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SUMMARY

Retrograde labelling was combined with immu-
nohistochemistry to localize neurons containing
serotonin, dopamine-B-hydroxylase, choline
acetyltransferase, glutamate, leu-enkephalin,
neurotensin, and substance P-like immunoreacti-
vity in the projections from nuclei of the mesen-
cephalic tegmentum to the retrosplenial granular
cortex in the rat. Injections of horseradish pero-
xidase conjugated to subunit B of cholera toxin
(CT-HRP) into the retrosplenial granular cortex
resulted in large numbers of CT-HRP-labelled
neurons in the dorsal raphe nucleus and in the
locus coeruleus, whereas small numbers were
found in the median raphe nucleus. In addition,
following injections into the retrosplenial cortex
which also involved the adjacent anterior cingu-
late cortex, small numbers of CT-HRP-labelled
neurons were found in the laterodorsal tegmen-
tal nucleus. In the dorsal and median raphe
nuclei, most of the CT-HRP-labelled neurons
(80-85% in the dorsal and 90-95% in the median
raphe nuclei) were immunoreactive for seroto-
nin and small numbers (1 to 4-5 per section) of
retrogradely labelled neurons were immunoreac-
tive for glutamate, neurotensin, leu-enkephalin
or substance P. In the locus coeruleus, 90-95% of
the CT-HRP labelled neurons were immunoreac-
tive for dopamine-B-hydroxylase, whereas a few
neurons (1-3 per section) also displayed neuro-
tensin —and substance P— immunoreactivity. In
the laterodorsal tegmental nucleus, most of the
CT-HRP-labelled neurons contained choline
acetyltransferase and small numbers were immu-
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noreactive for substance P. These results suggest
that serotonergic and noradrenergic fibres repre-
sent the main ascending projections from the
mesencephalic tegmentum to the retrosplenial
granular cortex.
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INTRODUCTION

The retrosplenial cortex (caudal cingulate cor-
tex) has been recognized as a nodal point for the
transfer of information between the hippocam-
pal formation, many neocortex regions, and the
thalamus (Vogt et al., 1986; Sripanidkulchai and
Wyss, 1986, 1987; Thompson and Robertson,
1987; Van Groen and Wyss 1990; Wyss and Van
Groen, 1992; Shibata, 1993). In addition to the
well- known thalamocortical and corticothalamic
projections, in recent years several neurochemi-
cally identifiable afferents entering into the cere-
bral cortex, including the retrosplenial granular
cortex (RSg), have been described. Thus, several
lines of evidence indicate that cholinergic input
arises from the basal forebrain (Mesulam et al.,
1983a; Eckenstein et al., 1988; Gonzalo-Ruiz and
Morte, 2000), a putative glutamatergic projection
from the thalamus (Gigg et al., 1992; Gonzalo-
Ruiz et al., 1997a,b; Wang et al., 1999) and from
the basal forebrain (Gritti et al., 1997; Gonzalo-
Ruiz and Morte, 2000), and an extrinsic GABAer-

Dr. A. Gonzalo-Ruiz. Laboratorio de Neuroanatomia, Instituto de Neurociencias de Castilla

y Ledn.
Submitted: August 2, 2000
Accepted: October 31, 2000

Universidad de Valladolid, C/ Nicolas Rabal, 17, 42003 Soria, Spain.
Phone: 34 979 22 43 50; Fax 34 975 22 93 85; E-mail: agruiz@ah.uva.es

129



130

A. Gonzalo-Ruiz and J.M. Sanz

gic input, also from the basal forebrain (Fisher et
al., 1988; Gritti et al., 1997, Gonzalo-Ruiz and
Morte, 2000). Recent studies have also shown
that the RSg is intimately involved in higher cog-
nitive functions such as learning and memory
(Gabriel et al., 1983; Gabriel and Sparenborg,
1987; Valenstein et al., 1987; Gabriel, 1993; Sut-
herland and Hoesing, 1993). Since the choliner-
gic (Drachman and Leavit, 1974; Bartus et al,,
1982; Wenk et al., 1984) and the glutamatergic
(Danysz et al., 1995; Riedel et al., 1995; Riedel
and Reymann, 1996; Ungerer et al., 1998)
systems have been implicated in these cognitive
functions, the cholinergic and glutamatergic
inputs to the cerebral cortex, including the RSg,
have received much attention (Mesulam et al.,
1983a; Woolf et al., 1983; Senut et al., 1989; Gigg
et al., 1992; Gage et al., 1994; Gonzalo-Ruiz et
al., 1997a,b; Wang et al., 1999). However, despi-
te this wealth of information there are still signi-
ficant gaps in our knowledge of the role of the
projections to the RSg and their chemical ana-
tomy, especially in relation to the inputs from
the pontomesencephalic tegmentum, such as
from the dorsal (DR) and median raphe nuclei
(MnR), from the locus coeruleus (LC) and from
the laterodorsal tegmental nucleus (LDTg).

Immunohistochemical studies have shown
that the DR and MnR neurons contain indoleami-
ne 5-hydroxytryptamine (serotonin, 5-HT; Stein-
busch, 1981; Steinbusch and Nieuwenhuys,
1983), gamma-aminobutyric acid (GABA; Nana-
poulos et al., 1982; Belin et al., 1983), glutamate
(Glu; Storm-Mathisen and Ottersen, 1983; Otter-
sen and Storm-Mathisen, 1984), glutaminase
(Kaneko et al., 1989) and several peptides, such
as substance P (SP; Chan-Palay et al., 1978;
Ljungdahl et al.,, 1978; Sutin and Jacobowitz,
1988), neurotensin (NT; Emson et al., 1985) and
enkephalin (Enk, Petrusz et al., 1985), whereas
neuronal somata in the LC contain noradrenalin
(Dahlstrom and Fuxe, 1964; Fuxe, 1965), Glu
(Ottersen and Storm-Mathisen, 1984), SP (Ljung-
dahl et al., 1978; Sutin and Jacobowitz, 1988), NT
(Uhl et al., 1979; Emson et al., 1985), Enk (Fin-
ley et al., 1981; Petrusz et al., 1985) and neuro-
peptide Y (Sutin and Jacobowitz, 1988). Further-
more, there is strong evidence to suggest that the
LDTg contains many cholinergic neurons (Arm-
strong et al., 1983; Satoh and Fibiger, 1986) and
several neuropeptides (Sutin and Jacobowitz,
1988). However, the precise contributions of
these immunoreactivities to projections from the
mesencephalic tegmentum to the RSg remain to
be determined. Thus, the present study was
carried out to define the transmitter-related cha-
racteristics of the main ascending projections
from nuclei of the pontomesencephalic tegmen-
tum to the RSg. A preliminary report of the major
findings has already appeared in abstract form
(Gonzalo-Ruiz and Sanz, 1999).

MATERIALS AND METHODS

Experimental animals and anaesthesia

Eight Wistar albino rats of both sexes (250-300 g
body weight) were used and were kept under
standard laboratory conditions (20°C ambient
temperature, 12 h light/dark cycle, tap water and
regular rat chow ad libitum). The animals were
anaesthetized with Nembutal (45mg/kg, injected
intraperitoneally) for the surgical procedure
(injection of tracer). Prior to perfusion with fixa-
tive, the animals were reanaesthetized in the
same manner but with up to double the dose
used for the surgical procedure. In all respects,
the animals were housed and handled according
to national legislation and the guidelines appro-
ved by the Animal Care Committee of the Uni-
versity of Valladolid, which conform to or are
even more demanding than EU Directive 86/609.

Tracer injection

Anaesthetized animals were placed in a ste-
reotaxic frame and a hole was made in the left
parietal bone with a dental drill. The dura was
opened with a fine hypodermic needle and a
Hamilton microsyringe (10pl) containing HRP
conjugated to subunit B of cholera toxin (CT-
HRP; List Biological Laboratories, California) was
positioned in different parts of the left RSg using
stereotaxic coordinates from the atlas of Paxinos
and Watson (1986). Between 0.5 and 0.6ul of a
2% solution of CT-HRP (in sterile distilled water)
was slowly pressure-injected over a 10 minutes
period, following which the needle was left in
place for a further 10 minutes before being with-
drawn. The scalp was satured and the animal
was allowed to recover from the anaesthetic.

Fixation

Following postinjection survival periods of 1-
2 days, the rats were reanaesthetized and killed
by transcardiac perfusion of 60 ml of 0.9% saline
at 20°C containing heparin (1.000 IU) to flush
blood from vascular system, followed by ca 500
ml of fixative solution containing 2% paraformal-
dehyde and 0.1% glutaraldehyde in 0.1 M phosp-
hate buffer at pH 7.2 (also perfused at 20°C).

Histochemical and immunobistochemical proce-
dures

Immediately after perfusion, the brain was
removed, trimmed to a block of convinient size
incorporating the RSg and the mesencephalic
tegmentum, and sectioned on the coronal plane
at 50 pm using a Vibratome. The sections were
collected as eight series. One series of sections
was processed for CT-HRP histochemistry with
tetramethylbenzidine (TMB) as chromogen,
according to the method of Mesulam (1978).
These sections were mounted on gelatinized sli-
des, counterstained with 0.1% Neutral Red,
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dehydrated, covered with Permount, and exami-
ned and photographed under bright-field and
dark-field illumination. The other seven series
were processed first for the histochemical
demonstration of CT-HRP by incubation for 10-
15 min in 0.005% 3" 3 -diaminobenzidine tetrahy-
drochloride (DAB) and 0.01% hydrogen peroxi-
de in 0.1 M phosphate buffer, pH 7.2 (PB)
containing 0.005% cobalt acetate/nickel chloride
(this chromogen produced a black granular reac-
tion product). After washing in several changes
of PB, the sections in these seven series were
processed for the immunohistochemical localiza-
tion of ChAT, 5-HT, DBH, Glu, NT, Enk, and SP
respectively. Sections processed for ChAT were
first immersed for 1 h in 10% normal rabbit
serum (NRS) whereas the series of sections pro-
cessed for 5-HT, DBH, Glu, NT, Enk and SP were
first immersed for 1 h in 10% normal goat serum
(NGS) in 0.01 M phosphate-buffered saline (PBS)
containing 0.3% Triton X-100 and 0.1 M lysine.
Sections processed for the immunohistochemical
localization of ChAT were then incubated in a
solution containing a rat monoclonal antibody
(1:4 dilution; Boehringer-Mannheim) for 18-24 h
at 4°C, while those for 5-HT, DBH, Glu, NT, Enk
and SP were incubated in a solution containing
a polyclonal rabbit antobody against 5-HT
(1:5000 dilution; Eugene Tech. Inter), DAH
(1:500 dilution; Protos Biotech Corporation), Glu
(1:1000 dilution; Arnel); NT (1:2000 dilution;
Eugene Tech. Inter), Enk (1:5000 dilution; INC-
STAR), or SP (1:2000 dilution; Eugene Tech.
Inter) for 18-24 h at 4°C. After incubation in the
primary antibody, sections were washed in eit-
her 1% NRS (for ChAT) or in 1% NGS (for 5-HT,
DBH, Glu, NT, Enk or SP) and then incubated in
biotinylated anti-rat IgG (Vector; 1:100 in PBS
with 1% NRS) for ChAT immunocytochemistry
and in biotinylated goat anti-rabbit 1gG (Vector;
1:200 in PBS with 1% NGS) for the immunohis-
tochemical localization of 5-HT, DBH, Glu, NT,
Enk and SP. Sections were then washed in PBS
and immersed in an avidin-biotin-HRP complex
(Vector 1:100) for 60 min. Immunoreaction pro-
duct was demonstrated using 0.005% DAB and
0.01% hydrogen peroxide in PB (this chromogen
produced a diffuse brown reaction product).
Sections were rinsed in several changes of PB,
mounted on gelatinized microscope slides, dehy-
drated, covered with Permount, and examined
and photographed under bright-field illumina-
tion at both low and high magnification.

As a control, some sections from each series
were incubated as described above but without
the addition of primary antibody or after repla-
cing the rat primary antibody with normal rat
serum and the rabbit primary antibody with NRS.
There was a complete absence of 5-HT, DBH,
ChAT, Glu, NT, Enk or SP-immunoreactive neu-
rons or neuropil in such control sections.

Analysis of material and presentation of results

In each of the seven series, all of the sections
through the mesencephalic tegmentum (each
separated by approximately 350 pm) were exa-
mined systematically. The specificity of the
immunoreaction was checked by comparing sec-
tions stained either with 5-HT, DBH, ChAT, Glu,
NT, EnK or SP antiserum and control material
respectively. Structures immunostained by anti-
bodies but not seen in the control slides were
considered to be specifically immunolabelled
and are designated here as 5-HT-, DBH-, ChAT-,
Glu-, NT-, Enk-, or SP-immunoreactive. All CT-
HRP single-labelled cell bodies and all double-
labelled cell bodies (CT-HRP/5-HT, CT-HRP-
DBH, CT-HRP/ChAT, CT-HRP/Glu, CT-HRP/NT,
CT-HRP/Enk, CT-HRP/SP) were identified, coded
and mapped, using a camera lucida, onto dra-
wings of frontal, cresyl violet-stained sections of
the basal forebrain, derived from the atlas of
Paxinos and Watson (1986). In sections reacted
with DAB, relatively few CT-HRP-labelled cells
(200-225 per animal) were identified. CT-HRP-
labelled cells and double-labelled cells were
counted to obtain a rough estimate of the relati-
ve proportions of each, and were represented on
schematic drawings using different types of
symbols (Fig. 2B-D).

REsuULTS

Localization and extent of CT-HRP injections
According to the terminology and the mapping
of Vogt and Peters (1981), the retrosplenial cor-
tex of the posterior cingulate gyrus was subdivi-
ded into two parts, retrosplenial agranular cortex
(RSa) and the RSg (e.g., Figs.1A,2A). The fin-
dings in this study are based on eight animals
that received a single injection of CT-HRP into
various parts of the left RSg. Examples of the
injection sites, drawn and photographed from
TMB-reacted sections, are shown in Fig. 1A-F
and Fig. 2A. In five of these animals the injec-
tions involved layers I-VI of either the rostral
(Figs.1A, 2A) or the caudal RSg (Fig.1B, D-F). In
no case did the spread of CT-HRP to other
regions occur except for a small amount, which
spread to the adjacent anterior cingulate cortex
(Figs.1A, 2A). In the other three animals, the
injections were centred on deep layers (V-VI)
and spread to the superficial layers (I-III) of eit-
her the rostral or the caudal RSg (e.g., Fig.10).
The localization and extent of CT-HRP injections
in the RSg was confirmed by the distribution of
retrogradely labelled thalamo-cortical and corti-
co-cortical afferent neurons as established in
previous studies (Sripanidkulchai and Wyss,
1986; 1987; Vogt et al., 1986; Van Groen and
Wyss, 1990; Shibata, 1993; Gonzalo-Ruiz et al.,
1997a,b).
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Fig. 1.- A-F: Low-magnification photomicrograph of coronal sections through the RSg from TMB-reacted sections, showing representative
injections of CT-HRP centred on the RSg (arrows).Scale bars= 200 pm (A-F).

General observations

The distribution of 5-HT, DBH, ChAT, Glu,
Enk, NT and SP-immunoreactive neurons in the
various nuclei of the pontomesencephalic teg-
mentum analyzed was similar in all animals (e.g.,
Figs.3A,D, 4A,D, SA,C, GA, 7A,C, 8A,C) and lar-
gely in agreement with previous descriptions
(Dahlstrom and Fuxe, 1964; Ljungdahl et al.,
1978; Armstrong et al., 1983; Finley et al., 1981,
Steinbusch, 1981; Steinbusch and Nieuwenhuys,
1983; Storm-Mathisen and Ottersen, 1983; Storm-
Mathisen et al., 1983; Ottersen and Storm-Mathi-
sen, 1984; Emson et al., 1985; Petrusz et al.,
1985; Sutin and Jacobowitz, 1988). However, the

distribution and the number of retrogradely labe-
lled cells and of double-labelled cells differed
according to both the size of the CT-HRP injec-
tion and in relation to the method used for the
visualization of CT-HRP. Sections processed for
CT-HRP histochemistry using TMB as the chro-
mogen displayed larger numbers of retrogradely
labelled neurons than those processed using
DAB as the chromogen (e.g. compare Fig.2E-G
with Figs. 3A,D, 4A, 7A). In sections processed
sequentially for the visualization of CT-HRP and
5-HT, Glu, Enk, NT, SP, DBH or ChAT, double-
labelled neurons were identified by the distribu-
tion, throughout their somata and proximal den-
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HRP O HRP + 5-HT % HRP + DBH *
HRP +Glu @ HRP +NT ¢ HRP + Enk ¢
HRP+SP A HRP +ChAT A

Fig. 2.-  A: Schematic drawing from a section processed with TMB as chromogen showing the location and size of the centre of the CT-HRP
injection into the RSg. B-D: Schematic summary of the distribution and relative number of retrogradely labelled 5-HT-, DBH-, ChAT-
; Glu-, NT-, Enk- or SP-immunoreactive neurons projecting to the RSg, following the injection shown in Figs. 1A, 2A. The key to
the symbols is on the figure and the key to the lettering is in the list of abbreviations. The number of cells that each symbol repre-
sents can be summarized as follows: CT-HRP/ 5-HT, CT-HRP/DBH: 8-10 cells; CT-HRP/ChAT, CT-HRP/Glu, CT-HRP/NT, CT-
HRP/Enk, CT-HRP/SP: 1-5 cells. E-G: Low-magnification photomicrographs of coronal sections through the DR (E), the MnR (F) and
LC (G), showing retrogradely labelled cells following the injections shown in Figs. 1A, 2A (straight white arrows in E and F indica-
te the midline). Scale bars= E,F: 100 pm; G: 200 pm.
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A: Photomicrograph through the DR following the injection shown in Figs. 1A, 2A. The section (level B of Fig. 2) was processed for
CT-HRP and 5-HT. B: High magnification photomicrograph of part of Fig. 3A. Differences between double- and single-labelled neu-
rons are not detectable at this magnification. C: High magni ion of double-labelled neurons (CT-HRP/5-HT) in the DR (arrows).
D: Photomicrograph through the MnR following the injection shown in Figs. 1A, 2A. The section (level B of Fig. 2) was processed
for CT-HRP and 5-HT. The boxed area is enlarged in E. E: High magnification of boxed area in E, showing a double-labelled neuron
(solid arrow) and a 5-HT-single-labelled neuron (open arrow). F: High magnification micrograph through another part of the DR follo-
wing the injection shown in Figs. 1A, 2A. The field shows 5-HT-single-labelled neuron (large arrow) and HRP anterogradely labe-
lled fibres and terminal-like-structures in the neuropil (small arrows). Scale bars= A: 100 pm; B.D: 50 pm; CE,F: 10 pm.
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Fig. 4.- A: Photomicrograph through the DR following the injection shown in Figs. 1A, 2A. The section (level C of Fig. 2) was processed
for the visualization of CT-HRP and Glu. Differences between double- and single-labelled neurons are not detectable at this mag-
nification. The boxed area is enlarged in B. B: High magnification of boxed arca in A, showing double-labelled neurons (solid
arrows), a CT-HRP-single-labelled neuron (open arrow) and a Glu-single-labelled neuron (arrowhead). C: Iigh magnification of the
double- (arrows) and single-labelled neuron (arrowhead) indicated in Fig. 4B. D: Low-magnification photomicrograph through the
DR following the injection shown in Figs. 1A, 2A. The section (level C of Fig. 2) was processed for CT-HRP and Enk. The boxed
area is enlarged in E. E: Higher magnification of boxed area in D, showing a double-labelled nceuron (solid arrow) and a Enk-sin-
gle-labelled neuron (arrowhead). F: High magnitication of the double-labelled neuron indicated by arrow in E. The field also shows
terminal-like structures (small arrows). Scale bars= AD: 100 pm; B.E: 50 um; E.F: 10 pm.

drites, of distinct blue/black granules of CT-HRP
reaction product superimposed over a diffuse
light brown immunoreaction product (e.g., Figs.
3C,E, 7C, 8B,E). Single retrogradely labelled neu-
rons displayed only blue/black granular deposits

of transported CT-HRP (e.g., Fig.4B) and immu-
noreactive neurons devoid of CT-HRP labelling
were identified by a diffuse light-brown immu-
noreaction product throughout their somata and
dendrites (Figs. 3E, 7B).
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Fig. 5.-  A: Low-magnification photomicrograph through the DR following the injection shown in Figs. 1A, 2A. The section was proces-
sed for the visualization of CT-HRP and NT. The cell indicated by open arrow is shown in B. B: High magnification of the dou-
ble-labelled neuron indicated by open arrow in A. C: Photomicrograph through the MnR following the injection shown in Figs.
1A, 2A. The section was processed for the visualization of the CT-HRP and NT. The neuron indicated by open arrow is shown
in D and the boxed area is enlarged in E. D: High magnification of the double-labelled neuron indicated by open arrow in C.
The field also shows a NT-single-labelled neuron (arrowhead). E: Higher magnification of boxed area in C, showing double-labe-
lled neurons (solid and open arrow) and terminal-like structures (small arrows). F: High magnification of the double-labelled neu-
rons indicated by the open arrow in E. The field also shows anterogradely labelled fibres and terminal-like structures (small
arrows). Scale bars= A,C: 100 pm; E: 50 pm; B,D,F: 10 pm.
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Transmitter-related immunoreactivity in identi-
fied projection neurons from the mesencephalic
tegmentum to the retrosplenial granular cortex

In all animals, injections in the RSg (Fig. 1)
resulted in massive retrograde neuronal labelling
in different nuclei of the pontomesencephalic
tegmentum. The largest numbers of retrogradely
labelled cells were found in DR and the LC (Fig.
2E,G). Numerous labelled neurons were also
found in MnR (Fig. 2F) and fewer of them were
found in the LDTg (Fig. 2G). The injections also
resulted in the retrograde transport of CT-HRP in
the dorsal tegmental nucleus of Gudden, and in
other brain areas such as the basal forebrain and
anterior thalamic nuclei (not illustrated). This
pattern of projections to the RSg was largely con-
sistent with previous descriptions (Saper, 1982;
Sripanidkulchai and Wyss, 1986; 1987; Thomp-
son and Robertson, 1987; Van Groen and Wyss,
1990; Vertes, 1991; Vertes et al., 1999). However,
the transmitter-related characteristics of the main
ascending projections from the mesencephalic
tegmentum, such as from the raphe nuclei, LC
and LDTg to the RSg have received comparati-
vely little attention in previous studies. Thus, in
this study our attention will focus on the neuro-
transmitter(s)/neuromodulator(s) associated with
the projections from the nuclei of the pontome-
sencephalic tegmentum to the RSg.

Projections from raphe nuclei

In all animals, injections of CT-HRP confined
to the RSg (e.g., Figs. 1A-F and 2A) produced
large numbers of retrogradely labelled neurons
in the DR and moderate to small numbers in the
MnR. In the DR, approximately 80-85% of CT-
HRP-labelled neurons were also 5-HT-immuno-
reactive (Figs. 2B,C, 3A,B). However, up to 20%
of neurons projecting to the RSg were not immu-
noreactive for 5-HT and these neurons (1 to 4-5
per section) were codistributed with 5-HT-immu-
noreactive projection cells in all parts of the DR
(Fig. 2B,0). In addition, a few retrogradely labe-
lled neurons in the DR (1 to 4-5 per section)
were also immunoreactive for Glu, Enk, NT or
SP (Figs.2B,C, 4A,B,D,E, 5A, 6A). In DR, most of
the double-labelled and and CT-HRP-labelled
neurons were located in its ventromedial and
ventrolateral regions (Figs. 2B,C, 3A,B), particu-
larly in the area surrounding the dorsal aspect of
the medial longitudinal fasciculus (Figs. 2B,3B).
A few CT-HRP-labelled and double-labelled cells
were also scattered in the dorsomedial and dor-
solateral regions of the nucleus (Figs. 2B,C,
4A,B,D,E). Although 80-90% of the double-labe-
lled and CT-HRP-labelled neurons were found in
the DR ipsilateral to the injection site (Figs.
2B,C,E, 3A,B), a moderate to small number (10-
20%) of neurons projecting to the RSg was also
observed bilaterally in the ventromedial and dor-
somedial parts of the nucleus (Figs. 2E, 4A,D). In

Fig. 6.-

A: Low-magnification photomicrograph through the DR
following the injection shown in Figs. 1A, 2A. The sec-
tion was processed for CT-HRP and SP. The boxed area
is enlarged in B. B: High magnification of boxed area in
A, showing a double-labelled neuron (arrow). C: High
magnification of the double-labelled neuron indicated by
the arrow in B. The field also shows terminal-like struc-
tures (small arrows). Scale bars= A: 100 pm; B: 50 pmy
C: 10 pm.
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Fig. 7. A: Photomicrograph through the ipsilateral LC following the injection shown in Figs. 1A, 2A. The section (level D of Fig. 2) was
processed for CT-HRP and DBH. Differences between double- and single-labelled neuron are not detectable at this magnification.
The boxed area is enlarged in B. B: Higher magnification of boxed area in A, showing DBH-single-labelled neurons (arrows). Cs
High magnification photomicrograph of another part of A, showing a double-labelled neuron (open arrow). D: Photomicrograph
through the contralateral LG following the injections shown in Figs. 1A, 2A. The section (level D of Fig. 2) was processed for CT-

HRP and DBH. Note DBH-single-labelled neurons (arrowheads).
ged in E. E: High magnification of the neuron indicated by the «

the DR, CT-HRP-labelled and double-labelled
neurons were scattered throughout the rostro-
caudal extent of the nucleus. However, they
were concentrated predominantly in the rostral
two-thirds of the nucleus (Figs. 2B,C, 3A,B).
Retrogradely labelled, double-labelled neurons

(HRP/5-HT, HRP/Glu, HRP/SP, HRP/EnK or

HRP/NT) and 5-HT+, Glu+, SP+, Enk+, or NT+

The double-labelled neuron indicated by the open arrow is enlar-
pen arrow in D. Scale bars= AD: 100 pm; B,C.E: 10 pm.

single-labelled neurons in the DR were medium-
(14-24pm) to relatively large-sized (30-40 pm),
with somata that ranged in shape from ovoid to
multipolar, often with several dendrites emerging
from the soma (Figs. 3C, 4C,F, 5B, 6C). The long
axes of these neurons were generally orientated

along the coronal plane, parallel to the fibres of
the medial longitudinal fasciculus (e.g. Fig. 3B,C).
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Fig. 8.-  A: Photomicrograph through the caudal part of the LDTg following the injection shown in Figs. 1A, 2A. The section (level D of Fig.
2) was processed for CT-HRP and ChAT. Differences between double- and single-labelled neurons are not detectable at this mag-
nification. The boxed area is enlarged in B. B: Higher magnification of the boxed area in A, showing double-labelled neurons
(arrows) and a ChAT-single-labelled neuron (arrowhead). C: Photomicrograph through the caudal part of the LDTg following the
injection shown in Figs. 1A, 2A. The section was processed for the visualization of CT-HRP and SP. The boxed area is enlarged in
D. D: Higher magnification of boxed area in C. Double- and single-labelled neuron are not detectable at this magnification. The
neuron indicated by open arrow is shown in E. E: High magnification photomicrograph of part of D, showing double-labelled
neurons (open arrows) and anterogradely labelled fibres and terminal-like structures (small arrows). Scale bars= A: 25 pm; B,E: 10
pm; C: 100 pm; D: 50 pm.
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In the MnR, approximately 90-95% of CT-HRP-
labelled neurons were also 5-HT-immunoreactive
(Figs. 2B,C, 3D,E). However, up to 10% of neu-
rons projecting from the MnR to RSg were not
immunoreactive for 5-HT and these neurons
were codistributed with 5-HT+ projection cells
(Fig. 2B,C). In addition, a few retrogradely labe-
lled neurons (1-3 per section) in the MnR were
also immunoreactive for Glu, Enk, NT or SP
(Figs. 2B,C, 5C-F). Although double-labelled and
CT-HRT single-labelled neurons were scattered
throughout the rostrocaudal extent of the MnR,
they were predominantly located in the rostral
two-thirds of the nucleus (Figs. 2B,C, 3D). In the
MnR, the labelled neurons were located along
the midline, with their long axes predominently
parallel to the dorsoventral axis of the nucleus
(Figs. 3D, 5C-E). Retrogradely labelled, double-
labelled neurons (HRP/5-HT, HRP/Glu,
HRP/Enk, HRP/NT or HRP/SP) and 5-HT+, Glu+,
Enk+, NT+ or SP+ single-labelled neurons in MnR
were mostly of small to medium size (15-20pm),
with round to ovoid somata (e.g., Figs. 3E, SD,E).
A few labelled neurons of relatively large size
(30-40pm) with fusiform somata, often with seve-
ral dendrites emerging from the soma, were also
present throughout this nucleus (e.g., Fig. 3E).

Projections from the locus coeruleus

In all animals, injections of CT-HRP confined
to the RSg produced large numbers of retrogra-
dely labelled neurons in the LC (Fig. 2G). In the
LC, most CT-HRP labelled neurons were found
to be DBH-immunoreactive (Figs. 2D, 7A,D). A
small number of the CT-HRP-labelled neurons in
the LC (1 to 2-3 per section) were also immuno-
reactive for SP or NT (Fig. 2D). In the LC, CT-
HRP labelled and double-labelled neurons were
scattered throughout the nucleus. However, they
were particularly concentrated in the area
surrounding the superior cerebellar peduncle
(Figs. 2D, 7A,D). Although retrogradely labelled
and double-labelled neurons in the LC were
almost entirely ipsilateral to the injection site
(Figs. 2D, 7A), a few double-labelled neurons
were occasionally seen contralaterally (Figs. 2D,
7D). Retrogradely labelled, double-labelled
(HRP/DBH, HRP/SP or HRP/NT), and DBH+,
SP+ or NT+ single-labelled neurons in LC were
mostly medium sized, with round to ovoid soma-
ta (Fig. 7B,C), although a few of relatively large
size, with somata that ranged in shape from
ovoid to multipolar, often with several dendrites
emerging from the soma, were also occasionally
seen in the LC (e.g., Fig. 7E).

Projections from the laterodorsal tegmental
nucleus

Injections of CT-HRP into the RSg which also
involved the anterior cingulate cortex (e.g., Figs.
1A, 2A) resulted in small numbers of retrogra-

dely labelled neurons in the LDTg (Fig. 2G).
Most of the retrograde labelled neurons in the
LDTg were seen ipsilateral to the injection site
and a few neurons projecting to the RSg were
also observed contralaterally. In the LDTg, 90%
of the CT-HRP-labelled neurons were also ChAT-
immunoreactive (Figs. 2D, 8A) and few retrogra-
dely labelled cells (1 to 2-3 per section) were
immunoreactive for SP (Figs. 2D, 8C,D). In the
LDTg, CT-HRP and double-labelled neurons
were concentrated at the caudal level of the
nucleus (Figs. 2D, 8A,C). Retrogradely labelled,
double-labelled (HRP/ChAT or HRP/SP) and
ChAT+ or SP+ single-labelled neurons in LDTg
were of relatively large size (40-50pm), with fusi-
form to multipolar somata (Fig. 8B,E).

In addition, in all animals CT-HRP-containing
fibres or terminal-like structures, which appea-
red to display irregularly distributed blue/black
granules, presumably of HRP reaction product,
were present in the neuropil and close to neuro-
nal cell bodies of the several structures analyzed,
including the DR (Figs. 3F, 4F, 6C), MnR (Fig.
5E,F) and LDTg (Fig. 8E), indicating reciprocal
connections with the RSg.

The above results can be summarized as
follows:

1. Injections of CT-HRP centered in the RSg
permitted recognition of many retrogra-
dely labelled neurons within the raphe
nuclei, predominantly in the DR although
with a minor proportion in the MnR. Large
numbers of retrogradely labelled neurons
were also found in the LC and small num-
bers in the LDTg.

2. In the DR and MnR, large numbers (80-85%
in DR and 90-95% in MnR) of retrogradely
labelled neurons were immunoreactive for
5-HT, whereas small numbers (1 to 4-5 per
section) of CT-HRP-labelled neurons dis-
played immunoreactivity for Glu, Enk, NT
or SP.

3. Most of the retrogradely labelled and dou-
ble-labelled neurons in the DR were loca-
ted in the ventromedial and ventrolateral
parts of the nucleus, particularly in the
area surrounding the dorsal aspect of the
medial longitudinal fasciculus. Small num-
bers of CT-HRP-labelled and double-labe-
lled neurons were also found in the dorso-
medial part of the DR. In the MnR,
retrograde labelling and double-labelled
neurons were located close to the midline.

4. Although injections centred in the RSg
resulted in bilateral retrograde labelling of
moderate to small numbers of 5-HT neu-
rons in the dorsomedial and ventromedial
regions of the DR, the raphe projections to
the RSg were predominantly ipsilateral.

5. In the LC, most retrogradely labelled neu-
rons were immunoreactive for DBH and
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small numbers of CT-HRP-labelled neu-
rons displayed NT- or SP-immunoreacti-
vity.

6. In the LDTg, most of the retrogradely labe-
lled neurons were immunoreactive for
ChAT, whereas a few neurons also displa-
yed SP-immunoreactivity.

8. In all animals HRP-containing fibres or ter-
minal-like structures were found in the
neuropil of the raphe nuclei, in the LC and
in the LDTg. Thus, mesencephalic tegmen-
tum neurons probably receive inputs from
the same cortical areas which they inner-
vate.

DiscussioN

The pattern of afferents to the RSg observed in
this study is largely in agreement with previous
analyses of the projections from the nuclei of the
pontomesencephalic tegmentum to the cortex,
including the RSg (Loughlin et al., 1982; Saper,
1982; Groenewegen and Van Dijk 1984; Thomp-
son and Robertson, 1987; Van Groen and Wyss,
1990; Vertes, 1991; Conde et al., 1995; Vertes et
al., 1999). However, to the best of our knowled-
ge this study is the first to extensively map a
variety of neurochemical markers in afferents
from the raphe nuclei, the LC and LDTg to the
RSg. Thus, our discussion will focus on the pos-
sible neurotransmitter(s)/neuromodulator (s)
used by these projection neurons to the RSg.

Methodological Considerations

CT-HRP as a retrograde axonal tracer

The use of HRP as a retrograde axonal tracer in
combination with transmitter immunohistoche-
mistry is now routine. It is generally agreed that
HRP is a sensitive tracer, and it is well known
that the TMB method is consistently more sensi-
tive than the DAB method used in our double-
labelling studies. Thus, the small numbers of eit-
her single CT-HRP- or double-labelled cells
found in the double-label preparations could be
due to the limited sensitivity of the DAB method
and to some extent, also, to the short survival
times used in this study. However, even with
these methodological limitations, this study allo-
wed us to detect the strongest projections from
the pontomesencephalic tegmentum to the RSg
even though we failed to detect some neurons
with only a small axonal branch projecting to the
RSg.

Specificity of the immunoreaction

Several issues arise in regard to the procedu-
res used in this study. The first concerns the pre-
sence of S-HT-immunoreactivity in the cell
bodies of neurons projecting from raphe nuclei
to the RSg. Here we show that 80-85% of the

neurons projecting from the DR to the RSg and
90-95% of those projecting from the MnR are
immunoreactive for serotonin. The 5-HT anti-
body used in this study was raised in rabbits,
against Limulus hemocyanin conjugate, and is
well characterized and very widely used (Euge-
ne Tech. International, Catalogue N° NT102).
The maps of 5-HT immunostaining in this study
are in agreement with previous reports (Stein-
busch, 1981; Steinbusch and Nieuwenhuys,
1983). Thus, the strong 5-HT-immunoreactivity
observed in the DR and MnR suggests that our
findings reflect specific immunolabelling and
that serotonin is a significant neurotransmitter in
projections from the raphe nuclei to the RSg.
Another important issue concerns the presence
of dopamine-B-hydroxylase in the cell bodies of
the LC neurons projecting to the RSg. Here we
show that 90-95% of the neurons projecting from
the LC to the RSg are immunoreactive for DBH.
The DBH antibody used in the present study is
well characterized (Protos Biotech Corporation);
its specificity has been described previously (Joh
and Ross, 1983) and it is very widely used (Asa-
numa, 1992). The fact that in our material the
maps of immunostaining with DBH antibody
were consistent with the data in the literature
(Dahlstrom and Fuxe, 1964; Fuxe, 1965), toget-
her with the results of the control experiments,
suggest that noradrenalin is an important neuro-
transmitter in projections from the LC to the RSg.
Yet another issue concerns the presence of
ChAT-immunoreactivity in the cell bodies of
neurons projecting from LDTg to the RSg. The
ChAT antiserum used in this study was a mono-
clonal antibody (Boehringer -Mannheim) prepa-
red from a rat-mouse hybridoma. The specificity
of the ChAT antibody has been well established
(Eckenstein and Thoenen, 1982) and in our
material the pattern of immunostaining with
ChAT antibody is similar to that described in pre-
vious studies (Armstrong et al., 1983; Mesulam et
al., 1983b; Eckenstein et al., 1988). These obser-
vations, together with the results of control expe-
riments, make it unlikely that our findings would
reflecting non-specific immunolabelling.

We have also shown that a small number of
neurons projecting to the RSg from the DR and
and MnR contain immunohistochemically detec-
table levels of Glu. The evidence presented here
relates primarily to the presence of this amino
acid in cell bodies. The significance of high cell
body levels of Glu with respect to the transmit-
ter phenotype of neurons has been questioned
and extensively discussed in the literature (Fon-
num 1984; Storm-Mathisen and Ottersen, 1986;
Ottersen et al., 1990). On the basis of observa-
tions of sections from the brains of glutaraldehy-
de-perfused mice and rats processed for Glu
immunocytochemistry, Ottersen and Storm-Mat-
hisen (1984) suggested that large amounts of Glu
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in the cell bodies may correlate with a metabo-
lic role not necessarily concerned with neuro-
transmission. While the same conclusion may be
derived from the present results, it should be
pointed out that several features distinguish
Ottersen and Storm-Mathisen’s study from ours,
including the fixatives used in the two studies.
Although, Conti et al. (1987) indicated that the
use of different fixatives does not seem change
the specificity of the staining, fixatives contai-
ning glutaraldehyde, the only kind employed by
Ottersen and Storm-Mathisen, give a higher
background staining than that seen in the pre-
sent study. Thus, the small proportion of Glu-
containing neurons detected in this study could
be due to the low concentration of glutaraldehy-
de .in the fixative solution. Also, the antibodies
used may differ in their specificity. The Glu anti-
body used in the present study was raised in rab-
bits, against amino acids conjugated to haemoc-
yanin with glutaraldehyde, and is well
characterized (Arnel Products, Catalogue N° 58A,
1992), and immunoabsorption tests based on the
procedures described by Hepler et al. (1988)
show that the Glu antiserum does not cross-react
with aspartate, GABA, B-alanine, glycine or
other amino acids. Although no techniques are
available to resolve the issue of whether immu-
nohistochemically detected Glu in cell bodies is
related to metabolic or neurotransmitter func-
tions, the fact that in our material the maps of
immunostaining with Glu antibodies were con-
sistent with the extensive data in the literature
(Storm-Mathisen and Ottersen, 1983; Storm-Mat-
hisen et al., 1983; Ottersen and Storm-Mathisen,
1984), in conjunction with the results of the con-
trol experiments, suggest that it is at least possi-
ble that projection neurons with high levels of
Glu could use this amino acid as an excitatory
neurotransmitter.

With respect to the peptide antibodies, the
rabbit anti-Enk antibody used by us is well cha-
racterized and the specificity of this antiserum
has been established by the abolition of immu-
nostaining when the antiserum is absorbed with
50 pg/ml Leu-Enk (INCSTAR, catalogue N°
20066, 1983) as is the similarly produced NT
antibody (Eugene Tech. International, Catalogue
N° NT113), and immunostaining with the SP anti-
body is completely blocked by absorption with
10pg/ml SP (Eugene Tech. International, Catalo-
gue N° NT1006). In addition, in our material the
patterns of immunostaining with Enk, NT and SP
antibodies were consistent with those described
in previous studies (Uhl et al., 1979; Finley et al.,
1981; Emson et al.1985; Petrusz et al. 1985; Sutin
and Jacobowitz, 1988). These observations, in
conjunction with the results of the control expe-
riments, make it unlikely that our findings would
be reflecting non-specific immunolabelling.
However, with the immunohistochemical

approach used it is difficult to exclude the pos-
sibility that an antiserum raised against to a cer-
tain peptide might also react with other, structu-
rally related peptides.

Sensitivity of the immunobistochemical method

The immunocytochemical technique of Hsu
et al. (1981) is generally considered to be a sen-
sitive method. However, it should be noted that
a small number of neurons projecting to the RSg
from the pontomesencephalic tegmentum were
immunonegative. This finding might be explai-
ned in terms of “false negatives”, implying that
there are projection neurons in which no immu-
noreactivity was detected owing to a technical
problem (such as poor antibody penetration or
loss of antigen during tissue processing). An
alternative possibility is that immunonegative
neurons projecting to the RSg could have a dif-
ferent phenotype or phenotypes. Because the
immunoreactions were carried out on different
sections, we do not know whether CT-HRP-sin-
gle-labelled neurons were immunonegative for
the neurochemicals investigated or whether they
might contain one of the transmitter markers not
labelled for in that particular section. It is unfor-
tunate that the limitations inherent to the techni-
que make it difficult to estimate the proportion
of cells projecting to the RSg that do not express
one of the transmitter markers studied.

Identification of neurochemicals in neurons pro-
Jecting to the RSg

The present report describes the localization
of neurotransmitter -related molecules in the
main projection neurons from the nuclei of the
pontomesencephalic tegmentun to the RSg. The
essential features concerning each neurochemi-
cal are described and discussed below.

Serotoninergic pathways from the brainstem
raphe nuclei to the RSg

We observed that 80-85% of the cell bodies of
neurons projecting from the DR and 90-95% of
those projecting from the MnR to the RSg are
immunoreactive for serotonin, in keeping with
evidence that both nuclei contain most of the 5-
HT-immunoreactive neurons of the CNS (Stein-
busch, 1981; Steinbusch and Nieuwenhuys,
1983). There is evidence from previous studies
that the raphe nuclei project to the cortex
(Jacobs et al., 1978; Moore et al., 1978; Parent et
al., 1981; Vertes, 1991; Waterhouse et al., 1993;
Vertes et al., 1999). Furthermore, a serotoniner-
gic input to the cortex from the midbrain raphe
nuclei has been suggested on the basis of immu-
nohistochemical studies (Wilson and Molliver,
1991; Jacobs and Azmitia, 1992; Datiche et al.,
1995). However, none of these studies provided
documentation on the serotoninergic innervation
of RSg.
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The present study confirms the existence of
such projections and provides a detailed analysis
showing a serotoninergic input from the DR and
MnR to the RSg. Our results show that most of
the retrogradely labelled and double-labelled
neurons were located in the ventromedial and
ventrolateral regions of the DR and close to the
midline in the MnR. The finding of a difference
in the pattern of retrograde labelling in the DR
following injections into the RSg is in keeping
with previous studies suggesting that the DR can
be divided into subnuclei projecting to different
specific targets (Jacobs et al., 1978; Waterhouse
et al., 1986, 1993; Kazakov et al., 1993; Gonzalo-
Ruiz et al., 1995a). Based on these results and on
those of others (Imai et al., 1986; Vertes, 1991;
Waterhouse et al., 1993; Vertes et al., 1999), it
could be suggested that DR cells projecting to
cortical and subcortical structures could be co-
localized within the nucleus and could innervate
multiple, functionally related targets via axon
collaterals. Since the ventromedial and ventrola-
teral parts of the DR and the midline region of
the MnR also project to the anterior thalamic
nuclei (ATN) (Gonzalo-Ruiz et al., 1995a), it
seems a reasonable assumption that the seroto-
ninergic projection neurons in the DR and MnR
would send braches to both and that the seroto-
nin might influence limbic activity at the level of
the RSg as well as the ATN.

The results of the present study also support
the notion that the projections from the raphe
nuclei to RSg appear to be organized topograp-
hically. This observation is consistent with the
findings of earlier studies indicating that nearly
all neocortical regions receive significantly den-
ser projections from the rostral than from the
caudal part of the DR (O Hearn and Molliver,
1984; Waterhouse et al., 1986; Vertes, 1991). Furt-
hermore, although the greatest proportion of
double-labelled neurons was found in the DR, a
small number of 5-HT-immunoreactive cells in
the MnR was labelled by restricted RSg injec-
tions. These findings confirm and extend the
results of previous studies that demonstrated
low-to-moderate numbers of MnR projections to
the cingulate cortex as compared with the signi-
ficantly denser projections from the DR
(O"Hearn and Molliver, 1984; Waterhouse et al.,
1986; Datiche et al., 1995; Vertes et al., 1999).

On the other hand, it is known from previous
studies that all cortical areas receive significant 5-
HT innervation and that the pattern of termina-
tion varies from one area to another and that
cortical 5-HT-positive axons are not of uniform
morphology (Lidov et al., 1980; Steinbusch,
1981; Kosofsky and Molliver, 1987). Lidov et al.
(1980) demonstrated that the RSg contains a
moderately dense labelling of 5-HT-immuno-
reactive fibres and terminals that are largely con-
fined to layer I and III. The significance of this

highly selective laminar distribution of serotonin-
containing axons in a single cytoarchitectural
area of the RSg is unknown. However, the dis-
crete laminar distribution of 5-HT axon terminals
in the RSg suggests that the effects of serotonin
projections would be restricted to particular neu-
ronal elements in the RSg. The present findings
raise the possibility that the two distinct sets of
raphe projection neurons, which have different
patterns of termination (Korsofsky and Molliver,
1987), could affect different sets of cortical neu-
rons and that they may have different functional
effects.

Noradrenergic pathway to the RSg

We observed that most of the cell bodies of
neurons projecting from the LC to the RSg con-
tain DBH. There is evidence from previous stu-
dies that the LC neurons project to the cortex
(Jones and Moore, 1977; Morrison et al., 1979;
Audet et al., 1988; Lewis and Morrison, 1989).
There is also very strong evidence that the LC
contains a large population of DBH-immuno-
reactive neurons and that this nucleus is the
major source of noradrenergic projection in the
CNS (Dahlstrom and Fuxe, 1964; Fuxe, 1965).
Thus, the strong degree of DBH-immunoreacti-
vity observed in the LC suggests that noradrener-
gic cells within this nucleus would give rise to
the major noradrenergic projection to the RSg.
Furthermore, several immunohistochemical stu-
dies have also shown that in the cerebral cortex,
noradrenergic axons show considerable regio-
nal, as well as laminar, specificity (Morrison et
al.,, 1978, 1979; Audet et al., 1988; Lewis and
Morrison, 1989; Parnavelas and Papadopoulos,
1989; Papadopoulos and Parnavelas, 1991), and
that large numbers of DBH-labelled axon termi-
nals in the cortex form conventional synapses
(Papadopoulos et al., 1989; Séguéla et al., 1990).
Morrison et al. (1979) demonstrated that nora-
drenergic projections to area 29 (RSg) are more
dense than to any other neocortical areas. On
the other hand, early studies provided evidence
that in the RSg there are distinct and clear lami-
nar distributions of DBH-immunoreactive termi-
nals. Thus, whereas DBH-positive axons are
most dense in layers Ib and Ic, they are present
at a moderate density in layers III and IV. Deep-
layer terminations are less prominent (Jones and
Moore, 1977). Furthermore, ultrastructural analy-
sis has revealed that, similar to 5-HT, varicosities
on noradrenergic terminals reflect points of
synaptic contact and noradrenalin release. In
layer 1 there is an increased density of both DBH
axon terminals and varicosities (Audet et al.,
1988; Papadopoulos et al., 1989). The significan-
ce of the highly selective laminar distribution of
noradrenergic axons in the RSg is unknown.
However, the discrete laminar distribution of
DBH terminals probably reflects a key position
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for the integration of noradrenergic input with
arborizations of apical dendrites of deep-layer
pyramidal neurons.

The present findings highlight the fact that in
layers I-1II of the RSg, both noradrenergic and
serotonin-containing terminals are coextensive
with terminals from the anterior thalamic nuclei
(Van Groen and Wyss, 1990; Shibata, 1993; Gon-
zalo-Ruiz, et al., 1997a,b), each of which has a
different and selective pattern of laminar distri-
bution; namely, those from the anteroventral tha-
lamic nucleus to layer I whereas those from the
anterodorsal thalamic nucleus to layer III
(Domesick, 1972). Thus, in this region of the cor-
tex, the principal thalamic afferents and the affe-
rents from brainstem noradrenergic and seroto-
nin-containing neurons terminate in the same
cortical layers, which show a high degree of spe-
cificity in the formation of these projections and
are likely to reflect differences in their contribu-
tions to cortical circuitry. Further eludication of
the significance of this relationship between
noradrenergic, serotoninergic and anterior thala-
mic terminals will require an ultrastructural
analysis of their precise mode of termination.

Cholinergic pathway to the RSg

We observed that small numbers of the cell
bodies of neurons projecting from the LDTg con-
tained ChAT. There is evidence from previous
studies that the LDTg neurons project to the
medial limbic cortex, including the cingulate cor-
tex (Saper, 1982; Groenewegen and Van Dijc,
1984; Cornwall et al., 1990; Van Groen and Wyss,
1990; Condé et al., 1995). There is also very
strong evidence that the LDTg contains a large
population of ChAT-immunoreactive neurons
and that this nucleus is a source of cholinergic
projections in the CNS (Armstrong et al., 1983;
Mesulam et al., 1983b). Furthermore, ChAT-
immunocytochemistry and acetylcholinesterase
(AChE) staining (Butcher and Woolf, 1984;
Eckenstein et al., 1988; Lysakowski et al., 1989)
have also revealed the presence of putative cho-
linergic fibres in the neuropil of the RSg. Thus,
the ChAT-immunoreactivity observed in the
LDTg suggests that cholinergic cells within this
nucleus give rise to a small cholinergic projec-
tion to the RSg. These findings confirm and
extend the results of previous studies that
demonstrated cholinergic projection from the
LDTg to the medial limbic cortex, including the
cingulate cortex (Satoh and Fibiger, 1986; Woolf
and Butcher, 1986; Eckenstein et al., 1988). By
contrast, earlier studies provided evidence that
the pontomesencephalic cholinergic cells give
rise to important ascending projections to the
forebrain, into both the thalamic and the extrat-
halamic cortically projecting “relay” systems
(Mesulam et al., 1983b; Sofroniew et al., 1985;
Satoh and Fibiger, 1986; Woolf and Butcher,

1986). From quantitative estimates, it apeared
that most cholinergic cells in the LDTg project to
the thalamus (Sofroniew et al., 1985; Woolf and
Butcher, 1986; Gonzalo-Ruiz et al., 1995b; Oak-
man et al., 1999), whereas of the LDTg cells pro-
jecting to the basal forebrain cholinergic corti-
cally “relay” neurons, approximately 15% or less
were identified as ChAT+ (Hallanger and Wainer,
1988; Jones and Cuello, 1989).

In sum, the findings in this study are consis-
tent with the view that the RSg has a dual choli-
nergic innervation: one arising from the basal
forebrain (Gage et al., 1994; Gonzalo-Ruiz and
Morte, 2000) and the other from the LDTg (Satoh
and Fibiger, 1986; Eckenstein et al., 1988). The
functional significance of this dual cholinergic
projection to the RSg remains to be determined.
However, it is of considerable interest that the
region of the RSg receiving cholinergic afferents
from the LDTg is also selectively innervated by
monoaminergic-containing fibres originating in
the midbrain tegmentum. In light of these fin-
dings, we suggest that the RSg may therefore be
a substrate for interactions between serotoniner-
gic, noradrenergic and cholinergic mechanisms,
thought to be important in the control of com-
plex functions such as learning and memory
(Wenk et al., 1984, 1987; Vogt et al., 1991), by
affecting specific, possibly quite localized corti-
cal areas, where the output to subcortical areas
by pyramidal cells in layer V is modulated.

Glutamate-like immunoreactivity in identified
neurons projecting to the RSg from the pontome-
sencephalic tegmentum

The present study has also shown that a few
cell bodies of the neurons projecting to the RSg
from the DR and MnR contain immunohistoche-
mically detectable levels of Glu. There is also
previous evidence for Glu in the cell bodies of
the DR and MnR (Storm-Mathisen and Ottersen,
1983; Ottersen and Storm-Mathisen, 1984). Since
Glu is the major excitatory neurotransmitter in
the CNS and plays an important role in a num-
ber of CNS functions (Fonnum, 1984; Fleck et al.,
1993), the present findings support the notion
that the RSg may receive excitatory inputs from
Glu-immunoreactive neurons of the DR and
MnR. The results reported here relate to the pre-
sence of Glu in cell bodies. Since high levels of
Glu in neuronal cell bodies do not constitute,
alone, satisfactory evidence for a Glu phenotype,
the possibility that the presence of Glu in a few
retrogradely labelled neurons in the DR and MnR
might reflect a transmitter role, must remain
hypothetical. However, the fact that Glu staining
was present in only a small number of CT-HRP-
labelled neurons suggests a remarkable selecti-
vity, more likely to be related to a neurotransmit-
ter pool of Glu, which is synthesized at a higher
rate, than to a general metabolic pool of Glu
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(Storm-Mathisen and Ottersen, 1986). Further-
more, previous studies have identified glutamate
as the probable transmitter of cerebrocortical
pyramidal neurons in their intracortical associa-
tional pathways and their projections to subcor-
tical structures (Fonnum et al., 1981; Fonnum,
1984; Jones, 1986). Although these studies did
not focus specifically on the cingulate cortex, it
is likely that the findings can be applied to the
cingulate region as well as to other cerebrocorti-
cal projection pathways. Thus, there is no reason
to exclude this amino acid as a putative neuro-
transmitter of pontomesecephalic tegmentum
projections to the RSg.

The functional significance of the possible
glutamatergic cortically projecting cells (Gigg et
al., 1992; Gonzalo-Ruiz et al., 1997a,b; Wang et
al., 1999, present findings) remains to be deter-
mined. However, considerable evidence indica-
tes that glutamatergic neurotransmission is invol-
ved in cognitive functions such as learning and
memory (Danysz et al., 1995; Riedel et al., 1995;
Riedel and Reymann, 1996; Ungerer et al., 1998).
In light of these findings, we therefore suggest
that Glu may be utilized as a neurotransmitter in
projections to the RSg from the pontomesencep-
halic tegmentum nuclei and thus may play a role
in cognitive functions.

Neuropeptides in neurons projecting to the RSg
Jfrom nuclei of the pontomesencephalic tegmen-
tum

We have also shown that small numbers of
neurons projecting to the RSg from several
nuclei of the pontomesencephalic tegmentum
contain Enk, NT or SP, in keeping with previous
studies reporting that a population of neurons
within the midbrain tegmentum, including the
DR, MnR, LC and LDTg, display NT-, SP- or Enk-
like immunoreactivity (Ljungdahl et al., 1978;
Uhl et al., 1979; Finley et al., 1981; Emson et al.,
1985; Sutin and Jacobowitz, 1988). Thus, the pre-
sent findings indicate that NT-, SP- or EnK-
immunoreactive neurons in the pontomesencep-
halic tegmentum nuclei may have a
neurotransmitter/neuromodulator role in projec-
tions to the RSg.

Because our immunoreactions were carried
out on different sections, we do not know whet-
her some of the neurotransmitters we studied
coexist in neurons projecting to the RSg. The co-
localization of NT, Enk or SP with classical neu-
rotransmitters (Chan-Palay et al., 1978; Aronin et
al., 1984; Sutin and Jacobowitz, 1988; Van Bock-
staele and Chan, 1997) and with several other
neuropeptide transmitters (Erichsen et al., 1982;
Pickel et al., 1980) has been reported for several
nuclei of the CNS. While double/triple-immuno-
colocalization studies in combination with retro-
grade tracing are needed to clarify the specific
neurotransmitter combination of neurons projec-

ting from the nuclei of the pontomesencephalic
tegmentum to the RSg, these anatomical data
suggest that these several unrelated neuropepti-
des transmitter candidates in tegmento-cortical
neurons might represent loci for interactions bet-
ween these neurochemical systems and might
work synergistically in regulating the activity of
cortical neurons.
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ABBREVIATIONS

CA1 field CA1 of Ammon’s horn

cc corpus callosum

DR dorsal raphe nucleus

DTN dorsal tegmental nucleus of Gudden

LC locus coeruleus

LDTg laterodorsal tegmental nucleus

mlf medial longitudinal fasciculus

MnR median raphé nucleus

PPT pedunculopontine tegmental nucleus

PrS presubiculum

Rsa restrosplenial agranular cortex

RSg retrosplenial granular cortex

S subiculum

SCc compact subnucleus of the central
superior nucleus

scp superior cerebellar peduncle

VTN ventral tegmental nucleus of Gudden

XSCp decussation of superior cerebellar
peduncle



