The Journal of Neuroscience
December 1986, 6(12). 3640-3654

Coexistence of Galanin-like Imnmunoreactivity with Catecholamines,
5-Hydroxytryptamine, GABA and Neuropeptides in the Rat CNS

T. Melander,* T. Hokfelt,* A. Rokaeus,t A. C. Cuello,} W. H. Oertel,§ A. Verhofstad,T and M.

Goldstein™*

*Department of Histology and fPharmacology, Karolinska Institutet, Stockholm, Sweden, $Department of
Pharmacology and Therapeutics, McGill University, Montreal, Canada, §Department of Neurology, Technical
University of Munich, Munich, Federal Republic of Germany, TDepartment of Pathology, Catholic University,
Nijmegen, The Netherlands, and **Department of Psychiatry, New York University Medical Center, New York,

New York

PR PRy Sy S LAY IO PR S 2 8
une coexistence Ul gdldlllll \UAL)—IIKC Immunoreacuvity (L)

with markers for catecholamines, S-hydroxytryptamine (5-HT),
GABA, or some neuropeptides was mapped in the rat CNS by
using adjacent sections, as well as by elution-restaining and dou-
ble-labeling immunocytochemistry. Many instances of coexis-
tence were observed, but there were also numerous GAL-posi-
tive cell body populations displaying distributions similar to those
of these markers but without apparent coexistence.

In the hypothalamic arcuate nucleus GAL-LI was found in a
large proportion of tyrosine hydroxylase (TH)-positive cell bod-
ies (A12 cells), both in the dorsomedial and ventrolateral sub-
divisions, with a higher number in the latter. GAL-LI coexisted
in glutamic acid decarboxylase (GAD)-positive somata in the
posterior aspects of the arcuate nucleus and at all rostrocaudal
levels in fibers in the external layer of the median eminence. In
the anterior hypothalamus, a large population of the cells of the
parvocellular and magnocellular paraventricular nuclei con-
tained both GAL-LI and vasopressin-LI. Moreover, somata con-
taining both GAD- and GAL-LI were seen lateral to the mam-
millary recess in the tuberal and caudal magnocellular nuclei.
Some of the neurons of the caudal group were shown to project
to the occipital cortex using combined retrograde tracing and
immunofluorescence. With regard to mesencephalic and med-
ullary catecholamine neurons, GAL-LI coexisted in a large pro-
portion of the noradrenergic locus coeruleus somata (A6 cell
group) and in the A4 group dorsolateral to the fourth ventricle,
as well as in the caudal parts of the A2 group in the dorsal vagal
complex. However, in more rostral parts of the latter, especially
in the medial subdivision of the solitary tract nucleus, a very
large population of GAL-IR small cell bodies was seen inter-
mingling with catecholamine neurons, but they did not contain
TH-LI. Furthermore, GAL-IR cell bodies coextensive with, but
not coexisting in, TH-IR somata were seen in the C1 (epineph-
rine) horea in the ventrolateral medulla at the level of area pos-
trema and in the most rostral aspects of the C1 group. Finally,
5-HT-positive cell bodies of the mesencephalic and medullary
raphe nuclei and a subpopulation of coarse 5S-HT nerve fibers in
the hippocampus co-contained GAL-LI.
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present in many systems containing other neuroactive com-
pounds, including dopamine, norepinephrine, 5-HT, GABA, and
vasopressin. Some hypothalamic neurons containing both GAL-
LI and GABA project to cortical areas. In addition to the pres-
ence of GAL-LI in cortically projecting serotonergic, noradren-
ergic, and GABAergic neurons, cholinergic forebrain neurons
projecting to the hippocampal formation also contain GAL-LI,
as shown in a previous paper.

The view that neurons synthesize, store, and perhaps release
several neuroactive substances has received increasing support
both from morphological studies and, more recently, from func-
tional indications that neuronal signaling can be modulated by
co-contained substances (Chan-Palay and Palay, 1983; Cuelio,
1982; Hokfelt et al., 1980b, 1984b; Lundberg et al., 1982, for
reviews). Brain areas where coexistence is common include, for
example, the hypothalamic arcuate nucleus, the magnocellular
hypothalamic nuclei, and various catecholamine- and indol-
amine-containing cell groups in the brain stem.

The neuropeptide galanin (GAL) has been isolated from pig
small intestine (Tatemoto et al., 1983). It has been shown to
contract intestinal smooth muscle preparations and to cause a
mild, prolonged hyperglycemia and inhibition of insulin release
(McDonald et al., 1985; Tatemoto et al., 1983). GAL has also
been shown to inhibit substance P- and ACh-induced smooth
muscle contraction (Ekblad et al., 1985a). Furthermore, intra-
ventricular injections of this peptide have been shown to cause
an elevation of growth hormone levels in plasma (Ottlecz et al.,
1985).

Antibodies were raised against GAL and radioimmunoassay
and immunohistochemistry have revealed a widespread distri-
bution in both PNS and CNS (Ch’ng et al., 1985; Ekblad et al.,
1985b; Melander et al., 1984, 1985a, b, 1986a, b; Rokaeus et
al., 1984; Skofitsch and Jacobowitz, 1985). Several previously
transmitter-identified cell groups or nuclei were found in these
studies to contain coextensive GAL-positive cell body popu-
lations. In one case it was established that the GAL-like peptide
is present in cholinergic basal forebrain neurons that project to
cortical areas (Melander et al., 1985b). In the present paper,
further coexistence involving GAL-LI together with other pep-
tides and transmitter-related compounds in neuronal structures
in the rat CNS is defined.

Materials and Methods

Experimental animals

Twenty-five male Sprague-Dawley rats, 150-180 gm (pathogen-free
breed, ALAB, Stockholm, Sweden) were used. Fifteen rats were given
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intraventricular injections of colchicine, 120 ug/ratin 20 pl saline (Sigma
Chemical Co., St. Louis), while under chloral hydrate anesthesia, 0.5
gm/kg, i.p.).

Three animals were anesthetized with chloral hydrate (as above) and
given 3 stereotaxically placed injections (200 nl) of True blue (Bentvoglio
etal., 1980) (Dr. Illing KG, Makromolekulare Chemie, Gross Umstadt,
FRG) into the occipital cortex using a 5 ul Hamilton syringe (AP 6.0,
6.5, 7.5; ML 2.5, 3.5, 3.5; DV 1.5 at all 3 injection sites; coordinates
in relation to bregma). Seven to 9 days later these rats received an
intraventricular colchicine injection. All animals were sacrificed 48 hr
after colchicine administration. Colchicine arrests axonal transport and
thereby increases the levels of peptides, enzymes, and catecholamines
in cell bodies (Dahlstrom, 1968; Hokfelt and Dahlstrém, 1971; Kreutz-
berg, 1969). In addition, 3 rats received a 3-mm-deep knife cut lesion
of the supracallosal striae, 1 mm rostral to bregma and extending from
the midline 3 mm laterally. These 3 rats and 4 additional control rats
were not treated with colchicine and were used to study nerve fibers.

Preparation of tissues

The rats were anesthetized with sodium pentobarbital (Nembutal, 30—
50 mg/kg, i.p.) and perfused through the ascending aorta with 50 ml
PBS, pH 6.9, followed by an ice-cold picric acid-paraformaldehyde
mixture (approx. 0.4% picric acid and 10% formalin in 0.16 M sodium
phosphate buffer, pH 6.9) for 6 min (Zamboni and de Martino, 1967).
The brain was rapidly dissected out and immersion-fixed for 1.5 hr in
the same fixative. The tissue was thereafter rinsed in 10% sucrose in
phosphate buffer containing bacitracin (0.02%) and sodium azide (0.01%)
for at least 48 hr with several changes. Sections were cut at 5~-14 ym in
a cryostat (Leitz, Wetzlar, FRG) and mounted on slides subbed with
chrome alum-gelatin.

Immunofluorescence procedure

The indirect immunofluorescence technique of Coons and collaborators
(see Coons, 1958) was used. To establish coexistence 3 procedures were
used: (1) staining of adjacent sections, (2) the elution-restaining tech-
nique of Tramu et al. (1978), and (3) double-staining (see Nairn, 1969).

The following antisera were used: (1) rabbit GAL antiserum (1:800;
Peninsula Laboratories, Merseyside, UK); (2) rabbit GAL antiserum
(R28310; raised to porcine GAL conjugated to BSA) (dilution 1:400;
Rokaeus et al., 1984); (2) guinea pig antiserum to vasopressin (1:100;
GP 24A2) conjugated to thyroglobulin (Elde, 1974); (3) rabbit antiserum
to tyrosine hydroxylase (TH) purified from rat pheochromocytoma (1:
400; Markey et al., 1980) and monoclonal mouse antiserum to TH
isolated from rat pheochromocytoma (1:30; Semenenko et al., 1986);
(4) sheep antiserum to glutamic acid decarboxylase (GAD; S3; 1:1000;
Oertel et al., 1981); (5) rabbit and guinea pig antiserum to 5-HT con-
jugated to BSA (Steinbusch et al., 1978; Verhofstad et al., 1983).

With the “adjacent staining” technique, 2 adjacent sections were in-
cubated with different primary antisera. Thus, GAL antiserum was com-
pared with GAD antiserum and with guinea pig 5-HT antiserum. The
antisera were diluted in PBS and contained 0.3% Triton X-100 (Hart-
man et al., 1972). The sections were incubated with primary antiserum
at 4°C in a humid atmosphere for 18-24 hr and were then rinsed in
PBS for 20 min, and incubated at 37°C for 30 min with FITC-conjugated
swine anti-rabbit immunoglobulin (Dakopatts, Copenhagen) (for GAL),
donkey anti-goat immunoglobulin (Nordic, Tilburg, The Netherlands)
(GAD) or goat anti-guinea pig (American Qualex, La Mirada, CA). The
sections were again rinsed in PBS for 20-30 min, mounted in glycerol:
PBS (3:1) containing 0.1% p-phenylenediamine (Johnson and de C.
Nogueira Araujo, 1981; Platt and Michael, 1983). The sections were
examined in a Zeiss fluorescence microscope equipped with a dark-field
oil condenser, as well as KP 500 (for FITC) and BP 546 (for Texas red
and rhodamine, see below) excitation filter and the stop filters LP 520
and LP 590 (for FITC and Texas red/rhodamine, respectively). Filters
UGH (excitation) and Zeiss 41 (stop) were used for True blue fluores-
cence. Kodak Tri-X film was used for photography, with exposure times
ranging from 10 to 60 sec.

The elution-restaining technique was used for analysis of GAL-LI in
relation to TH. Sections were incubated with GAL antiserum (as above)
and the staining patterns photographed. The antibodies were eluted with
acid potassium permanganate (KMnO,). Briefly, the sections were im-
mersed in a solution of 3% KMnO, (2.5 ml), I N H,SO, (2.5 ml), and
50 ml distilled water for 30-60 sec. The sections were then incubated
with FITC-conjugated swine anti-rabbit immunoglobulins (as above)
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and examined in the fluorescence microscope. If no green fluorescence
was observed, the sections were processed with the rabbit anti-TH an-
tibody and FITC-conjugated antibodies (as above). The new staining
patterns were photographed and compared with the previous ones.

Double-staining experiments were carried out for comparison of the
distribution of GAL-LI with TH-, GAD-, or 5-HT-LI. In the first
case, rabbit anti-GAL antibodies (dilution 1:400) were mixed with mouse
anti-TH monoclonal antibodies (1:30) and incubated as above. As sec-
ondary antibodies, a mixture of Texas red-conjugated donkey anti-
rabbit antibodies (Amersham, Amersham, England) and fluorescein is-
othiocyanate (FITC)-conjugated goat anti-mouse antibodies (American
Qualex) was used. For the second combination, where GAL and GAD
were compared, a mixture of rabbit anti-GAL antiserum and sheep anti-
GAD antiserum was used followed by a mixture of secondary antibodies
consisting of Texas red-conjugated donkey anti-rabbit antiserum (Amer-
sham) and FITC-conjugated donkey anti-goat antiserum (Nordic). For
the GAL/5-HT double-staining, rabbit anti-GAL and guinea pig anti-
5-HT primary antibodies were mixed and incubated for 2 hr at room
temperature before dilution and incubation with sections (as above). A
mixture of FITC-conjugated goat anti-rabbit, preadsorbed to guinea pig
immunoglobulins (American Qualex), and rhodamine-conjugated goat
anti-guinea pig (American Qualex) antisera was used as secondary an-
tibodies after preincubation as with the primary antisera. Cell profiles,
with or without a visible nucleus, were counted.

GAL antiserum preadsorbed with GAL peptide (10 ug/ml antiserum
diluted 1:10) was used as a control.

Results

Coexistence of GAL-LI with peptides or transmitter synthesiz-
ing enzymes was observed in several cases in the hypothalamus
and in the lower brain stem. In some instances, the approximate
number of immunoreactive cell bodies is given. This always
refers to the number of cell profiles per section and side.

Hypothalamus

GAL-positive somata were present throughout the entire ros-
trocaudal extent of the arcuate nucleus, with only a few (<5)
cells at the retrochiasmatic level extending dorsally into the
periventricular nucleus. Ten to 20 cells were seen on each side
in the anterior arcuate nucleus proper with single large cells
extending laterally. At mid-median eminence levels, large num-
bers of cells were seen in the ventrolateral part of the nucleus,
and some were also seen in its dorsal part (Fig. 14). In addition,
a dorsal and a lateral extension of GAL-positive cell bodies
appeared and surrounded the ventromedial nucleus. A smaller
number of positive cells was seen at the level of the caudal end
of the median eminence, while further caudally the number
increased again (Fig. 1B). There, a large number of cell bodies
was seen next to the ventricle but also extending in the ventral
and dorsal directions at the perimeter of the nucleus. At yet
more caudal levels, approximately 20 cells were seen just lateral
to the mammillary recess.

A few GAL-IR fibers were seen within the arcuate nucleus,
while a very dense network was observed throughout the me-
diolateral extent of the external layer of the median eminence
and a medium dense network in its internal layer (Fig. 14).

The use of the elution-restaining method revealed that a large
proportion of the GAL-IR cell bodies of the arcuate nucleus
also contained TH-LI (Fig. 1C), i.e., belonged to the A12 TH-
positive cell group (nomenclature here and in the following ac-
cording to Dahlstrdm and Fuxe, 1964; Hokfelt et al., 1984c).
The highest proportion of coexistence was seen in the ventro-
lateral part of the arcuate nucleus, where only single somata
were found that contained only one of the markers (Fig. 1C). A
high degree of coexistence was also seen in the cell bodies ex-
tending along the base of the brain and lateral to the ventro-
medial hypothalamic nucleus. In the dorsal periventricular as-
pect of the nucleus, the number of GAL-IR cells was
comparatively low, and a large proportion of the TH-IR cells
in this group seemed to lack the peptide (Fig. 1, 4, C).
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Figure 1. Immunofluorescence micrographs of sections through the arcuate nucleus (na) and median eminence after incubation with GAL
(4, B), TH (C), and GAD (D) antisera. 4 and C, A large number of GAL-positive cell bodies are seen in the ventrolateral arcuate nucleus
(arrowheads in A), and the majority of these are also TH positive (arrowheads in C), as shown on the same section processed according to the
elution-restaining method. Only single GAL-/TH-IR double-staining cell bodies are seen in the dorsomedial parts (double arrowhead in A and C),
while the great majority of this subdivision contains TH single-labeled profiles. A very dense GAL-IR fiber plexus is seen in the lateral part of the
external layer of the median eminence, partly overlapping with the TH-positive fibers. B and D, Coexistence of GAL- and GAD-LI in cell bodies
of the posterior arcuate nucleus is seen on adjacent sections. In the lateral part of the nucleus, the same cell profiles (arrows) can be identified in
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In the posterior parts of the arcuate nucleus, GAL- and TH-
positive cell bodies exhibited different distribution patterns: TH-
IR cells were rare, whereas the number of GAL-positive cells
increased. Thus, only a few cases of the coexistence of these 2
compounds were seen at posterior levels.

The apparent number of GAD-IR cell bodies in the arcuate
nucleus was low under the present conditions of investigation.
However, the number of fluorescent cell bodies increased at
posterior levels. GAL-IR cell bodies in the posterior arcuate
nucleus displayed a morphology and distribution pattern very
similar to that of GAD-IR cells, and adjacent 5-um-thick sec-
tions, stained with GAL and GAD antisera, revealed that some
of these GAL-positive cell bodies (Fig. 1 B) also contained GAD-
LI (Fig. 1 D). In the median eminence and the infundibular stalk,
dense networks of GAL-, TH-, and GAD-positive fibers were
seen; these showed a partial overlap, especially in the lateral
aspects of the external layer. Furthermore, double-labeling ex-
periments revealed that GAL- and GAD-LI existed in the same
terminals in the external layer of the median eminence (Fig. 2,
A, B).

A large proportion of the magnocellular and many parvocel-
lular neurons in the paraventricular nucleus contained GAL-
LI. Analysis of thin adjacent sections showed that the vast ma-
jority of these neurons also contained vasopressin-LI (Fig. 2, C,
D).

The tuberal and the caudal magnocelilular nuclei contained
large, GAL-IR somata, while smaller ones were seen scattered
medially and dorsally to the latter nucleus. Also, staining of
adjacent sections revealed a similar distribution pattern of GAL-
LI and GAD-LI; in fact, they were co-contained within the same
neurons (Fig. 3, 4-D). However, GAL-IR cell bodies were fewer
compared to GAD-IR cell bodies (¢f. Fig. 3, 4, B).

Retrograde tracing from the occipital cortex revealed many
True blue-labeled neurons in the caudal magnocellular nucleus,
some of which also were GAL-IR (Fig. 3, E, F), indicating that
some of the GAL-positive cell profiles within the caudal mag-
nocellular nucleus project to the occipital cortex. Also, GAL-
positive fibers were detected throughout the cerebral cortex.
Faintly labeled fine fibers were seen intermingled with sparse,
heavily labeled coarse ones.

Pons-medulla oblongata

Most of the cell bodies of the noradrenergic locus coeruleus (A6
cell group; Fig. 44) and the A4 (Fig. 4C) norepinephrine cells
were strongly GAL-positive. Elution-restaining with the rabbit
TH antiserum (Fig. 4, B, D) confirmed that all of these cells
were also TH-positive. Small, GAL single-labeled cells were
seen surrounding the locus coeruleus. Furthermore, double-la-
beling experiments revealed extensive pile-up of GAL- and TH-
LI in the same swollen, cut fibers of the supracallosal striae (see
Fig. 9, A, B), as well as in varicose fibers in neocortical areas of
control animals (Fig. 9, C, D).

GAL-positive somata were also seen in the ventrolateral me-
dulla, essentially as 2 groups. One was located at the level of
area postrema (Fig. 4E), and a second group extended along the
basal surface of the medulla from the level of the rostral olive
to the rostral levels of the facial nucleus (Fig. 4G). Although
these cells intermingled with the epinephrine C1 cells, no evi-
dence for coexistence was seen. Thus, elution-restaining and
double-labeling experiments revealed that GAL- and TH-LI
were completely segregated in these areas (Fig. 4, E-H). A few
GAL-positive cells have been observed in the ventrolateral cau-

—
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dal medulla oblongata dorsolateral to the lateral reticular nu-
cleus; these cells were also TH-positive, thus placing them in
the noradrenergic Al cell group.

A very large number of small to medium somata were seen
in the dorsal vagal complex (Figs. 5, 6). At levels rostral to area
postrema, single cells were located in lateral parts of the medial
subnucleus of the solitary tract nucleus (for nomenclature, see
Kalia and Fuxe, 1985; Kalia and Sullivan, 1982). More caudally,
greater numbers were seen in the medial subnucleus and in the
commissural nucleus (Fig. 54). A maximum of positive cell
profiles was seen just caudal to the level of area postrema, where
up to 50 small cell bodies were observed bilaterally, tightly
clustered, mostly within the medial subnucleus (Fig. 5C). Single
cells were also seen in the dorsal motor nucleus of the vagus
nerve (Fig. 6, A, C). In addition, small numbers of GAL-IR
bipolar cells were detected at the medial border of the gracilis
nucleus (Fig. 54).

Double-labeling experiments using the monoclonal TH an-
tibody revealed that the highest proportion of cells containing
both GAL- and TH-LI was observed in the caudal aspects in
the commissural nucleus of the dorsal vagal complex (Fig. 6,
A-D). At the level of area postrema, only few cell bodies con-
tained both peptide and enzyme (Fig. 5, A-D). Rostral to the
area postrema, no instances of coexistence were encountered.

Most major nuclei containing S-HT-positive somata also dis-
played GAL-IR cell bodies. A large proportion of the 5-HT-IR
somata in the dorsal raphe nucleus (Fig. 7, 4, B) as well as more
ventrally located mesencephalic 5-HT somata (Fig. 7, C, D) co-
contained GAL-IR. The raphe obscurus (Fig. 84) and pallidus
(Fig. 8C) nuclei contained GAL-IR neurons, and adjacent sec-
tions revealed that these neurons also contained 5-HT (Fig. 8,
A-D). However, the raphe magnus nucleus appeared to lack
GAL-IR.

Double staining also revealed the coexistence of GAL- and
5-HT-LI at the nerve fiber level in the hippocampal formation,
in particular, concentrated inside the granule cell layer of the
ventral dentate gyrus (Fig. 9, E, F).

It is of note that the mesencephalic GAL-IR somata were
detected only with the GAL antiserum from Peninsula Labo-
ratories. This was the only cell group studied in which the la-
beling with the R28310 and Peninsula GAL antisera differed.

Controls

None of the GAL-IR structures described above was observed
after incubation with appropriate control sera. An exception
was the medullary raphe nuclei, where preincubation of GAL
antiserum R28310 with GAL peptide did not completely abol-
ish fluorescence. However, when using the Peninsula GAL anti-
serum, adsorption with peptide entirely blocked fiuorescence in
these cells. No cross-reactivity (in the immunohistochemical
model) was detected between the antisera used for double la-
beling.

Discussion

The present results demonstrate GAL-LI in neurons in the ven-
tral hypothalamus and pons-medulla, with emphasis on com-
parison of the localization and distribution of TH-LI and GAD-
LI, presumably markers for catecholamine and GABA neurons,
respectively. 5-HT and vasopressin systems were also analyzed.
Staining of adjacent sections, double-labeling experiments, and
elution—restaining revealed several instances in which GAL-LI
coexisted with TH-, GAD-, or 5-HT-LI, indicating the presence

B and D staining for GAL and GAD, respectively. In addition, a population of GAL- and GAD-positive cell profiles is seen in the tuberal
magnocellular nucleus (/arge arrowheads in B and D) dorsolateral to the third ventricle (3). Bar (in 4), 50 pum. All micrographs have the same

magnification.
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Figure 2. Immunofluorescence micrographs of the median eminence (4, B) and paraventricular nucleus (C, D) after incubation with GAL (4, O),
GAD (B), and vasopressin (D) antiserum. 4 and B, Same section of the infundibular stalk has been processed for double staining and shows GAL
in A and GAD in B. The great majority of the fibers in the external layer co-contain GAL- and GAD-LI (arrowheads point to some examples).
However, in the center of the stalk, GAD single-labeled nerves are seen (inside star). Single-labeled GAL-IR neuronal structures could not be
detected with certainty in the median eminence or infundibular stalk but were seen, for example, in the dorsomedial nucleus, providing a control
for cross-reactivity. C and D, Adjacent sections through the posterior part of the paraventricular nucleus show several examples of presence of
both GAL- and vasopressin-LI in the same cell profiles in the parvocellular (arrowheads) and magnocellular subnuclei (arrows). Bars, 50 um.
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Figure 3.

Immunofluorescence micrographs of the caudal magnocellular nucleus (cm) after incubation with GAL (4, C, E) and GAD (B, D)

antisera and fluorescence micrograph of True blue-labeled perikarya (F). 4 and B, Adjacent sections through the cm showing that many cell profiles
contain both GAL- and GAD-LI (arrowheads). C and D, High-power micrographs of the cm further visualizing the coexistence of GAL- and GAD-
LI in adjacent sections of this nucleus. F and F, GAL-positive cell profiles (arrows in E) in the cm are seen to contain also the fluorescent tracer

True blue (F) after cortical injections. Bars, 50 um.

of this peptide both in presumed dopamine neurons in the hy-
pothalamus and norepinephrine and 5-HT neurons in the lower
brain stem and mesencephalon, as well as in hypothalamic GABA
neurons.

TH- and GAL-LI were found to coexist in the anterior and
midportions of the arcuate nucleus, in the locus coeruleus, and
in the caudal dorsal vagal complex, while overlapping but seg-
regated populations were found in the ventrolateral medulla
(mixed with the CI epinephrine perikarya) and in parts of the

dorsal vagal complex (mixed mainly with A2 norepinephrine
cell bodies). GAD-and GAL-LI were co-contained in cell bodies
of the posterior arcuate nucleus, as well as in fibers of the median
eminence and in somata of the caudal magnocellular nucleus.

Hypothalamus

A wide array of transmitters and transmitter candidates is pres-
ent in the arcuate nucleus. In particular, the TH-IR perikarya
of the ventrolateral and dorsomedial cell groups of the anterior
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Figure 4. Immunofluorescence micrographs of the locus coeruleus A6 (4, B), A4 area (C, D), ventrolateral, midcaudal (E, F), and rostral (G, H)
medulla oblongata after incubation with GAL (A4, C, E, G) and TH (B, D, F, H) antisera. A and B, Locus coeruleus is seen with a large number
of GAL-IR cell bodies (4) that co-contain TH-LI (arrowheads). Several cases of TH single-labeled profiles are seen (arrows). C and D, GAL- and
TH-LI also coexist in the A4 norepinephrine group (arrowheads). E and F, Incubation with GAL antiserum (E) and restaining with TH antiserum
(F) reveal coextensive but segregated cell populations in the ventrolateral medulla oblongata. G and H, At more rostral levels, a GAL-positive cell
group is seen at the ventral margin of the brain (G), but here also it is segregated from the TH-IR cells of the adrenergic C1 group shown in H.
Asterisks in, respectively, E and F, as well as G and H, show the same unstained fiber bundles for orientation and comparison. Bar, 50 ym. All
micrographs have the same magnification.
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Figure 5. Immunofluorescence micrographs of sections through the dorsal vagal complex after double labeling with GAL (4, C) and TH (B, D)
antisera. 4 and B, Large number of small GAL-IR cell bodies are seen in the medial subnucleus of the nucleus of the solitary tract (mats) at
midlevels of area postrema (ap). A single GAL/TH double-staining cell body can be detected (arrowhead), but the vast majority of the TH-IR cell
bodies do not contain GAL-LI (arrows) and vice versa. C and D, Larger number of the small GAL single-labeled cells are seen in the mnts at the
level of the caudal margin of area postrema, spreading dorsomedially into the commissural nucleus (ncom). At this level, a small number of TH-
positive cells show a weak GAL-LI (arrowheads), while the majority of the TH-IR profiles remain GAL negative (arrows). A few small GAL-
positive/TH-negative cell bodies can be seen bordering the ap. gr = gracilis nucleus; nX" = dorsal motor nucleus of the vagus nerve. Bar, 50 um.
All micrographs have the same magnification.
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Figure 6.

Immunofluorescence micrographs of sections through the dorsal vagal complex after double labeling with GAL (4, C) and TH (B, D)

antisera. Caudal to area postrema several cell profiles co-contain GAL- and TH-LI (arrowheads). These are positioned both dorsal to (in the
commissural nucleus) and within the dorsal motor nucleus of the vagus (nX). A small population of GAL single-labeled cells is seen also at this
level. C and D, Single GAL- and TH-LI co-containing cells are detected dorsal to the central canal and also in the transition zone toward the spinal
cord (arrowheads). fg = gracilis fascicle. Bar (in 4), 50 pum. All micrographs have the same magnification.

and midportions contain a variety of coexisting peptide im-
munoreactivities (see Everitt et al., 1986). These include, for
example, growth hormone-releasing factor, though only in the
ventrolateral group (Meister et al., 1985, 1986; Okamura et al.,
1985); neurotensin-LI (Hokfelt et al., 1984a; Ibata et al., 1983);
and GAL-LI, as shown here. The true nature of the transmitter
(catecholamine?) in the ventrolateral TH-positive group in the
arcuate nucleus is not fully resolved (see discussion in Everitt
etal., 1986,and Meisteretal., 1986). Thus, the labeling achieved
with both our monoclonal and polyclonal TH antisera is con-
sistently weaker in the ventrolateral than in the dorsomedial
group, which has been the case also in other studies with the
same or other antisera preparations (Chan-Palay et al., 1984;
Everitt et al., 1986; Hokfelt et al., 1984c¢, d; Van den Pol et al.,
1984). The possibility cannot be excluded that the TH-LI in
cells in the ventrolateral group represents cross-reactivity with
epitopes on proteins (enzymes) other than TH, thus resulting in
a weaker fluorescence. Studies are now in progress to analyze

this question further, for example, by studying a possible co-
existence of GAL (and other peptides) and TH in nerve ter-
minals in the median eminence. In this respect it is important
to point out that several other possible sources of GAL-LI in
the median eminence exist in addition to those originating in
the arcuate nucleus (Brownstein and Mezey, 1986; Melander et
al., 1986a; Rokaeus et al., 1984; Skofitsch and Jacobowitz, 1985).
Thus, GAL-IR cell bodies have been observed in other nuclei
known to project to the median eminence (Lechan et al., 1982;
Swanson and Sawchenko, 1983; Wiegand and Price, 1980), i.e.,
in the parvocellular paraventricular nucleus and anterior peri-
ventricular nucleus.

The present results also demonstrated that GAL-LI coexists
with other markers in nerve endings in the median emin-
ence. Thus, double-labeling experiments with GAD and GAL
antisera revealed that a large proportion of the GAL-IR ter-
minals in the median eminence are GAD positive. These
GABA terminals could originate solely from the arcuate nucleus,

—

Figure 7.

Immunofluorescence micrographs of sections through the dorsal raphe nucleus (4, B), the posterior part of the interpeduncular nucleus

(C, D), and the dorsal vagal complex (E, F) after double labeling with GAL (4, C, E) and 5-HT (B, D, F) antisera. 4 and B, Virtually all GAL-IR
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somata (4) in the dorsal raphe nucleus co-contain 5-HT-LI (B) and vice versa (arrows). The GAL-positive cell bodies vary considerably in intensity,
with the more heavily labeled cells concentrated to the dorsal aspects of the nucleus. C and D, Cluster of GAL- (C) and 5-HT-positive (D) somata
forms a group, often surrounding a blood vessel (asterisk), in the lateral posterior part of the interpeduncular nucleus. E and F, Segregation of GAL
and 5-HT labeling in the dorsal vagal complex is shown. GAL-IR cell bodies are 5-HT negative (arrows) and 5-HT-IR fibers are GAL negative
(open arrows). FLM, medial longitudinal fascicle; LM, medial lemniscus. Double asterisks in A and B depict the cerebral aqueduct; asterisks in A-
D label blood vessels and in E and F, the central canal. Bar (in 4), 50 um. All micrographs have the same magnification.
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Figure 8.

Immunofluorescence micrographs of sections through the medullary raphe nuclei after incubation with GAL (4, C, E) and 5-HT (B,

D, F) antisera. Adjacent sections stained for GAL and 5-HT revealed that some cell bodies of the raphe obscurus (ro in A and B), as well as the
raphe pallidus (rp in C and D) co-contain GAL- and 5-HT-LI (arrowheads). E and F, Double-labeled somata displaying GAL- (E) and 5-HT-LI
(F) are seen lateral to the pyramidal tract (arrowheads). Bar, 50 um. All micrographs have the same magnification.

since complete deafferentation of the medial-basal hypothala-
mt s did not result in a decrease in GAD levels (Tappaz and
Brownstein, 1977), and since arcuate lesions with monosodium
glutamate caused a marked decrease in GAD in the median
eminence (Walaas and Fonnum, 1978). This was further sup-
ported by demonstration of GAD-LI in cell bodies in the arcuate

nucleus, in agreement with earlier studies (Everitt et al., 1984b,
1986; Mugnaini and Oertel, 1985; Tappat et al., 1983; Vincent
et al., 1982), and their content of GAL-LI.

The neurons in the tuberal and caudal magnocellular nuclei
(Bleier et al., 1979) appear to be another cell group characterized
by a particularly large number of transmitters and peptide trans-
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Figure 9. Immunofluorescence micrographs of sections through cingulate cortex (4-D) and dentate gyrus (E, F) after double labeling with GAL
(4, C) and TH (B, D) antisera, as well as GAL (F) and 5-HT (F) antisera. 4 and B, Pile-up of GAL- (4) and TH-IR (B) material is seen in the
same swollen, lesioned nerve fibers (arrowheads) in the supracallosal striae, proximal to the knife-cut lesion (star). Virtually all labeled fibers contain
both TH- and GAL-IR. C and D, GAL- (C) and TH-LI (D) is seen co-contained within cortical fibers outlined by arrowheads. A large number of
TH single-labeled fibers can be seen. E and F, GAL (E) and 5-HT (F) immunoreactivities are seen in the same fibers and varicosities (arrowheads)
in the dentate gyrus, intermingled within and just inside the granule cell layer. However, a large number of GAL single-labeled (thick arrows) and
5-HT single-labeled (thin arrows) fibers are present. Bars, 50 um. 4-D, and E and F, respectively, have the same magnification.
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mitter candidates. Results indicate that these neurons are
GABAergic, as shown here and previously (Mugnaini and Oer-
tel, 1985; Vincent et al., 1982), and also contain the heptapeptide
methionine-enkephalin-Argé-Phe’ and substance P (Kéhler et
al., 1985), adenosine deaminase (Nagy et al., 1984), and his-
tamine (Steinbusch and Mulders, 1984; Watanabe et al., 1984).
These cell bodies have been shown to form direct cortical pro-
jections (Takeda et al., 1984; Vincent et al., 1983), a finding
supported by combined retrograde tracing and GAL immuno-
histochemistry (present work). In fact, a population of coarse
GAL-positive fibers is found in cortical areas; these fibers dis-
appear after various types of lesions of subcortical afferents
(Melander et al., 1986b).

Pons—medulla oblongata

The very extensive population of GAL-IR noradrenergic cell
bodies in locus coeruleus could represent another origin of some
of the GAL-IR fibers observed in both neocortex and hippo-
campus. In fact, we were also able to show that GAL- and TH-
LI coexist in a fine and faintly labeled subtype of cortical fibers,
as well as in the supracallosal striae.

Numerous GAL-positive cell bodies were observed in the
dorsal vagal complex, a region known to be rich in catechol-
amine and peptide neurons (see Leslie, 1985; Palkovits, 1985).
Thus, norepinephrine, epinephrine, and possibly some dopa-
mine neurons may exist here (Armstrong et al., 1982; Dahl-
strom and Fuxe, 1964; Hokfelt et al., 1984c; Kalia et al., 1985).
GAL-positive somata form a characteristic distribution pattern
within the nucleus of the solitary tract. However, only a minor
degree of coexistence with TH-LI could be established, with the
highest numbers of cells in the medial subnucleus. Thus, a few
of the norepinephrine cell bodies in the rostral A2 group co-
contained GAL-LI, while a more pronounced coexistence was
seen in the most caudal parts of the commissural nucleus and
dorsal motor nucleus of the vagus. Whether these TH-positive
cells are noradrenergic or lack dopamine-g8-hydroxylase—and
thus produce dopamine (Armstrong et al., 1982; Everitt et al.,
1984a; Hokfelt et al., 1980a) or HL-Dopa (Jaeger et al., 1984)—
is at present unknown.

Present knowledge thus indicates that the majority of GAL
neurons in the nucleus of the solitary tract lack catecholamine
and, furthermore, probably give rise to local nerve terminal
networks, since transections rostral to the dorsal vagal complex
did not result in major disappearance of GAL-positive fibers in
the dorsal vagal complex (H. S. Ceccatelli and T. Melander,
unpublished observations). The medial subnucleus has been
shown to receive afferent input from several peripheral sites
through the vagus nerve and the GAL-IR/catecholamine neu-
rons may, therefore, be involved in various autonomic functions
processed in this region (for references, see Leslie, 1985). Pre-
liminary experiments with intracisternal injections suggest that
GAL has hypotensive effects in the nanomolar range in the
a-chloralose-anesthetized male rat (H. A. Hérfstrand, unpub-
lished observations).

The third major GAL-positive cell population in the lower
brain stem was observed in the ventrolateral medulla oblongata,
partly intermingled with the epinephrine neurons of the Cl
group. However, in no case could coexistence of GAL-peptide
and the epinephrine-synthesizing enzyme phenylethanolamine
N-methyltransferase (PNMT)-LI be established. In contrast,
GAL-positive cells located in the caudal ventrolateral medulla
were always TH-positive and therefore belong to the Al nor-
epinephrine cell group. However, it is interesting to note that
several GAL-IR fiber systems in the mesencephalon and dien-
cephalon closely resembled those containing the epinephrine-
synthesizing enzyme PNMT-LI (Hokfelt et al., 1984c): for ex-
ample, in the periventricular thalamic nucleus and in the
periaqueductal central gray extending laterally dorsal to the su-
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perior cerebellar decussation. Thus, GAL-positive and PNMT-
IR neurons in the ventrolateral medulla oblongata may give rise
to parallel ascending projections.

The existence of GAL-IR in the dorsal raphe nucleus was
shown by Skofitsch and Jacobowitz (1985). The coexistence of
GAL-LI with 5-HT shown here in the dorsal raphe nucleus is,
to our knowledge, the first peptide co-immunoreactivity to be
described within 5-HT neurons in this cell group, as well as in
cortical 5-HT fibers. Thus, cotransmission may be important
also for cortical 5-HT systems, long thought to be related to
mood and depression and site of action of antidepressant drugs
(see, e.g., Van Praag, 1978).

Finally, the GAL-positive neurons of the medullary raphe
nuclei also contained 5-HT-like immunoreactivity. They may
give rise to descending projections, since small numbers of GAL-
IR fibers have been seen in, for example, the ventral horn of
the spinal cord (Skofitsch and Jacobowitz, 1985), i.e., an area
known to receive projections from the medullary raphe (Brodal
et al., 1960). The GAL immunofluorescence in the raphe cells
was weaker than in most other areas and could not be seen as
consistently as in other systems. Furthermore, as previously
pointed out and discussed (Melander et al., 1986a), a smali
amount of fluorescence remained after incubation with GAL-
preadsorbed GAL antisera. This was, however, only true with
the R28310 antiserum, whereas complete disappearance was
seen with the commercially available Peninsula antiserum. It is
possible that the rat has more than one peptide cross-reacting
with our antiserum R28310 and/or that rat GAL is structurally
different from pig GAL (the antibody was raised against the
latter), as has been discussed elsewhere (Melander et al., 1985a,
1986a; Rokaeus et al., 1984).

It is of note that GAL-LI was also previously found in the
direct cholinergic cortical projection from the septum-basal
forebrain complex (Melander et al., 1985b). The existence of the
same peptide in so many different cortical afferents, co-con-
tained with such a wide variety of classical transmitters (GABA,
ACH, 5-HT, and norepinephrine), might appear puzzling from
a functional point of view. However, it must be kept in mind
that our GAL antisera could visualize a family of peptides, as
has previously been indicated (R6kaeus et al., 1984). A further
puzzling issue is the fact that, although GAL-LI is present in
many cortically projecting cell bodies, these somata seem to
give rise to unexpectedly sparse cortical GAL-positive nerve
terminals. The levels of GAL-LI may be too low to be detected
with our technique, but several other explanations for this have
been discussed previously (Melander et al., 1986b).

In conclusion, we have described the existence of GAL-IR
with, among others, catecholamines, GABA, and 5-HT in the
hypothalamus and pons—medulla of the rat; additionally, GAL-
IR was found in parallel but segregated neuron populations in
relation to catecholaminergic cell bodies and fibers. Some GAL-
LI-containing brain areas, e.g., the arcuate nucleus and dorsal
vagal complex, have been shown to contain particularly large
numbers of other known transmitters and transmitter candi-
dates and peptides; these compounds often coexist in various
combinations. The peptide GAL represents a further addition
to this set of compounds. The functional implications of our
morphological findings remain to be examined, and physiolog-
ical extensions of this work—in particular with reference to a
possible GAL modulation of serotonergic, GABAergic and
catecholaminergic transmission—are now essential.
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