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Phylogenetic conservatism in the presence of a neurotensin-related hexapeptide
in neurons of globus pallidus
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The vast majority of the pallidal neurons of the hamster, pigeon, caiman and turtle basal telencephalon were positively labeled by
an antiserum against LANT-6, a neurotensin-like hexapeptide. In sharks also, LANT-6-positive neurons were observed in the appar-
ent equivalent of the globus pallidus. These results, which imply the coexistence of a LANT-6-like peptide with gamma-aminobutyric
acid (GABA) in pallidal neurons, suggest that a LANT-6-like peptide may be an important and evolutionarily conserved neurotrans-

mitter/neuromodulator in pallidal neurons.

LANT-6 is a neurotensin-related hexapeptide that
was discovered in large amounts in extracts of chick-
en intestine during the isolation and characterization
of the avian neurotensin-like tridecapeptide corre-
sponding to mammalian neurotensins®. This hexa-
peptide contains the same C-terminal tetrapeptide
sequence as neurotensin and has been termed
LANT-6 because of the presence of lysine and aspar-
agine as the N-terminal amino acid residues’. Sub-
stantial levels of LANT-6 are also present in the avi-
an brain and a transmitter function for LANT-6 is
suggested by its presence in synaptosomal fractions
of the avian brain®. The role of LANT-6 is apparently
distinct from that of neurotensin since LANT-6
shows different receptor binding properties and has
different peripheral effects than neurotensin!6-22, Im-
munohistochemical, radioimmunoassay (RIA) and
chromatographic studies have suggested that a
LANT-6-like peptide may be present in the nervous
system in members of a wide variety of vertebrate
groups’8:.10.17 - For example, LANT-6 was recently
found in retinal ganglion cells and their central termi-
nals in turtles!® and similar observations have been
made in goldfish, frogs, chickens, pigeons and rats
(ref. 17 and A. Reiner, unpublished observations).

We report here that a LANT-6-like peptide is pres-
ent in pallidal neurons of the basal ganglia in birds,
reptiles and mammals and is also present in the spiny
dogfish shark in telencephalic neurons that appear to
be equivalent to amniote pallidal neurons. These re-
sults suggest that pallidal neurons in a wide variety of
vertebrate groups may use a LANT-6-like peptide as
a transmitter/modulator substance. The present data
also show that a LANT-6-like peptide has been con-
served in pallidal neurons since the beginnings of the
evolution of amniotes and that a LANT-6-like pep-
tide may have been present in pallidal neurons as ear-
ly as the divergence of bony and cartilaginous fish.
The subjects of the present study were golden
hamsters (Mesocricetus auratus). white Carneaux
pigeons (Columba livia), red-eared turtles (Pseude-
mys scripta), juvenile caiman (Caiman crocodilus)
and spiny dogfish sharks (Squalus acanthias). All ani-
mals were deeply anesthetized (birds, turtles and
hamsters with ketamine, caiman with somlethol and
spiny dogfish with MS222) and perfused through the
left ventricle with 6% dextran in phosphate buffer
(pH 7.4) followed by 4% paraformaldehyde in phos-
phate buffer (pH 7.4), except in the case of pigeons,
for which the paraformaldehyde-lysine-periodate
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Fig. 1. LANT-6-positive neurons in the pallidal cell groups of the basal ganglia of pigeon (A) and turtle (B). Both photomicrographs
are of transverse sections processed according to the peroxidase-antiperoxidase procedure. Lateral is to the right and dorsal toward
the top in both photomicrographs. Portions of both the pallidal cell group (paleostriatum primitivam, PP) and the striatal ccll group
(paleostriatum augmentatum. PA) of pigeon are shown in A. The field of view in B is restricted nearly entirely to the globus pallidus of
turtle. In both photomicrographs numerous large neurons (25-40 um) are heavily labeled for LANT-6. Labeled processes, presum-
ably of pallidal neurons, are also abundant in the pallidal field in both pigeon and turtle. A few labeled neurons are evident in PA in the
upper right of A. Scale bar, 100 ¢m



fixative was used?. Brains were subsequently sec-
tioned frozen at 40 um on a sliding microtome and
sections through the forebrain and midbrain were
processed according to the peroxidase—antiperoxi-
dase (PAP) immunohistochemical procedure, as de-
scribed previously428-30_ using an antiserum towards
LANT-6 (TG-22) that was shown not to crossreact
with neurotensin’. A 1:1000 primary antiserum dilut-
ion was used in the present study and staining de-
scribed in this paper could be blocked with 10-50 M
synthetic LANT-6.

Several previous studies have used hodological
and histochemical criteria to identify the globus palli-
dus-equivalent cell group in birds and reptiles2-+
14.25-29 In brief, the ventrolateral wall of the telen-
cephalon in birds and reptiles contains two major cell
populations, a more dorsally situated ‘striatal’ cell
group (which displays the same hodological and his-
tochemical characteristics as the mammalian stria-
tum) and a more ventrocaudally situated ‘pallidal’
cell group (comparable to the mammalian globus pal-
lidus). In pigeons and turtles, the pallidal cell group is
cytoarchitectonically a relatively distinct cell field
containing many large neurons. Using the antiserum
toward LANT-6, the vast majority of the neurons in
this ‘pallidal’ field, including numerous large neurons
(25-40 um), were heavily labeled (Fig. 1). Thick
processes arising from these neurons could be ob-
served to ramify within the ‘pallidal’ field. Pallidal
neurons were not, however, labeled by antisera spe-
cific for neurotensin (such as antiserum HC-8, ref.
8). Within the ventrolateral telencephalon, LANT-
6-positive neurons were not restricted to the pallidal
cell field. A number of additional large as well as
smaller LANT-6-positive neurons were observed in
the ventral paleostriatum {comparable to the ventral
pallidum of mammals), the olfactory tubercle and the
‘striatum’ of pigeon and turtle. In the case of these
latter cell fields, however, the LANT-6-positive neu-
rons constituted a much lesser percentage of the total
number of neurons than in the case of the ‘pallidal’
cell field. Consistent with the presence of a LANT-6-
like peptide in pallidal and ventral pallidal neurons in
pigeons and turtles, LANT-6-positive fibers were ob-
served in the mesencephalic targets of these neurons:
the ventral tegmental area (which receives input
from the ventral pallidum) and the nucleus tegmenti-
pedunculopontinus, pars compacta (TPc) (which re-
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ceives pallidal input) of pigeons and the ventral teg-
mental area and the substantia nigra of turtles. In
crocodilians, the ‘pallidal’ cell field is less distinct cy-
toarchitectonically than in turtles and pigeonsi—.
Nonetheless, large LANT-6-positive neurons were
observed in the ventrocaudal portions of the large-
celled part of the ventrolateral area (VLAlc), which
is known to be the source of the ‘pallidal’ projections
of the caiman basal ganglia’. As in pigeons and tur-
tles, LANT-6-positive neurons were also observed in
the olfactory tubercle and in the ‘striatum’ (in caiman
comprising the small-celled part of the ventrolateral
area, VLAsc, and the dorsolateral VLAIlc). Al-
though their distribution will not be described here,
LANT-6-containing neurons were not restricted to
the ventrolateral telencephalon of birds and reptiles
but were widespread and numerous throughout the
brain.

LANT-6-positive labeling of numerous neurons in
the globus pallidus was also demonstrated in hamster,
although the staining was lighter than in birds and
reptiles (Fig. 2A). The lighter staining may stem from
an interspecies variation in the structure of the pep-
tide. Using RIA and high performance liquid chro-
matography (HPLC), Carraway et al.” demonstrated
the presence of LLANT-6-related material in rat
brain, but the low concentrations measured using the
TG-22 antiserum suggest that the mammalian coun-
terpart differs slightly from the avian form. Minamino
et al.2! have recently identified a new peptide, Neu-
romedin N, which was obtained from porcine spinal
cord and which is identical to LANT-6 in amino acid
sequence except for the substitution of isoleucine for
asparagine. If Neuromedin N is the mammalian form
of LANT-6, it may be this peptide that is present in
hamsters in neurons labeled by TG-22. In hamsters,
in addition to numerous large neurons labeled
throughout the globus pallidus and the entopeduncu-
lar nucleus, numerous large and small LANT-6-like
immunoreactivity-containing neurons were also ob-
served in the olfactory tubercle and ventral pallidum.

Northcutt et al.23 have recently identified the basal
ganglia of spiny dogfish shark based on immunohisto-
chemical comparisons of the shark telencephalon to
the telencephala of birds, reptiles and mammals. The
medially situated ventrolateral periventricular re-
gion (VLP) was identified as the ‘striatum’ based on
the presence of numerous substance P-positive neu-



Fig. 2. LANT-6-positive pallidal neurons in the pallidal cell groups in hamster (A) and shark (B). Both photomicrographs are of trans-
verse sections processed according to the peroxidase-antiperoxidase procedure. Lateral is to the right in both photomicrographs and
dorsal toward the top. The field of view in A is restricted nearly entirely to the globus pallidus and numerous labeled neurons are evi-
dent. The labeled neurons, although smaller than the pallidal neurons in birds and reptiles, include the largest neurons present in the
globus pallidus of the hamster. The field of view in B includes the medially situated ventrolateral periventricular area (VLP) and the
more laterally situated area superficialis basalis (ASB) of the shark telencephalon. The VLP is comparable to the amniote striatum.
The ASB consists of a plate of cells parallel to the pial surface and the region immediately (100-200 um) lateral and medial 10 the cell
plate. The ASB appears to be comparable to the amniote pallidum. The LANT-6-positive ncurons were numerous in and near the cell
plate of ASB. as can be seen in B. Scale bar. 100 ¢m



rons and enkephalin-positive neurons and on the
presence of tyrosine hydroxylase-positive fibers and
serotonin-positive fibers. A more laterally situated
ventrolateral cell field, the area superficialis basalis
(ASB), was identified as the ‘pallidum’ based on the
high concentration of substance P-positive fibers and
enkephalin-positive fibers and on the paucity of tyro-
sine hydroxylase-positive fibers. In the present
study, antiserum TG-22 heavily labeled numerous
large neurons in and along the edges of the cell plate
of ASB throughout its dorsoventral extent (Fig. 2B).
These neurons were morphologically distinct from
the bipolar neurons that appeared to be the most nu-
merous cell type in the cell plate and were generally
similar in size and morphology to amniote pallidal
neurons. Based on their location as well as their mor-
phological and histochemical characteristics, these
neurons appear to be the pallidal neurons of the spiny
dogfish basal ganglia. Data concerning the efferent
projections of these neurons would provide impor-
tant further evidence regarding this possibility.

Since pallidal neurons are generally thought to use
GABA as their transmitter!?, the present results pro-
vide suggestive evidence for the co-occurrence of a
LANT-6-like peptide and GABA in pallidal neurons.
Although numerous peptides have been identified in
striatal neurons, previous immunohistochemical
studies have not unequivocally demonstrated the
presence of any peptides, including neurotensin, in
pallidal neurons!3.15.18.25.31 Antisera raised by one of
us towards neurotensin (e.g. HC-8) also do not label
‘pallidal’ neurons in birds and reptiles (Reiner and
Carraway, unpublished observations). In mammals,
fibers containing neurotensin-like immunoreactivity
have, however, been observed in such projection tar-
gets of globus pallidus and the ventral pallidum!! as
the dopaminergic neuron-rich midbrain cell groups,
the substantia nigra pars compacta and the ventral
tegmental area!3.3!, In addition, high levels of recep-
tors for neurotensin have been observed in these
areas in mammals2?4. In pigeons also, high levels of
neurotensin-like peptide(s) and receptors for neuro-
tensin are present in the ventral tegmental area and
the TPc, the avian equivalent of the substantia nigra
pars compacta (S.E. Brauth, C. A. Kitt, A. Reiner,
B. Jones and R. Quirion, in preparation). As noted
above, LANT-6-positive fibers are also clearly pres-
ent in these midbrain pallidal and ventral pallidal
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projection targets in birds and reptiles. The possibili-
ty therefore exists that in all amniotes both a neuro-
tensin-like peptide and a LANT-6-like peptide are
present in the same terminals in these midbrain cell
groups, terminals that arise from pallidal neurons. If
this is the case, it is unclear why the LANT-6-like ma-
terial but not neurotensin should be detectable in pal-
lidal neurons by immunohistochemistry. One possi-
ble explanation is that the kinetics of biosynthetic
processing for these two peptides are different in pe-
rikarya than in terminals.

The present findings suggest that LANT-6 may be
released from pallidal terminals and have an impor-
tant influence on such pallidal projection targets as
the dopaminergic neurons of the midbrain. Although
little information is available concerning the electro-
physiological effects of LANT-6, neurotensin is
known to excite midbrain dopaminergic neurons and
promote increased dopamine turnover!22. The pres-
ent results raise the possibility that LANT-6 may
have similar effects and may be employed by pallidal
neurons in influencing dopaminergic neurons. To
further examine this possibility, it will be important
to determine whether distinct LANT-6 receptors are
present on midbrain dopaminergic neurons. Al-
though the presence of a LANT-6-like substance in
pallidal neurons raises the possibility that non-teg-
mental projection targets of the pallidum also receive
a LANT-6-containing input, LANT-6-positive label-
ing of terminals in these non-tegmental areas was
equivocal in the present study.

The apparent conservation of a LANT-6-like pep-
tide in pallidal neurons during evolution is an addi-
tional striking finding of the present study. The pres-
ence of a LANT-6-like substance in ‘pallidal’ neurons
in birds, reptiles and mammals suggests that a
LANT-6-containing pallidal cell group was a constit-
uent of the basal ganglia as early as the early reptiles
that were the common ancestors of modern am-
niotes!2. Previous studies have shown that many of
the neurotransmitter/neuropeptide-specific cell pop-
ulations composing the amniote ‘striatum’ must also
have been present in these ancestral reptiles?> and
that some of these ‘striatal’ populations must have
also been present in the vertebrate telencephalon as
early as the divergence of bony and cartilaginous fish
(since they are present in modern cartilaginous
fish)23. The present results suggest that LANT-6-pos-
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itive pallidal neurons (as well as pallidal neurons
themselves) may also have appeared in the telen-
cephalon prior to the divergence of cartilaginous and
bony fish and have been retained in the evolutionary
lines leading to modern amniotes and modern cartila-
ginous fish. In recent studies, prominent large
LANT-6-positive neurons that may be pallidal neu-
rons were observed in the ventrolateral wall of the
telencephalon in frogs (Reiner, unpublished obser-
vations) and lungfish (Reiner and Northcutt, unpub-
lished observations). Further study, however, is re-
quired to determine if these neurons in spiny dogfish
shark, frogs and lungfish have ‘pallidal’ connections.
In summary, the present findings demonstrate that
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