density in the substantia nigra pars reticulata and around the medial longitudinal fascicle.

nucleus (Fig. 16), the medius and inferior reticular nuclei
(Fig. 16), the solitary tract nucleus, the perihypoglossal
nucleus, and the ventrolateral tegmentum (Fig. 3E). In
general, the cell bodies are darkly stained and show
distinct processes. NADPHd-positive fibers are widely
distributed throughout the caudal rhombencephalon, with
somewhat higher densities in the descending trigeminal
tract (Fig. 3D).

Rhombencephalon
At rostral rhombencephalic levels, Golgi-like stained
NADPHd-positive cells were observed in the locus coeruleus and the superior reticular nucleus. Cell bodies are
loosely organized in the rostral part of the locus coeruleus
(Fig. 3B), but caudally they show a more compact arrangement (Figs. 3C, 13). NADPHd-positive cell bodies in the
superior reticular nucleus are generally very large. In
addition, less darkly stained cell bodies were found in the
cerebellar nuclei (Figs. 3C, 14). Weakly stained cells were
also found scattered through the molecular and granular
layers of the cerebellum. Many stained fibers course
throughout the granular layer, but prevail at the transition to the Purkinje cell layer. An extremely dense plexus
of fibers characterizes the small-celled portion of the
isthmic nucleus. Because of the intensity of the staining,
positive cell bodies could hardly be recognized, but are
likely to be present. In sharp contrast, the large-celled
isthmic nucleus is almost completely devoid of stained
fibers (Fig. 3B).
At more caudal levels of the rhombencephalon, distinct
groups of NADPHd-positive cell bodies were located within
the dorsolateral vestibular nucleus (Figs. 3D, 15), the
descending trigeminal nucleus (Fig. 15), the inferior raphe

Spinal cord
NADPHd-positive cell bodies and fibers are found
throughout the spinal cord, although considerable variation was observed in the number and stainability of the
cells at different levels (Figs. 17–19). The average number
of NADPHd-positive cells per section (n 5 10) is substantially higher at lumbar and cervical cord levels (40 and 38,
respectively) than at thoracic and tail spinal cord levels (9
and 6, respectively) (Figs. 17–19). The location of the
stained cell bodies also showed some differences between
the spinal cord levels studied. At cervical levels, generally,
darkly stained cells were primarily found in the dorsal
(layers V–VI) and ventral (layers VII–VIII) intermediate
gray zone. Frequently, NADPHd-positive cells lie adjacent
to the medial longitudinal fascicle at this level (Fig. 17),
and have processes that can be traced to the contralateral
side. Sections taken from thoracic levels contain not only
smaller numbers of NADPHd-positive cells, but the cells
also do not show elaborate dendritic arborizations as seen
at cervical levels (cf. Figs. 17, 18). Cells at lumbar spinal
cord levels (Fig. 19) resemble those at cervical levels in
distribution, stainability, morphology, and number. How-
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Figs. 10–13. Photomicrographs of transverse sections through the
midbrain and isthmic region showing NADPHd-positive cell bodies
and fibers in the midbrain tectum (10), the laminar nucleus of the
torus semicircularis (11, level comparable to that of 2E), the RA8, and
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intercollicular nucleus (12, level the same as in 3A), and the locus
coeruleus, and superior reticular nucleus (13, level comparable to that
of 3C). Scale bars 5 100 µm.
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Figs. 14, 15. Photomicrographs of transverse sections showing NADPHd-positive cell bodies and
fibers at the level of the cerebellar nucleus (14) and the dorsolateral vestibular nucleus (15). Scale bars 5
100 µm.

ever, the number of NADPHd-positive cells adjacent to the
medial longitudinal fascicle is smaller. Transverse sections
through the tail region contained only a few weakly
stained cells, which generally did not show distinct processes.
NADPHd-positive fibers are widely distributed throughout the spinal cord, but there are notable differences
between the levels studied. At all levels, fibers occur in the
dorsal, lateral, and ventral funiculi, as well as in the dorsal
horn. Dense staining was seen in Lissauer’s tract, in the
ventral part of the dorsal funiculus, and immediately
lateral to the dorsal horn, but variations in density are also
obvious (cf. Figs. 17–19). The number of NADPHd fibers at
lumbar levels exceed those observed at cervical levels,
which, in turn, are much higher than those found at
thoracic levels. Sections through the tail region of the
spinal cord contain a considerable number of fibers, but
obviously fewer than at thoracic levels.

Distribution of NOS
The distribution of cell bodies reacting to NOS in the
brain of the gekkonid lizard was essentially the same as
that observed reacting for NADPHd histochemistry (Figs.
20, 21). An exception is formed by the cells of the mesencephalic trigeminal nucleus, which stain for NADPHd, but
are not immunoreactive for the NOS antiserum. Otherwise, there is a perfect match between the cells stained for
each technique (Fig. 22). Our conclusion is, therefore, that
the NADPHd procedure used in the present study stains,
with the exception of the mesencephalic trigeminal nucleus,
only NOS-containing cell bodies. With respect to fiber
staining, it should be noted that, although both techniques
revealed a similar pattern, the NADPHd histochemical
procedure is superior in showing detail. Thus, as we will
show below, each technique is valuable in itself, but both
are needed to get a complete picture of the relationships of
NOS with other neurotransmitter systems.

Colocalization of NADPHd/NOS
and catecholamines
Close relationships between neuronal structures that
contain catecholamines and/or NOS are to be expected,
considering the wide distribution of these chemical substances throughout the brain of the lizard Gekko gecko.
There are several possibilities for interaction: 1) NADPHd/
NOS are colocalized with catecholamines in the same cells.
2) NADPHd/NOS fibers contact neurons that contain
catecholamines. 3) NADPHd/NOS-positive cells are contacted by catecholaminergic fibers. 4) NADPHd/NOS fibers and catecholaminergic fibers impinge together on
certain cell bodies. With these possibilities in mind, the
following paragraphs present a survey of interactions of
NADPHd/NOS with catecholamines.
Colocalization of NADPHd/NOS and TH in cell bodies. As shown in Figure 23, a combination of TH immunohistochemistry with NADPHd histochemistry yields beautifully colored sections, in which catecholaminergic cells
and fibers are stained brownish and NADPHd-positive
structures bluish. Intimate relationships of NADPHdpositive cell bodies and catecholaminergic cell bodies were
observed in the several areas, i.e., the periventricular
hypothalamic nucleus, the ventral tegmental area, the
substantia nigra, the reptilian retrorubral cell group, the
locus coeruleus, the ventrolateral tegmentum of the caudal
rhombencephalon, and the nucleus of the solitary tract. A
closer examination of these areas revealed that, in the
ventral part of the periventricular hypothalamic nucleus,
cells stained for NADPHd are clearly separated from those
immunoreactive to TH (Fig. 23A). In the dorsal part of the
latter nucleus, the NADPHd-positive cells lie intermingled
with those staining for TH, but double-labeled cells were
not observed. A similar condition is found in the locus
coeruleus region. At rostral levels, the NADPHd-positive
cells are loosely arranged (Fig. 3B) and are intermingled
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Figs. 16–19. Photomicrographs of transverse sections through the caudal brainstem and spinal cord
showing NADPHd-positive cell bodies and fibers in the inferior raphe nucleus and reticular formation
(16), and at cervical (17), thoracic (18) and lumbar (19) spinal cord levels. Note the variation in number,
location, and shape of the cell bodies at the different spinal cord levels. Scale bars 5 100 µm.
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Figs. 20, 21. Photomicrographs of transverse sections showing nitric oxide synthase (NOS), immunoreactive cell bodies in the dorsal ventricular ridge (20), and the inferior raphe nucleus (21). Scale bars 5
100 µm.

with TH immunoreactive (TH-ir) cells. More caudally, the
two chemically different cell populations constitute rather
separate entities (Figs. 3C, 23C). Neither in the rostral nor
in the caudal part of the locus coeruleus were any doublestained neurons observed. In the ventrolateral tegmentum
of the caudal brainstem and the nucleus of the solitary
tract, TH-ir cells and NADPH-positive cells are closely
intermingled; but, on the basis of the color, double-stained
cells were not detected. In sharp contrast, numerous
double-labeled cells, as indicated by their dark staining,
were observed in the ventral tegmental area (VTA), the
substantia nigra pars compacta (SNc; Fig. 23B), and the
retrorubral dopaminergic cell group (RA8). In each of the
three groups, cells were found that stain for TH but not for
NADPHd (Fig. 23B).
To verify the supposed presence or absence of colocalization of NADPHd and catecholamines in the brain areas
mentioned above, another approach was taken by means of
a double immunofluorescence technique. Analysis of the
distribution of TH-ir cells (red fluorescence), and NOS-ir
cells (green fluorescence), did not reveal colocalization of
these substances in the periventricular hypothalamic
nucleus, the locus coeruleus (Fig. 24A,B), the ventrolateral
tegmentum of the caudal brainstem, and the nucleus of the
solitary tract (Fig. 24C,D). On the other hand, a substantial number of cells in the VTA and, in particular, the SNc
(Fig. 25A,B) and RA8 (Fig. 25C,D), display double fluorescence. The general impression is that almost all NOS-ir
cells in the latter two areas also stain positively for the TH
antiserum.
NADPHd/NOS fibers in relation to TH-ir cell bodies.
At several places in the gekkonid brain, NADPHd-positive
fibers were found in close relationship with catecholaminergic cells. These are the periventricular hypothalamic
nucleus, the VTA, the SNc, the RA8, the locus coeruleus,
the ventrolateral tegmentum of the caudal brainstem, and
the solitary tract nucleus. Except for the VTA, SNc and

RA8, these fibers are derived from local, noncatecholaminergic, NADPHd-positive cells, or from NADPHd cell groups
located further away. Even within the VTA, SNc, and RA8
dopaminergic cell groups, fibers that stain only for
NADPHd were observed. However, the exact site of origin
of the NADPHd fibers is hard to trace.
TH-ir fibers in relation to NADPHd/NOS positive cell
bodies. Extensive overlap of TH-ir fibers with NADPHdpositive cell bodies occurred at many places, such as the
striatum, the DVR, the medial septal nucleus, the caudoventral septum, the diagonal band nucleus, the external
amygdalar nucleus, the periventricular hypothalamic
nucleus, the periventricular tectal zone, the laminar
nucleus of the torus semicircularis, the locus coeruleus
region, and the solitary tract nucleus. In some of these
areas, i.e., the periventricular hypothalamic nucleus, the
locus coeruleus, and the solitary tract nucleus, the TH-ir
fibers may originate from local catecholaminergic cells, but
in the remaining areas they are derived from cells that lie
further away.
Relationships between NADPHd-positive fibers and
TH-ir fibers. Because of the widespread distribution of
NADPHd-positive fibers and TH-ir fibers, it is not surprising that considerable overlap occurs at several places in
the brain of Gekko. This is particularly the case in the
basal forebrain, i.e., in the nucleus accumbens, the striatum, and the DVR. In the nucleus accumbens, these fibers
are rather uniformly distributed, and NADPHd-positive
cells are occasionally observed. In the striatum, on the
contrary, not only distinct plexuses of NADPHd-positive
fibers and TH-ir fibers are observed, but also numerous
NADPHd-positive cells are present. Remarkably, the latter cells lie generally outside the plexuses of TH-ir fibers
(Fig. 23E). A similar observation is made in the DVR,
where the shell region contains the highest concentration
of catecholaminergic fibers (Smeets et al., 1986b), but only
a few NADPHd-positive cells (Fig. 1C–G). In the diencepha-
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Fig. 22. Photomicrographs of transverse sections at the level of the locus coeruleus (A,C) and nucleus
reticularis medius (B,D), showing the perfect match of cell bodies stained for NADPHd (A,B) with those
immunoreactive for the NOS antiserum (C,D). It should be noted that it is sometimes difficult to get all
fluorescent cell bodies in focus simultaneously. Scale bars 5 100 µm.

lon, considerable overlap occurs in the medial forebrain
bundle. Also in the midbrain, the positions of TH-ir fibers
and NADPHd-positive fibers match each other in the deep
tectal zone, but in the superficial zone, the fibers show
little overlap (Fig. 23D).
In the rhombencephalon and spinal cord, NADPHdpositive fibers intermingle to a considerable extent with
TH-ir fibers, but no evidence of colocalization was found.
In the rhombencephalon, this intermingling occurs predominantly in the parabrachial region, locus coeruleus,
raphe nuclei, periventricular zone, trigeminal motor and
principal nucleus, and reticular formation. At spinal cord
levels, both catecholaminergic and NADPHd-positive fibers are widely distributed but do not show sites of
particularly intimate relationships.

DISCUSSION
The present study has revealed that NADPHd and NOS
are widely distributed throughout the brain and spinal
cord of the lizard Gekko gecko. Although the findings are
partly in agreement with those obtained for the turtle
Pseudemys scripta elegans (Brüning et al., 1994), they add
substantially to our knowledge of the distribution of these
enzymes in the brains of reptiles. Firstly, whereas the
distribution of NADPHd/NOS-positive cell bodies and
fibers in the forebrain and spinal cord of Pseudemys
received relatively limited attention, in Gekko these areas
have been studied in more detail. Secondly, the present
study has provided evidence that considerable variation in
the distribution of NADPHd/NOS may exist between

Fig. 23. Photomicrographs of transverse sections doubly stained for
NADPHd histochemistry (blue reaction) and tyrosine hydroxylase (TH)
immunohistochemistry (brown reaction). Cell bodies stained either for
NADPHd or TH are observed in the ventral part of the periventricular
hypothalamic nucleus (A), the locus coeruleus (B), the midbrain tectum
(C), and the striatum (E), whereas doubly stained cells occur in large

number in the substantia nigra, pars compacta (D). The color plates
show that in the midbrain, the NADPHd-positive fibers lie close to, but
largely separated from, the TH-ir fibers (arrowheads) in the superficial tectal zone (C). In addition, they present evidence that NADPHdpositive cell bodies in the striatum tend to avoid the tyrosine hydroxylase immunoreactive (TH-ir) plexuses. Scale bars 5 100 µm.
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Fig. 24. Photomicrographs of transverse sections at the level of the locus coeruleus (A,B) and the
solitary tract nucleus (C,D), showing cell bodies that are immunofluorescent for NOS (A,C) and TH (B,D),
respectively. Note, that in both regions doubly stained cell bodies are lacking. Scale bars 5 100 µm.

species. Thirdly, the major finding of the present study is
that NADPHd and NOS display not only a close relationship with catecholamines at many places in the brain, but
also appear to be highly colocalized in cells of the ventral
tegmental area and, in particular, the substantia nigra
and the retrorubral group.

NADPHd and NOS in the brain:
Theme and variations
Reptiles
Telencephalon. Both Pseudemys and Gekko show little
staining for NADPHd and even less immunoreactivity for
the NOS in the olfactory bulb. Other shared features are
the strong staining in the striatum, the DVR, and the

amygdaloid complex, and the weak staining for NADPHd
and NOS in the cortical regions (Davila et al., 1995). Even
though the description of NADPHd/NOS structures in the
telencephalon of turtles is limited, it is obvious that the
distribution of NADPHd/NOS is highly heterogeneous in
the striatum, the DVR, and the amygdaloid nuclear complex of the reptilian species studied. In Gekko, variations
in density of cell bodies and fibers were observed not only
between shell and core regions, but also between medial
and lateral, as well as between rostral and caudal, portions
of the DVR. A similar heterogeneity may be present in
Pseudemys (Brüning et al., 1994, their Fig. 1). A remarkable finding of the present study is the almost complete
absence of NADPHd/NOS cell bodies in the nucleus accum-
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Fig. 25. Photomicrographs of transverse sections of the substantia nigra (A,B) and the RA8 cell group
(C,D), showing cell bodies that are immunofluorescent for NOS (A,C) and TH (B,D), respectively. Note,
that almost every NOSir cell body stains for TH. Scale bars 5 100 µm.

bens, in contrast to the numerous stained cells in the
striatum. In the latter, the cells are also inhomogeneously
distributed, being located predominantly in its medial
part. Such a distinction between nucleus accumbens and
striatum was not made for turtles, perhaps because the
nucleus accumbens is hard to identify in turtles, or because of a true species difference. The septal area is also a
place where considerable species differences may occur. In
Pseudemys, NADPHd/NOS-positive cells were described
only for the horizontal limb of the diagonal band, whereas
in Gekko, additional stained cells were observed in the
lateral, the dorsal and, in particular, the medial septal
nucleus. On the contrary, the anterior septal nucleus and
the nucleus septi impar are devoid of stained cells, thus

underscoring the heterogeneous distribution of these enzymes in the septum.
In Gekko, a large number of NADPHd/NOS-positive cell
bodies were found in the periventricular preoptic area.
Such cells were not reported for Pseudemys by Brüning et
al. (1994), but are most likely comparable to those found in
the anterior part of the periventricular hypothalamic region at
the level of the anterior commissure (their Fig. 1).
Diencephalon. The stained cells located ventromedial
to the lateral forebrain bundle, in the suprapeduncular
nucleus, the lateral hypothalamic area, and the supramammillary region seem to be features common to turtles and
lizards. Notable differences are, however, observed in the
thalamus and pretectum. Whereas the thalamus and the
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pretectal region of Pseudemys are essentially devoid of
cells staining for NADPHd or NOS, several distinct cell
groups occur in Gekko, viz., in the large-celled part of the
dorsolateral thalamic nucleus, the medial posterior nucleus,
the ventral pretectal nucleus, and the mesencephalic
lentiform nucleus. On the other hand, fiber staining was
essentially identical in the diencephalon of the two reptilian species studied, being relatively strong in the medial
thalamic nucleus and the ventromedial hypothalamic
nucleus, and almost absent in the nucleus rotundus.
Another shared feature is the presence of NADPHd/NOSpositive fibers in the ventromedial edge of the optic nerve,
which cross in the supraoptic commissure and seem to
terminate in the suprapeduncular nucleus.
Brainstem. The distribution of NADPHd/NOS-positive
cell bodies in the brainstem of Pseudemys and Gekko
shows many similarities. In both species, distinct cell
groups are present in the periventricular tectal zone,
nucleus profundus mesencephali, laminar nucleus of the
torus semicircularis, ventral tegmental area, substantia
nigra, RA8, intercollicular nucleus, parvicellular isthmic
nucleus, locus coeruleus, superior vestibular nucleus, spinal trigeminal nucleus, solitary tract nucleus, perihypoglossal nucleus, and the medial reticular formation throughout the brainstem. A marked difference was observed in the
inferior raphe nucleus, which in Gekko contains numerous
NADPHd/NOS-positive cells, in contrast to Pseudemys.
In both Gekko and Pseudemys, the mesencephalic trigeminal neurons were found to be NADPHd-positive, but
NOS-immunonegative. Kishimoto et al. (1993) have found
that olfactory and vomeronasal receptor cells are also
NADPHd-positive and NOS-immunonegative. These receptor cells contain cytochrome P-450 reductase, an enzyme
which has a close homology with NOS (Bredt et al.,
1991B). Cytochrome P-450 reductase binds NADPH, and
it can transform nitroblue tetrazolium to formazan; however, it lacks the L-arginine binding site and it cannot,
therefore, act in the arginine-to-nitric oxide pathway. It
would be of interest to investigate whether cytochrome
P-450 reductase is expressed in the reptilian mesencephalic trigeminal nucleus.
So far as documented, there seem to be no obvious
differences in the distribution of NADPHd/NOS-positive
fibers in the brainstems of turtles and lizards. In both
groups, the densest plexuses were found in the parvicellular isthmic nucleus and the locus coeruleus. Because the
spinal cord of Pseudemys was not analyzed in the study by
Brüning et. (1994), a comparison with that of the gekkonid
lizard is impossible.
Other vertebrates. Although it is not the main goal of
the present study to deal extensively with NADPHd/NOS
distribution in other vertebrates, some comments seem to
be warranted here. For detailed information, however, the
reader is referred to the mapping studies of these enzymes
in fish (Holmqvist et al., 1994; Arévalo et al., 1995;
Brüning et al., 1995), amphibians (González et al., 1996;
Muñoz et al., 1996), birds (Brüning, 1993; Panzica et al.,
1994), and mammals (Mizukawa et al., 1989; Vincent and
Kimura, 1992; Egberongbe et al., 1994; Rodrigo et al.,
1994).
At first glance, there appear to be many similarities in
the distribution of NADPHd and NOS throughout the
brain of the various vertebrates. In fact, in all species
studied, these enzymes occur in every brain division and
are certainly not confined to any functional sensorimotor
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system or neurotransmitter system. It is also evident that
NADPHd/NOS-positive cells are consistently found in the
striatum, amygdaloid complex, medial septum, hypothalamus, midbrain tectum, locus coeruleus/parabrachial region, spinal trigeminal nucleus, solitary tract area, and
spinal cord of all vertebrate species studied so far. At many
other sites, such as the olfactory bulb, cortex, thalamus,
ventral tegmental area, substantia nigra, retrorubral area,
and raphe nuclei, stained cell bodies are found frequently,
but not consistently. For example, NADPHd- or NOSpositive cells are absent in the olfactory bulb of lampreys
(Schober et al., 1994) and teleost fish (Arévalo et al., 1995;
Brüning et al., 1995), whereas only a few, weakly stained
cells were found in those of reptiles (Brüning et al., 1994;
present study) and birds (Brüning, 1993; Panzica et al.,
1994). On the contrary, numerous stained cell bodies have
been observed in the main and accessory bulbs of both
anuran (Muñoz et al., 1996) and urodele (González et al.,
1996) amphibians, as well as in rats (Vincent and Kimura,
1992; Porteros et al., 1994; Rodrigo et al., 1994), although
marked differences in the location of the cells exist between main and accessory bulbs.
The midbrain dopaminergic cell groups (ventral tegmental area, substantia nigra, retrorubral group) also show
significant variation in the number of NADPHd/NOSpositive cells between species. Whereas in reptiles and
birds all three subdivisions contain numerous stained cell
bodies, in rats they are mainly confined to the ventral
tegmental area. A comparison with anamniotes is difficult,
because distinct midbrain dopaminergic cell groups cannot
be recognized in lampreys (Pierre et al., 1994) and teleost
fishes (Meek, 1994; Smeets and Reiner, 1994). However, in
the dorsomedial part of the posterior tubercle and rostral
tegmentum of amphibians, which are considered comparable to the ventral tegmental area and the substantia
nigra of amniotes (Marı́n et al., 1995), only a few NADPHd/
NOS-positive cells were found (Muñoz et al., 1996; González et al., 1996). From the foregoing examples, it can be
concluded that the presence or absence of NADPHd/NOSpositive cell bodies are more or less dependent on the class
of vertebrates, although notable differences also occur
within each class. For example, NADPHd- and NOSpositive cells were found in the thalamus of Gekko, but not
in Pseudemys. A similar discrepancy is observed in amphibians, where a large population of stained cells is present in
the thalamus of anurans (Muñoz et al., 1996), but absent
in urodeles (González et al., 1996). Substantial differences
in numbers and distribution were also observed in the
thalamus of chickens (Brüning, 1993) and quails (Panzica
et al., 1994). The question arises whether these differences
are due to true species differences or to variation in
staining procedures or investigators. Because the work in
amphibians has been done by the same group of investigators, who were also involved in the studies of the distribution of NADPHd and NOS in the brain of Gekko and quails,
we are most likely dealing here with true interspecies
differences. The number of species studied, however, is too
limited to make any attempt to consider these differences
in a phylogenetic or evolutionary context.

Colocalization of NADPHd/NOS
and catecholamines
Reptiles. On the basis of the distribution of TH-ir and
NADPHd/NOS-positive cell bodies, cellular colocalization
of these enzymes could be expected in the periventricular
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hypothalamic nucleus, ventral tegmental area, substantia
nigra, retrorubral group, locus coeruleus, ventrolateral
tegmental area, and solitary tract nucleus. Double staining for NADPHd and TH, as well as double fluorescence
techniques by means of antisera against TH and NOS,
revealed that many TH-ir cells in the ventral tegmental
area and, in particular, the substantia nigra and retrorubral group, stain also for NADPHd or NOS. On the other
hand, in the ventral part of the periventricular hypothalamic nucleus and at caudal locus coeruleus levels, cells
immunoreactive for TH lie more or less separate from
those staining for NOS or NADPHd. In the remaining
areas, i.e., the dorsal part of the periventricular hypothalamic nucleus, the rostral part of the locus coeruleus, and
the solitary tract nucleus and ventrolateral tegmentum in
the caudal brainstem, the two kinds of cells lie closely
intermingled, but constitute separate populations of cells.
Evidence has thus been obtained that in the midbrain
tegmentum of reptiles, an intimate, anatomical and, most
likely, functional relationship exists between dopamine
and NOS. Moreover, there are several other places in the
brain where catecholaminergic and NOS-containing neuronal structures seem to interact with each other.
Other vertebrates. Although studies dealing with colocalization of NADPHd and/or NOS with catecholamines
are still limited in number, it is obvious that considerable
variation exists between vertebrates. In birds, as in reptiles, extensive colocalization of NADPHd with TH has
been observed in the midbrain by Panzica et al. (1996). The
latter authors reported that about 40% of the TH-ir cell
bodies in the ventral tegmental area and substantia nigra
of the Japanese quail also contained NADPHd. They
further stated that about 90% of the NADPHd-positive
cells in the two areas contained TH.
In sharp contrast, colocalization of TH and NADPHd in
the midbrain of mammals is limited. Johnson and Ma
(1993) found a very small number of double-labeled cells in
the periaqueductal gray, the rostral linear nucleus, and
the ventral tegmental area of rats. According to these
authors, less than 1% of the TH-ir cells in each area also
contained NADPHd. In other places of the rat brain, where
TH-ir and NADPHd-positive cells are codistributed, e.g.,
the periglomerular cells of the olfactory bulb, hypothalamus, locus coeruleus, and caudal brainstem, colocalization
appeared to be totally absent. Considering the distribution
of NADPHd and NOS in the midbrain of cat (Mizukawa et
al., 1989) and human (Egberongbe et al., 1994), respectively, a general lack of colocalization in the substantia
nigra is to be expected. Recently, it has been shown that
TH-ir and NADPHd-positive fibers show an intimate
relationship in the human ventrolateral medulla (Benarroch et al., 1995), which is known to play a critical role in
the control of cardiovascular, respiratory, and possibly
other autonomic functions (Loewy and Spyer, 1990; Guyenet, 1991). However, the two enzymes did not appear to be
colocalized (Benarroch et al., 1995).
Within amphibians, colocalization of NADPHd/NOS with
TH seems to be very limited or even absent. On the basis of
double staining for NADPHd and TH, some cells in the
posterior tubercle and the locus coeruleus of the frog Rana
perezi could possibly contain both NADPHd and TH (Muñoz et al., 1996). In urodeles, however, a double fluorescence technique with antibodies against NOS and TH did
not reveal any colocalization (González et al., 1996). The
latter, more sophisticated technique should be applied to
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anurans in order to determine whether the lack of colocalization of NOS and TH is a general amphibian feature.
From the available data, we conclude that colocalization
of NADPHd/NOS with TH occurs in the dopaminergic
midbrain cell groups of vertebrates, but that there appears
to be considerable variation between species. It seems
from present evidence that colocalization of these enzymes
is lacking in urodeles and probably anurans, limited in
mammals, but extensive in reptiles and birds. We can,
however, not exclude that some of the differences reported
may be due to variations in technique. At present, it is
impossible to decide whether colocalization of NADPHd/
NOS with TH is a primitive character of vertebrates which
has been lost in amphibians, or that it is a shared, derived
feature of reptiles, birds, and mammals.

CONCLUDING REMARKS
Because of the widespread occurrence, it is believed that
NADPHd/NOS are involved in a variety of functions (for
refs., see Vincent and Kimura, 1992; Rodrigo et al., 1994).
One of these functions could be that NO plays a role in the
regulation and/or modulation of neurotransmitter-specific
systems. In this regard, the present finding of extensive
colocalization of NADPHd/NOS with catecholamines, most
probably dopamine, in the midbrain tegmentum is of
particular interest. It indicates that NO may play an
important role in the regulation of the midbrain dopaminergic cell groups of reptiles. Remarkably, extensive colocalization of NADPHd/NOS and TH has also been noted for
quails in a corresponding location. In other vertebrates,
such as amphibians and mammals, colocalization was
reported to be much more restricted, or even absent.
Nevertheless, when present, it occurs in cell groups that
are comparable to the midbrain dopaminergic cell groups
of reptiles and birds, suggesting a unique feature of these
dopaminergic cell groups. NADPHd-positive cells have
been found to be more resistant to the noxious effects of
excitatory amino acids (Koh et al., 1986) and hypoxia
(Uemura et al., 1990), and to be spared during degenerative processes which occur in Huntington’s disease and
Alzheimer’s disease (Ferrante et al., 1985; Kowall and
Beal, 1988). It would be of great interest to know whether
such a neuroprotective role for NO holds also for the
dopaminergic midbrain cell groups of reptiles and birds.
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(1993) Calbindin D-28k and NADPH-diaphorase activity are localized
in different populations of periglomerular cells in the rat olfactory bulb.
J. Chem. Neuroanat. 6:1–6.

140
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