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The use of a polyclonal antiserum specific to C-terminal
tetrapeptide amide of (D-Ala2)deltorphin-I, a naturally occurring amphibian skin opioid peptide, has already demonstrated the presence of immunoreactive neurons in rat midbrain.
Double immunostaining identified these neurons as a subpopulation of the mesencephalic dopaminergic neurons that
were also tyrosine hydroxylase-immunopositive and calbindin-D28kD- negative, namely, the neurons predominantly
affected in Parkinson disease. We followed the fate of these
neurons after a monolateral injection of 6-hydroxy-dopamine
into rat brain. Almost all the immunopositive neurons and
their nigrostriatal, mesolimbic and mesocortical projections
on the side ipsilateral to the lesion disappeared. Only a few
scattered immunopositive neurons within the substantia
nigra, pars compacta, and those of supramammillary nucleus remained unaffected. The consistent overlap of dopamine
and this new molecule provides a further key to identifying
the mammalian counterpart of these amphibian skin opioid
peptides.
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-Ala2)deltorphin-I (DADTI), is a heptapeptide
amide (Tyr-D-Ala-Phe-Asp-Val-Val-Gly.NH2)
originally extracted, together with its analogue (DAla2)-deltorphin II (Tyr-D-Ala-Phe-Glu-Val-ValGly.NH2), from the skin of the South American frog
Phyllomedusa bicolor (references: Erspamer,
1992). Together with dermorphins they constitute a
family of heptapeptide amides whose main biochemical characteristic is the presence in position 2 of a
D-amino acid that seems essential to their biological
action. They display high affinity and selectivity for
the opioid receptors: dermorphins for mu opioid
receptors and deltorphins for delta opioid receptors
(Dupin et al., 1991; Gouarderes et al., 1993; Renda
et al., 1993). In pharmacological studies in the rat,
the intracerebroventricular injection of DADTI or
DADTII induces locomotory stereotypies (e.g.
grooming, sniffing and rearing) mediated by the
dopamine release and D1 receptor activation at
basal ganglia level and in particular within the
nucleus accumbens (Longoni et al., 1991). It also
increases social contacts (Negri et al., 1991) and, in
mice, improves memory consolidation (Pavone et al.,
1990).Two different cDNAs, one coding for dermorphins and the other for deltorphins, have been isolated from the skin of Phyllomedusa sauvagei and
Phyllomedusa bicolor (Richter et al., 1987, 1990).
Studies seeking a mammalian counterpart of
amphibian opioid peptides have yielded promising
information on dermorphins (Buffa et al., 1982;
Tsou et al., 1985; Mor et al., 1990), but fewer data
on deltorphins. To fill this gap in knowledge our
group has produced a polyclonal antiserum that
specifically recognizes the C-terminal tetrapeptide
amide of DADTI (Asp-Val-Val-Gly.NH2) (Abe et al.,
1992).Throughout this paper we will indicate all the
structures recognized by this antiserum as DADTIimmunoreactive. DADTI-immunoreactive neurons
were detected in discrete brain areas partially overlapping with the mesencephalic dopaminergic system (A8, A9 and A10) in the adult mouse and rat

(D

135

A. Casini et al.

brain (Abe et al., 1992; Tooyama et al., 1993;
Renda et al., 1997).
Double-immunostaining procedures demonstrated
that DADTI-immunoreactive neurons represent
about one third of the whole tyrosine hydroxylase
(TH)-immunoreactive neurons present in the mesencephalic dopaminergic area (Tooyama et al.,
1993; Renda et al., 1997). Because these neurons
are also immunonegative for Calbindin D28kD
(Tooyama et al., 1993) they are considered the
dopaminergic neuron subpopulation most directly
involved in Parkinson disease lesions (Yamada et
al., 1990). The distribution patterns of their
immunopositive terminals corresponds to a part of
the nigrostriatal, mesolimbic, mesocortical and
mesothalamic pathways normally projecting from
these mesencephalic areas.The same antiserum was
also used to study the distribution patterns of
immunoreactive cells during the first three weeks
after birth in rat brain (Nonomura et al., 1994),
during the brain ontogeny in rat embryos (Park et
al., 2000), and in various other apparatus (Abe et
al., 1994; Fujimiya et al., 1994; Matsui J. et al.,
1994; Matsui S. et al., 1994; Sunday et al., 2001).
All these data suggest that mesencephalic dopamine
and this partly identified molecule that shares with
DDTI the epitope recognized by our antiserum have
close neuroanatomical and functional relationships.
To elucidate these relationships further, in this
study we followed the fate of the DADTI-immunoreactive neurons after the monolateral chemical lesion
of the dopaminergic system caused by 6-hydroxydopamine (6-OHDA), a selective dopaminergic
monoamine neurotoxin currently used to create
models of hemiparkinsonian rats.

Materials and Methods
Animals
Eight male rats (Sprague-Dawley, Charles, River,
Calco, Italy), weighing 275-300 g, were injected
with 6-OHDA on the left brain side as previously
described (Morelli et al., 1993). In brief, the rats,
under chloral hydrate anesthesia (400 mg/kg i.p.),
received an injection of 6-OHDA-HCl (Sigma
Chem., St Louis,USA: 8 µg in 4 µL of saline containing 0.05% ascorbic acid) at left medial forebrain bundle level (coordinates A –2.2, L 1.5,V 7.8,
according to the atlas of Pellegrino et al., 1979). A
second group of eight control rats was sham-operated and received the vehicle alone. All procedures
were approved by the local Ethical Committee and
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met the NIH guidelines for animal care. Ten days
after the injection the rats were tested for contralateral rotational behavior by 0.3 mg/kg apomorphine. We selected only the animals exhibiting
more than 100 contralateral turns/1 hour, because a
published report (Hefti et al., 1980) and our experience showed that they could be considered as more
than 95% dopamine depleted on the lesioned side.

Tissue preparation
On day 15 after the injection, successfully lesioned
rats and control rats, under anesthesia, were perfused with cold saline and then with cold fixative
(PAF) containing 4% paraformaldehyde, 0.2%
picric acid in 0.1 M phosphate buffer, pH 7.4 (PB),
with 0.35% glutaraldehyde added. The brains were
quickly removed and postfixed for 48 h with cold
PAF alone, and then stored at 4°C in PB containing
15% sucrose till use. Brain specimens were frozen
and cut in a cryostat into 30 µm-thick coronal sections, which were collected in cold buffered 15%
sucrose. Before immunohistochemical procedures,
to improve tissue permeability, free-floating sections
were incubated for at least 3 days in saline PB containing 0.3% Triton X-100 (PBST) at 4°C.

Immunohistochemistry
To inactivate the endogenous peroxidase activity,
the sections were pre-treated for 30 min at room
temperature with PBST containing 0.1% sodium
azide and 0.5% H2O2. To improve the quality of
immunostaining, sections were then submitted to
light proteolysis by incubation for 10 min at 37°C in
PBST containing 1 U.I./mL papain (Mercuripapain, Sigma, St.Louis, USA). The proteolytic activity was then stopped by directly transferring the sections into 4% buffered paraformaldehyde for 20
min at room temperature followed by a thorough
washout with PBST (3x10 min). Sections were then
incubated for 3 days at 4°C with our polyclonal
antiserum, recognizing the C-terminal tetrapeptide
amide of DADTI, diluted 1:10,000 with PBST containing 0.5% bovine serum albumin (BSA, Sigma).
The sections were then incubated for 2 h at room
temperature with biotinylated goat anti-rabbit IgG
(diluted 1:2000; Vector Laboratories, Burlingame,
CA, USA) and for 1 h at room temperature with
streptavidin-peroxidase complex (diluted 1: 2,000,
ABC Elite, Vector). After each step, reagents were
diluted and sections were rinsed with PBST.The peroxidase activity was visualized by reaction for 3 min
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at room temperature with a solution containing
0.04% 3-3' diaminobenzidine tetrahydrochloride
(DAB, Fluka, Buchs, Switzerland), 0.4% nickel
ammonium sulphate and 0.003% H2O2 in 0.05M
Tris-HCl buffer, pH 7.6 giving a dark blue granular
precipitate. The stained sections were mounted on
glass slides, dehydrated, cleared and coverslipped
with Permount (Fisher Scientific, USA). The characteristics of the DADTI antiserum have been
described elsewhere (Abe et al., 1992, 1994;
Tooyama et al., 1993). In brief, the synthetic heptapeptide amide DADTI (Sigma) conjugated with
polyglutamate was used as antigen. The antiserum
was characterized and the epitope (Asp-Val-ValGly.NH2) established in spot dot tests and blocking
studies against several DADTI analogs and fragments and several biologically active known peptides (a complete list in Abe et al., 1992, 1994). For
control experiments, the primary DADTI antiserum
was substituted with buffer or preimmune rabbit
serum, or with preabsorbed antiserum (preincubation overnight at 4°C with synthetic DADTI (Sigma)
25 µg/mL antiserum at working dilution). None of
the control sections showed positive staining. By
contrast, the addition of several other biologically
active peptides, including dermorphin, met- and leuenkephalin and dynorphin (Sigma) (up to 100
µg/mL antiserum at the working dilution) left
immunostaining unchanged.
To assess the relationships of the DADTIimmunoreactive neurons with the dopaminergic system, several sections previously immunostained for
DADTI were double immunostained by a further 3day incubation at 4°C with a monoclonal anti-tyrosine hydroxylase (TH, Chemicon International Inc.,
Temicula, CA, USA) (raised in mouse) diluted
1:5000, followed by a biotinylated goat anti-mouse,
rat adsorbed, IgG (Vector) diluted 1:2000 and
ABC-peroxidase complex. The peroxidase activity
was then revealed by the Novared kit (Vector), producing a red precipitate. Controls were made by
omitting the secondary antiserum in the double
immunostaining procedure.
To control the effectiveness of 6-OHDA injection,
some randomly chosen sections both at forebrain
and at midbrain levels of lesioned and sham-operated rats were immunostained with TH monoclonal
antiserum alone.
DADTI-immunoreactive neurons were counted
using a dedicated image analysis software (I.A.S.,
Delta Sistemi, Rome, Italy), on at least 6 consecu-

tive coronal sections at comparable midbrain levels,
containing substantia nigra and ventral tegmental
area, from five successfully lesioned brain specimens. Values are expressed as mean±SD of DADTIimmunoreactive neurons per each side of coronal
sections. Any further statistical or densitometric
evaluation was retained superfluous because values
distinctly differed in lesioned sides vs contralateral
non-lesioned sides.

Results
According to the foregoing criteria, in seven of the
eight treated rats, injection of 6-OH-DA successfully lesioned the ipsilateral dopaminergic system
around the injection site. The 6-OH-DA-induced
lesions were clearly visible in sections immunostained with TH antiserum. Ipsilaterally to the lesion,
TH-immunopositive nerve cell bodies and fibers
were almost completely lost within the substantia
nigra (A9) and to a lesser extent in the neighboring
ventral tegmental area (A10) (data not shown).
Wide forebrain areas, including caudate-putamen,
nucleus accumbens, septum and cingulate cortex,
towards which these nuclei normally project their
fibers, were almost completely emptied (data not
shown). In the same mesencephalic areas, DADTIimmunoreactive neurons almost disappeared on the
side ipsilateral to the lesion (Figure 1a). Only a few
DADTI-immunoreactive, but TH-negative, neurons
lay scattered in these mesencephalic areas especially in the substantia nigra, pars compacta (Figure
1c). Double immunostaining also confirmed the features of the co-localization with TH both in the contralateral side of 6-OH-DA-injected animals (Figure
1b) and in normal controls, as already reported in
previous investigations (Tooyama et al., 1993;
Renda et al., 1997). Several attempts to characterize better the few DADTI-positive/TH-negative neurons spared by the 6-OH-DA injury added no further
information. DADTI-immunoreactive neuron counts
were markedly lower on the side ipsilateral than on
the side contralateral to the lesion (average count
4.033±0.52 SEM, range 0-8, vs 168.1±3.66, range
135-200 per coronal section) (Figure 2).
Ipsilaterally to the lesion, DADTI-immunoreactive
nerve fibers were also dramatically reduced in the
same forebrain areas, including dorsolateral caudate-putamen (Figure 3b), nucleus accumbens shell
(Figure 3 c, e), lateral septum, medial forebrain
bundle, olfactory tubercle and cingulate cortex
(data not shown). Contralaterally to the lesion, they
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Figure 1. a. Computer aided merge of a midbrain coronal section double immunostained for DADTI (blue) and TH (red). Arrows indicate
the sites reported at higher magnification in figures b and c. Several double immunostained neurons and a conspicuous nerve fiber network occupy the A9 area contralateral to the lesioned side (b), whereas only a few DADTI-immunoreactive and TH-negative neurons are
clearly shown ipsilaterally (c, arrows) together with a few TH-immunoreactive nerve fibers. Scale bar: a = 700 µm; b, c = 30 µm.

were found in all these regions and had the same
distribution and staining intensity as they did in controls (Figure 3a, c, d). Finally, no side differences
were visible at the level of supramammillary nucleus (SM) or in the main and accessory olfactory
bulbs, where DADTI-immunoreactive and THimmunonegative neurons and fibers were found, as
shown in previous studies (Tooyama et al., 1993;
Renda et al., 1997) (data not shown).

Discussion
When we lesioned the rat dopaminergic system by
injecting 6-OH-DA, the DADTI-immunoreactive
neurons almost completely disappeared in the midbrain areas A9 and partially disappeared in A10.
These findings definitively confirm previous indications cumulated during the past decade by our
group using the specific antiserum that recognizes
the C-terminal tetrapeptide amide of DADTI (Abe
et al., 1992;Tooyama et al., 1993; Nonomura et al.,
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1994; Renda et al., 1997; Park et al., 2000).
Previous evidence suggesting close relationships
between these neurons and the dopaminergic system
came only from double immunostaining procedures.
With these techniques we identified a subpopulation
of dopaminergic mesencephalic neurons notably
present within the ventral tier of the substantia
nigra, pars compacta and ventral tegmental area
(Tooyama et al., 1993; Renda et al., 1997). These
neurons constitute about one third of the whole THimmunoreactive neuronal population present in that
area and nearly all of them (97.8%) co-localized
TH. Yet remarkably few (7.7%) co-localized calbindin-D28kD (Tooyama et al., 1993). Hence this
subpopulation closely corresponds to the dopaminergic neurons thought to be most directly and
strongly affected by Parkinson disease lesions
(Yamada et al., 1990). These findings also clearly
corroborate another key point we have already
stressed in previous reports (Tooyama et al., 1993;
Renda et al., 1997). The lesioning allowed us to
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Figure 2. DADTI-immunoreactive neuron counts made on several
coronal sections at midbrain level contralaterally (contra) and
ipsilaterally (ipsi) to the lesioned side and expressed as mean
number per coronal section.

detect, especially in the lesioned side, a small number of DADTI-immunoreactive neurons (about 12%) not displaying TH-immunoreactivity that normally lay among the DADTI- and TH-immunoreactive neurons within areas A9 and A10. We also
found DADTI-immunoreactive, but TH-negative,
unaffected neurons on both brain sides in nondopaminergic areas (e.g. supramammillary nucleus,
main and accessory olfactory bulbs). This population had the same features we described in previous
investigations (Tooyama et al., 1993; Renda et al.,
1997).
Because a cDNA identical to that isolated from
amphibian skin has still to be found in mammalian
tissues, we cannot fully identify the DADTIimmunoreactive molecule recognized by our antiserum. All the results so far cumulated nonetheless
imply that our antiserum recognizes a new molecule
that shares structural and functional homologies
with DADTI. All data collected to date clearly indicate that this molecule has its own identity. Despite
being found mainly within a subpopulation of
dopaminergic neurons in the rat brain, it is also
present in other systems (Abe et al., 1994; Fujimiya
et al., 1994; Matsui J. et al., 1994; Matsui S. et al.,
1994; Sunday et al., 2001). It is present in varying
amounts in various tissues and at different ages.
Previous studies conducted in rat embryos (Park et
al., 2000) and newborns (Nonomura et al., 1994)
detected DADTI-immunoreactive neurons in widespread brain sites, whereas in the adult they became

Figure 3. Cryostatic sections of a lesioned rat brain, at various
coronal levels, immunostained for DADTI. a-b. Detail of the dorsolateral region of caudate putamen (CPu) filled with numerous
DADTI-immunoreactive nerve fibers contralaterally (a) but
almost completely empty on the side ipsilateral (b) to the lesion.
c. Computer-aided merge to compare the two sides of the forebrain region at nucleus accumbens level. Contralateral and ipsilateral sides are reported at higher magnification in d and e,
respectively. DADTI-immunoreactive nerve fibers mainly fill the
nucleus accumbens shell (Ac) contralaterally (d) and are almost
absent ipsilaterally to the lesioned side (arrows) (e). lv = lateral
ventricle. Scale bar: c = 2.25 mm; a-b, d-e = 65 µm.

far less numerous and were mainly confined within
the dopaminergic areas. Also in other systems,
including gut (Fujimiya et al., 1994) and lung
(Matsui S. et al., 1994; Sunday et al., 2001)
DADTI-immunoreactive cells have been shown
mainly in the embryonic and perinatal ages.
Whether this mammalian DADTI-like molecule is
an opioid-like molecule remains unclear.Two lines of
evidence suggest that it is. First, the sites where
DADTI-immunoreactive nerve fibers reach their
major concentration in mouse and rat brain impressively correspond to the main sites of δ-opioid
receptors as identified using deltorphins as ligands
(Dupin et al., 1991; Gouarderes et al., 1993; Renda
et al., 1993). Second, in mouse fetal lung, our anti139
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serum detected DADTI-immunoreactive alveolar
cells that express δ- and µ-opioid receptors and
dose-dependently display opposite effects to deltorphin and dermorphin treatment in vitro (Sunday et
al., 2001). Our antiserum also immunostained neurons from rat substantia nigra cultured in vitro (Yu,
personal communication) as did a new monoclonal
antiserum, specific for N-terminal portion of DADTI
(Yu et al., 2000). Overall, these data intriguingly
indicate that during the early stages of life the
DADTI-like molecule may intervene in morphogenetic or differentiation processes or both. In the
adult, its presence diminishes and is almost restricted to the dopaminergic neurons. Interestingly, treatment with a δ-opioid receptor agonist significantly
improves dopaminergic cell viability in vitro, and
clearly protects in vivo against 6-OHDA-induced
dopamine depletion (Borlongan et al., 2000). The
cohabitation of an opioid peptide and dopamine
within the same neuron could, therefore, assume a
new intriguing meaning, possibly providing new clues
to the pathogenesis of Parkinson’s disease. Hence,
these findings warrant increased efforts to gain full
information on the DADTI-like molecule recognized
by our antiserum in mammalian tissues.
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