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gal pathway. The projections to the forebrain were broadly 
distributed and varied from very strong to scant. The most 
significant connections were destined to the bed nucleus of 
the stria terminalis in which all parts of the medial division 
were innervated by MePD neurons. Moderate projections 
reached the limbic striatum (nucleus accumbens), olfactory 
tubercle and the lateral septal nucleus. The substantia in-
nominata was also innervated by the MePD, and especially 
the projection to its ventral portion was substantial. The pro-
fuse innervation of the medial preoptic nucleus and medial 
preoptic area indicated significant involvement of the MePD 
in sexual behavior. Many hypothalamic nuclei were inner-
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 Abstract 

 The efferent projections of the anterior and posterodorsal 
part of the medial nucleus (MePD) in the mouse were stud-
ied by means of anterograde axonal tracing using biotinyl-
ated dextran amine. The MePD axons ran mainly via the stria 
terminalis and to a lesser extent via the ventral amygdalofu-
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Am amygdaloid nuclear complex 
AP anteroposterior
BDA biotinylated dextran amine
BST bed nucleus of the stria terminalis
BSTIA bed nucleus of the stria terminalis, 

intra-amygdaloid division
BSTMA bed nucleus of the stria terminalis, 

medial division of the anterior part 
BSTMPI bed nucleus of the stria terminalis, 

medial division of the 
posterointermediate part 

BSTMPL bed nucleus of the stria terminalis, 
medial division of the posterolateral 
part 

BSTMPM bed nucleus of the stria terminalis, 
medial division of the posteromedial 
part

BSTMV bed nucleus of the stria terminalis, 
medial division of the ventral part 

DAB 3,3�-diaminobenzidine
L lateral
LOT nucleus of the lateral olfactory tract 

MeAD medial nucleus, anterodorsal part 
MeAV medial nucleus, anteroventral part 
Me/MeA medial amygdaloid nucleus
MeP medial nucleus, posterior part 
MePD medial nucleus, posterodorsal part  
MePV medial nucleus, posteroventral part 
MGP medial globus pallidus
PB phosphate buffer
SI substantia innominata 
V ventral
VMH ventromedial hypothalamic nucleus 

Abbreviations used in this paper
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vated but to a different extent. The very strong innervation 
of the ventral premammillary nucleus further indicated the 
involvement of the MePD in the neuronal circuitry for sexual 
behavior. Substantial projections also reached the anterior 
hypothalamus and tuber cinereum, while the connections to 
the lateral hypothalamus were widespread but showed 
moderate density. MePD strongly innervated the ventrolat-
eral part of the ventromedial hypothalamic nucleus and 
moderately its remaining parts. The neurosecretory hypo-
thalamic nuclei and the arcuate nucleus contained only a 
few MePD terminals. The thalamic innervation was very 
scant and reached the lateral habenular nucleus and the nu-
clei of the midline. The mesencephalic connections were 
moderate to sparse and projected to the mesolimbic dopa-
minergic groups in the ventral tegmental area, the pars late-
ralis and the dorsal tier of the substantia nigra pars compac-
ta, the periaqueductal gray and the dorsal raphe nucleus. 
The present results principally resembled data known in oth-
er rodent species; however, the efferents of the MePD often 
differed in extent and/or topical distribution. 

 Copyright © 2009 S. Karger AG, Basel 

 Introduction 

 The amygdaloid nuclear complex (Am) is a relatively 
voluminous gray substance, located in the depth of the 
ventromedial temporal lobe, ventral to the caudolateral 
striatum and to the pallidum. It is a highly heterogeneous 
structure and consists of several nuclei, divided on the 
basis of cytoarchitectonic, hodological, histochemical 
and immunohistochemical studies [reviewed by Price et 
al., 1987; de Olmos, 1990; Amaral et al., 1992; McDonald, 
1992; Pitkänen, 2000; McDonald, 2003; Swanson, 2003; 
de Olmos, 2004; de Olmos et al., 2004]. The Am has di-
verse afferent and efferent connections throughout the 
CNS, and is involved in the modulation of neuroendo-
crine functions, visceral efferent motor mechanisms and 
in complex patterns of behavior, e.g. learning and mem-
ory, aggression and defense, pain modulation, reproduc-
tion and food intake [for comprehensive reviews, see 
Eleftheriou, 1973; Ben-Ari, 1981; Aggleton, 1992, 2000].

  The medial amygdaloid nucleus (Me, sometimes abbre-
viated as MeA; however, here MeA consists of MeAD and 
MeAV, see below) is involved in the control of sexual be-
havior [Wood and Newman, 1995; Newman, 1999]. The 
Me is comprised of several divisions: anterodorsal (MeAD), 
anteroventral (MeAV), posterodorsal (MePD), with inter-
mediate nucleus, and lateral and mediate subnucleus, and 
posteroventral (MePV) [de Olmos et al., 1985; Paxinos and 

Watson, 1998; Paxinos et al., 1999; Paxinos and Franklin, 
2001; de Olmos, 2004; de Olmos et al., 2004]. These Me 
divisions have separate afferent and efferent connections, 
and some of them are quite distinct [Gomez and Newman, 
1992; Canteras et al., 1995; Coolen and Wood, 1998; Heeb 
and Yahr, 2001; Simmons and Yahr, 2002]. Also, the func-
tional characteristics of the Me divisions appear to be dif-
ferent. There is growing evidence that in male animals the 
MePD is involved in mating behavior and ejaculation 
[Baum and Everitt, 1992; Coolen et al., 1998; Parfitt and 
Newman, 1998; Veening and Coolen, 1998; Newman, 
1999; Heeb and Yahr, 2001; Simmons and Yahr, 2003], al-
though investigation using positron emission tomography 
in humans provided nearly negative results concerning 
the Am [Holstege et al., 2003].

  Despite the tremendous importance of the mouse 
brain especially in knock-out or knock-in animals, sys-
tematic evaluations of Am connectivity in the mostly in-
vestigated C57BL/6 mouse are rare [Barber and Field, 
1975; Barber, 1982; Shipley and Adamek, 1984; Shipley 
and Geinisman, 1984; Smith and Millhouse, 1985; Oades 
and Halliday, 1987; Salazar and Brennan, 2001; Aizawa et 
al., 2004]. This is in so far interesting and remarkable as 
changes in the behavior of genetically altered mice were 
discussed in comparison to connections described most-
ly in the rat. Therefore, studies providing identical pro-
jection patterns of mice and rats are demanded. Here, we 
report data on the efferent connections of the mouse MeA 
and MePD that often differ in extent and/or topical dis-
tribution from the results known from the rat, hamster 
and gerbil.

  Materials and Methods 

 Twelve young-adult male mice (C57BL/6J, Charles River,
Sulzfeld, Germany), weighing 18–20 g, were used. All housing fa-
cilities and procedures were carried out in accordance with the 
Bulgarian and German regulations on animal welfare and were 
consonant with the guidelines established by the National Insti-
tutes of Health (NIH Publ. No. 80-23). The mice were anesthe-
tized with ketamine (75 mg � kg –1 ) and Rompun (5.8 mg � kg –1 ). Af-
ter mounting, the animal was placed in a rat stereotactic frame 
(David Kopf, Tujunga, Calif., USA) equipped with a mouse adap-
tor (Stoelting, Wood Dale, Ill., USA), with the skull in flat posi-
tion, and 0.25  � l biotinylated dextran amine (BDA, molecular 
weight 10 kDa; Molecular Probes Europe, Leiden, The Nether-
lands), 10% solution dissolved in phosphate buffer (PB; 0.1  M , pH 
7.2), were injected unilaterally into the Me (n = 10) using a vertical 
approach. In order to control the specificity of the Me projections, 
the same amount of tracer was injected in the medial globus pal-
lidus (MGP), often designated ‘entopeduncular nucleus’ in sub-
primate species (n = 2). Stereotactic coordinates were obtained 
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from the atlas of Paxinos and Franklin [2001]. Based on the breg-
ma, the coordinates for the Me were anteroposterior (AP) –1.5, 
lateral (L) 1.8 and ventral (V) –5.2 and for the MGP they were AP 
–1.3, L 1.8 and V –4.5. The BDA solution was freshly prepared 
each day of injection. The tracer was injected (0.05  � l/min) using 
a Hamilton (5  � l) syringe supplied with a glass micropipette, the 
outer diameter of the tip being approximately 80  � m. At the end 
of the injection, the pipette was held in place for 15 min to insure 
absorption of the injected tracer into the tissue. After a survival 
time of 14 days, the animals were deeply reanesthetized with ket-
amine and Rompun and perfused transcardially with 10 ml of 
0.9% saline, followed by 50 ml of 4% paraformaldehyde in PB. The 
brains were removed, postfixed in the same fixative overnight and 
transferred to 1% paraformaldehyde in 20% sucrose in PB until 
they sank. Free-floating, serial sections cut at a thickness of 40 
 � m on a Jung freezing microtome were collected in PB containing 
0.1% Triton X-100 and placed on a rocking table overnight.

  The sections were preincubated with PB containing 0.1% bo-
vine serum albumin (fraction V; Sigma, St. Louis, Mo., USA) and 
0.3% Triton X-100 for 30 min, and rinsed in three baths of PB to 
which 0.3% Triton X-100 was added for 30 min. A commercially 
available avidin-biotin-horseradish peroxidase complex was used 
to visualize BDA (Vectastain� ABC kit; Vector Laboratories, Bur-
lingame, Calif., USA). To 20 ml of PB, four drops of solution ‘A’ and 
four drops of solution ‘B’ were added 30 min before use. The sec-
tions were incubated in the ABC kit for 60 min followed by rinsing 
in PB for a total of 30 min. The reaction product was developed 
with 0.06% 3,3 � -diaminobenzidine (DAB; Sigma) and 0.02% H 2 O 2  
in Tris buffer (0.05  M , pH 7.6). The sections were preincubated in 
DAB solution for 10 min and then transferred to a DAB solution 
to which H 2 O 2  was added for further 10 min. They were rinsed 
thoroughly in distilled water, mounted on chrome-alum-subbed 
slides and dried overnight. The sections were counterstained with 
0.1% cresyl violet (Sigma), dehydrated through graded ethanol se-
ries, cleared in xylene and coverslipped with Entellan� (Merck, 
Darmstadt, Germany). The sections were examined using Nikon 
BX-51 and Leitz Aristoplan microscopes. Photomicrographs of 
 selected fields were taken with a digital camera (7.3 three Shot 
 Colour; Visitron Systems/Diagnostic Instruments, Puchheim, 
Germany).

  Results 

 The following paragraphs introduce several phrases 
describing the morphological entities that contain BDA. 
A short definition of these expressions is provided below. 
An  Axon or nerve fiber  is a projection of a neuron that 
conducts electrical impulses away from the neuronal 
soma.  Axon terminals or terminals  are those parts of an 
axon that do not branch and where the axon ends. A  ter-
minal field  consists of several terminals of an axon that 
are lying close together in a small volume of tissue. The 
densities of terminals and projections that are described 
in the following paragraphs are summarized in serial 
 sections in figure 13.

  Topography of Me Subdivisions 
 In the mouse, the Me measured approximately 1.6 mm 

rostrocaudally. Its caudal pole was represented by small 
sectors of the MePD and MePV ( fig. 1 a). Medial to the 
MePD was the optic tract; dorsally, most posterior fibers 
of the emerging stria terminalis were located, and laterally 
the caudalmost sector of the intra-amygdaloid division of 
the bed nucleus of the stria terminalis (BSTIA) was found. 
Medially, the MePV reached the brain surface. Ventral to 
it, in some sections, a very small sector of the dentate gyrus 
appeared. Ventrolateral to the MePV was the posterome-
dial cortical nucleus of the Am, and laterally there was the 
anterolateral portion of the amygdalohippocampal area. 
In rostral direction ( fig. 1 b), both divisions of the posterior 
part of the medial nucleus (MeP) enlarged, especially the 
MePD, which extended from dorsolateral to ventromedial, 
bordered medially by the optic tract. Dorsomedial to the 
MePD was the MGP and dorsolateral the central nucleus 
of the Am. Lateral to the MePD were the intercalated nu-
clei of the Am and BSTIA (dorsally), and the basomedial 
nucleus of the Am (ventrally). The MePV reached the brain 
surface. Lateral to it, there were the ventral portion of the 
basomedial nucleus and the anterior cortical nucleus. Both 
MePD and MePV displayed subpially a cell-poor zone 
(quasi a ‘molecular layer’), but deeper the medium-sized 
neurons were densely arranged. The MeA had slightly 
smaller rostrocaudal dimensions. Somewhat arbitrarily, it 
might also be subdivided in MeAD and MeAV. The latter 
group was very small in the mouse, and it was not present 
through the entire rostrocaudal extent of the MeA. Slight-
ly more densely arranged neurons were found compared 
with the MeAD. Caudally, the posterior portion of the 
MeA ( fig. 1 c) merged imperceptibly with the MePD and 
MePV. Medial to it was the optic tract and ventromedially, 
the MeA reached the brain surface. Dorsal to the MeA was 
a thin layer of substantia innominata (SI), wedged between 
the internal capsule and the optic tract. Lateral to the MeA 
were the basomedial nucleus (dorsally) and the anterior 
cortical nucleus (ventrally). The MeA did not display a dis-
tinct ‘molecular layer’. The rostral pole of the MeA ( fig. 1 d) 
was composed of more loosely arranged and larger neu-
rons. Medial to the MeA was the supraoptic nucleus, dor-
sally the SI and laterally the nucleus of the lateral olfactory 
tract (LOT). The border to the LOT was very distinct, but 
the transition towards SI and the ventral division of the 
anterior Am (rostrally) was not sharply delineated.

  Injection Sites in the Me 
 Although all injection foci involved the Me, and the 

amount of tracer was theoretically constant, the injection 
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  Fig. 1.  Four serial sections through the Am stained with cresyl 
violet. Medial is to the left.  a  Section near the caudal pole of the 
Me. AHiAL = Amygdalohippocampal area, anterolateral part;
cp = cerebral peduncle; DG = dentate gyrus; opt = optic tract; 
PMCo = posteromedial cortical nucleus; st = stria terminalis;
STh = subthalamic nucleus.  b  Section through the maximum ex-
tent of the MePD and MePV. BL = Basolateral amygdaloid nucle-

us; BM = basomedial amygdaloid nucleus; CeM = central amyg-
daloid nucleus, medial part; I = intercalated nuclei.  c  Section 
through the maximum extent of the MeA. ACo = Anterior corti-
cal nucleus; CeC = central amygdaloid nucleus, capsular part.
 d  Section through the rostral pole of the Me. SO = Supraoptic 
nucleus. Scale bar: 200  � m. 

  Fig. 2.  Injection foci and intra-amygdaloid projections of the 
MePD. In this, as well as in the remaining figures, medial is to the 
right.  a  Injection focus in the MePD.  b  Injection focus in the MeA-
MePD border.  c  Enlargement of  a . From the lateral aspect of
the injection focus, an associated intra-amygdaloid bundle ran
in dorsolateral direction towards the nuclei shown in  f  and  g .
 d–f  Dense terminal fields in the MePV ( d ), MeA ( e ; several retro-

gradely labeled neurons were also seen), BSTIA ( f ; outlined) and 
in the intercalated nuclei ( f ).  g  Dense terminals in the central nu-
cleus, capsular part (outlined).  h–j  Injection focus of case 1 in the 
MeA ( h ), case 2 in the MeA ( i ) and of case 3 in the lateral portion 
of the central rostrocaudal MePD close to the stria terminalis ( j ). 
Scale bar: 200 ( a ,  b ) and 50  � m ( c – g ). 
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foci differed in volume: from small to more voluminous 
that encroached over adjacent Am nuclei. We decided to 
perform a rigorous selection of only 3 cases of a total of 
10 animals exhibiting selective injection foci in the Me 
( fig. 2 ). All injection foci were displayed schematically in 
 figure 2 h–j. In cases 1 and 2, these foci were placed in the 
posterior part of the MeA close to the boarder of the 
MePD (MeA-MePD borderline;  fig. 2 b). These foci clear-
ly displayed extensions into the rostral portions of the 
MePD of cases 1 and 2. Because of these extensions of the 
BDA into the MePD, these cases were evaluated. In case 
3, one focus was placed in the central portion of the MePD 
(cf.  fig. 1 a, b), involving mainly its lateral portion, close to 
the emerging stria terminalis. No case with a selective 
injection in the ventral sectors (MeAV) of the Me was ob-
tained. In summary, 3 animals (cases 1–3) were evaluat-
ed: the borderline MeA-MePD injections (cases 1 and 2) 
and the MePD injection (case 3).

  Efferent Projections of the MePD 
 Intra-Amygdaloid Connections 
 From the injection foci, axons destined to other Am 

nuclei emerged. Dense terminal fields were observed in 
the other Me sectors, MePV ( fig. 2 d) and MeA ( fig. 2 e), in 
which retrogradely labeled neurons were also present. 
From the lateral aspect of the injection focus, a delicate but 
distinct bundle arose ( fig. 2 c) that reached the small, com-
pactly arranged neurons of the intercalated Am nuclei and 
the surrounding BSTIA ( fig. 2 f). A variable number of ter-
minals was present in the central amygdaloid nucleus 
(mainly in the capsular and medial divisions,  fig. 2 g) and 
in the basomedial nucleus. Occasionally, axons were 
traced to the anterior Am and to the cortical nuclei but not 
to the LOT. Also, in cases with voluminous injections in 
the Me, not a single axon was traced among the largest Am 
neurons, building the basolateral nu cleus.

  Projections to the Forebrain 
 The extra-amygdaloid efferent connections of the 

MePD followed two routes: the stria terminalis ( fig. 3 a) 
and a bundle that curved medially over the optic tract (a 
component of the ‘ventral amygdalofugal pathway’ or 
‘ansa peduncularis’ in higher species). The distinctly la-
beled axons of the stria terminalis were located in its me-
dial part curving around the optic tract and the cerebral 
peduncle ventrally, and the reticular thalamic nucleus 
dorsally. The supracapsular portion of the stria termina-
lis bent in a rostral direction, occupying the groove be-
tween the most dorsal neostriatal islands and the dorso-
lateral thalamus ( fig. 3 b). The second component was 

smaller but its ventral part was also very distinct ( fig.
3 c, d). These axons, after a short intra-amygdaloid course 
in rostral direction, left the medial aspect of the Am and 
ran medially immediately dorsal to the optic tract, reach-
ing the midline and then the continuing line for a short 
distance in the contralateral hemisphere. The number of 
such axons was most prominent at the level of the supra-
chiasmatic nucleus ( fig. 3 c), but few labeled axons might 
also be followed at retrochiasmatic level, ventral to the 
ventromedial hypothalamic nucleus (VMH), and a fair 
number of labeled axons covered dorsally also the most 
rostral portion of the optic chiasm ( fig. 3 d).

  At prethalamic level, the stria terminalis abruptly de-
scended ( fig. 3 e, f). The labeled axons ran from the supra-
capsular stria terminalis through the bed nucleus of the 
stria terminalis (BST), medial division, posteromedial 
part (BSTMPM), adjacent to the posterointermediate 
part (BSTMPI;  fig. 3 f). From the BST subdivisions, the 
largest number of labeled axons and terminals was ob-
served in the BSTMPM ( fig. 4 a) and BSTMPI ( fig. 4 b). 
The anterior portions of the BST, medial division, pos-
terolateral part (BSTMPL), contained a moderate num-
ber of terminals ( fig. 4 b), but the posterior sectors of the 

  Fig. 3.  Major efferent pathways of the MePD (case 3).  a  The stria 
terminalis ascended in the coronal plane. BDA-labeled axons 
were located in its medial part. opt = Optic tract; Rt = reticular 
thalamic nucleus; VPL = ventral posterolateral thalamic nucleus; 
VPM = ventral posteromedial thalamic nucleus.  b  In the supra-
capsular portion of the stria terminalis, BDA-labeled axons were 
located ventromedially. fi = Fimbria of the hippocampus; ic = in-
ternal capsule; Str = striatum.  c  A compact bundle of labeled ax-
ons ran towards the midline above the posterior portion of the 
optic chiasm. LA = Lateroanterior hypothalamic nucleus; MPA = 
medial preoptic area; Sch = suprachiasmatic nucleus; 3v = third 
ventricle.  d  A delicate, more loosely arranged bundle of labeled 
axons crossed the midline at the level of the most rostral part of 
the optic chiasm (ox).  e  The stria terminalis (upper left part of the 
figure) immediately before its prethalamic descent still contained 
a compact bundle of labeled axons. The section corresponds to 
figure 35 in Paxinos and Franklin [2001]. f = Fornix; LGP = lat-
eral globus pallidus; LH = lateral hypothalamus; sm = stria medul-
laris. Enlargements from this figure are given in figure 4  c , d    and 
figure 6  a.  f  Descent of the stria terminalis, dispersing its labeled 
axons within the BST subnuclei. This section corresponds to fig-
ure 33 in Paxinos and Franklin [2001]. The main stream of labeled 
axons ran in the lateral division of the posterior part of the BST, 
the medial division of the posteromedial part of the BST, the BST-
MPL and the BSTMPI. A smaller bundle curved medially under 
the ependyma and descended along the medial border of the BST-
MPM. Enlargements from this figure are given in figure 4 a ,  b . 
Scale bar: 200 ( a ,  b ,  e ,  f ) and 100        � m ( c ,  d ). 
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BSTMPL surrounding the ventral aspect of the fornix 
contained a large number of labeled fibers ( fig. 4 c). Im-
mediately lateral to this field, in the region nominated 
‘nucleus of stria medullaris’ by Paxinos and Franklin 
[2001], an extremely dense field of termination was ob-
served ( fig. 4 d). In conjunction with the latter field, a 
large number of labeled axons were followed within the 
stria medullaris ( fig. 4 d). At the level of the crossing of the 
posterior aspect of the anterior commissure by the fornix 
columns, the labeled stria terminalis axons dispersed in 
dense terminal fields within the most caudal portions of 
the BST, medial division, anterior part (BSTMA), and 
BST, medial division, ventral part (BSTMV;  fig. 4 e, f). 
The labeled axons did not enter the sharply delineated 
bed nucleus of the anterior commissure. Slightly more 
rostrally, the terminals were distributed in the BSTMA 
and BSTMV, and both fields were interconnected by la-
beled axons that vertically crossed the axons of the ante-
rior commissure ( fig. 4 g). The labeled strial axons also 
projected to the most rostral regions of the BST, sur-
rounding the anterior commissure axons that turned in 
rostral direction and pierced the nucleus accumbens. The 
labeled axons surrounded the medial aspect of the ante-
rior commissure ( fig. 4 h).

  A substantial number of labeled axons were encoun-
tered in the nucleus accumbens core, especially in the 
shell ( fig. 5 a, b). Medially, the labeled axons reached the 
major island of Calleja (the ‘insula magna’). Some axons 
coursed around the medial aspect of the major island and 
ramified sparsely within the cell-poor region of the inter-
mediate part of the lateral septal nucleus ( fig. 5 c, e). In the 
insula magna, only few terminal ramifications were 
found, mainly at its dorsal and ventral corners ( fig. 5 c, e). 
Ventrally, the nucleus accumbens shell was followed by 
labeled axons. They reached the Calleja islands (‘insulae 
minores’) and some terminals were observed in their 
neuropil ( fig. 5 d, f). A larger number of labeled terminals 
were seen in the deeper portion of the olfactory tubercle 
( fig. 5 d, f), and some scattered axons were noted towards 
the superficial portions ( fig. 5 d).

  In the ventral part of the lateral septal nucleus, a mod-
erate number of terminals was seen ( fig. 5 g). The termi-
nal arborizations built discrete patches, often arising 
from a single axon. A large number of axons was seen in 
the septofimbrial nucleus ( fig. 5 h). They ran parallel to 
each other towards the triangular septal nucleus but did 
not end with terminal fields.

  At caudal BST levels, the robust stream of labeled ax-
ons split ventral to the BSTMPL in two components 
( fig. 3 e). A smaller, loosely arranged bundle bent laterally 

and coursed ventral to the internal capsule towards the 
SI, intermingled with unlabeled axonal fascicles ( fig. 6 a). 
Some axons also extended to the SI through the ventral 
amygdalofugal pathway. All SI subdivisions contained la-
beled axons and terminals. The small but compact bun-
dles dispersed within the ventral portion of the SI ( fig. 6 b). 
Terminals were rare, but the axons of the passage dis-
played numerous varicosities along their course. Dorsal-
ly, most of the labeled axons ramified very sparsely. Some 
of them passed close to large, chromophilic neurons of 
the basal magnocellular nucleus of Meynert, but did not 
arborize intensively in their vicinity ( fig. 6 c). A mighty 
bundle continued ventrally-ventromedially towards the 
anterior hypothalamus, medial preoptic nucleus and me-
dial preoptic area ( fig. 3 e). From the most proximal part 
of this bundle, some labeled axons deviated medial-
ly. They surrounded the ventral aspect of the fornix and 
terminated within the anterodorsal preoptic nucleus 
( fig. 6 d).

  All medial preoptic structures contained a substantial 
number of labeled axons and terminals: the medial and 
lateral subdivisions of the medial preoptic nucleus, as 
well as the medial preoptic area ( fig. 6 e, f). Medial to the 
medial preoptic nucleus (dorsally) and medial preoptic 
area (ventrally), the terminal field extended subependy-

  Fig. 4.  Distribution of labeled axons and terminals within the BST. 
 a ,  b  Enlargements from figure 3 f.   a  The two descending bundles 
emitted numerous axon terminals within the BSTMPM.  b  Nu-
merous axons and terminals in the BSTMPI. The rostral portion 
of the BST, the BSTMPL, contained a moderate number of termi-
nals.  c ,  d  Enlargements from figure 3 e .  c  A substantial number of 
labeled axons and terminals in the posterior part of the BSTMPL, 
surrounding the ventrolateral aspect of the fornix (cf.  b ).  d  Nu-
merous labeled axons (both of passage and terminal ones) in the 
nucleus of the stria medullaris (lower part of the figure). Dorsally, 
a substantial number of loosely arranged labeled axons presented 
in the stria medullaris (sm).  e  Fornix columns crossed the poste-
rior aspect of the anterior commissure (ac). BAC = Bed nucleus of 
the anterior commissure; BSTLI = BST, lateral division, interme-
diate part; D3V = dorsal part of the third ventricle; LSV = lateral 
septal nucleus, ventral part; LV = lateral ventricle.  f  Enlargement 
from  e . Dense terminal fields in the posterior portions of the BST-
MA (upper part of the figure) and BSTMV (lower part of the fig-
ure). No terminals were found among the densely arranged, hy-
perchromic neurons of the bed nucleus of the anterior commis-
sure.  g  Terminal fields in more anterior portions of the BSTMA 
and BSTMV. To the left: labeled axons crossed vertically the com-
pact fiber bundle of the anterior commissure.  h  Most rostral ax-
ons and terminal fields in the BSTMA and BSTMV merged medial 
to the anterior commissure. The labeled axons swept along its me-
dial aspect. Scale bar: 50 ( a–  d ,  g ,  h ), 200 ( e ) and 100  � m ( f ).   
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mally in the periventricular hypothalamic zone. Lateral 
to the MPA, the terminal field imperceptibly continued 
within the subdivisions of the anterior hypothalamus.

  The pathways to the VMH deserve special attention 
because the data available indicated that anterior and 
posterior Me portions emitted drastically different pro-
jections towards this nucleus (see Discussion). In the case 
with the selective MePD injection, the lateral and ventral 
borders of the VMH were surrounded by dense terminal 
fields that also occupied the VMH ventrolateral subnu-
cleus. A substantial number of terminals was also present 
in the central subnucleus, and even the dorsomedial sub-
nucleus contained a moderate number of terminals 
( fig. 7 a). In contrast, in the cases with main tracer infil-
tration in the MeA, the entire VMH was filled with axo-
nal terminals with such an enormous density that the 
borders of the nucleus were sharply outlined ( fig. 7 b). In 
these cases, some terminals were also noted in the con-
tralateral VMH, too.

  The labeled terminal fields in the lateral hypothala-
mus and in tuber cinereum arose primarily from axons 
running within the ventral amygdalofugal pathway. In 
the lateral hypothalamus, the labeling pattern tended to 
be patchy, with alternating fields of scant and moderate 
labeling ( fig. 7 c). As described above, the initial part of 
the ‘pars tecta’ of the fornix columns was surrounded by 
a dense terminal field in the BSTMPL. Further descend-
ing fornix fibers were surrounded by labeled terminals, 
from the rostral part of the lateral hypothalamus to the 
fornix fibers in the caudal part of the lateral hypothala-
mus ( fig. 7 d), where they were surrounded by the perifor-
nical nucleus [Paxinos and Franklin, 2001]. In the tuber 
cinereum, the number of labeled axons and terminals 
was substantial and diminished only in the most super-
ficial, subpial zone ( fig. 7 e).

  Innervation of the neurosecretory hypothalamic nu-
clei appeared to be very scant. As a rule, the dorsal border 
of the supraoptic nucleus was surrounded by a dense 
plexus of labeled axons, but extremely rarely such axons 
entered the neuropil of the supraoptic nucleus ( fig. 7 f). 
The paraventricular nucleus was surrounded by numer-
ous labeled axons in the central and posterior portions of 
the anterior hypothalamic area ( fig. 8 a, b), but only few 
axons arborized among the paraventricular nucleus neu-
rons ( fig. 8 c).

  In the ventrocaudal hypothalamus, a very dense field 
of labeled terminals was observed in the ventral premam-
millary nucleus ( fig. 8 d, e). Since the number of labeled 
parent axons approaching this area was low, apparently 
these axons possibly arborized profusely within the ven-

tral premammillary nucleus. Few labeled axon terminals 
presenting with extremely thin intervaricose portions 
were observed within the lateral posterior and medial 
posterior divisions of the arcuate nucleus ( fig. 8 d, f).

  The selective injections in the MeA-MePD border and 
MePD resulted in very scant labeling in several thalamic 
and epithalamic nuclei. Axons from the stria medullaris 
were followed to the lateral habenular nucleus ( fig. 9 a). 
Discrete terminal patches were located in its lateral part, 
and individual terminals were also seen medially, adja-
cent to the medial habenular nucleus ( fig. 9 b). Several nu-
clei of the midline exhibited a very limited number of 
labeled terminals, the axons apparently ascending from 
the dorsal hypothalamus. Terminals were comparatively 
more constantly found in the nucleus reuniens ( fig. 9 c), 
some even in the contralateral nucleus reuniens ( fig. 9 d). 
Dorsally, individual axonal clusters were observed in the 
rhomboid thalamic nucleus ( fig. 9 e), and scattered termi-
nals appeared in the interanteromedial thalamic nucleus 
( fig. 9 f). Notably, the cases with injections involving 
mainly the MeA-MePD border revealed not very differ-
ent findings. The terminal field in the lateral habenular 
nucleus was more distinct ( fig. 9 g; this was the main rea-
son to perform also control injections in the MGP), and 
some labeled axons appeared also in the paraventricular 
and parataenial thalamic nuclei, and in the zona incerta 
( fig. 9 h).

  Fig. 5.  Distribution of labeled axons and terminals in the nucleus 
accumbens, islands of Calleja, olfactory tubercle and septal nu-
clei.  a  To the left: nucleus accumbens (Acb), surrounding the an-
terior commissure; in the center: the vertically oriented major 
island of Calleja (ICjM); to the right: intermediate part of the lat-
eral septal nucleus (LSI). ac = Anterior commissure.  b ,  c ,  e  En-
largements from  a .  b  A dense terminal field in the ventromedial 
part of the nucleus accumbens shell (AcbSh; lower right) and a 
moderate number of terminals in the nucleus accumbens core 
(AcbC; upper left).  c  Labeled axons ran medial and lateral to the 
ventral part of the ‘insula magna’ of Calleja but only few axons 
entered it.  d  Medial part of the olfactory tubercle. Ventral to an 
island of Calleja (ICj), there was a horizontally oriented terminal 
field in the deep portion of the olfactory tubercle. Scattered axons 
and terminals were also seen in the superficial portions of the ol-
factory tubercle.  e  Labeled axons and terminals in close proxim-
ity to the dorsal ‘wedge’ of the major island.  f  Enlargement from 
 d . Thin labeled axons in the olfactory tubercle. Some terminals 
were also seen among the aggregated neurons of the island of 
Calleja.  g  Scattered axon terminals in the ventral part of the lat-
eral septal nucleus.  h  Labeled axons of the passage into the septo-
fimbriate nucleus (SFi) running towards the triangular septal nu-
cleus (TS). Scale bar: 100 ( a ) and 50              � m ( b–h ).   
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  Fig. 6.  Projections towards the SI and medial preoptic regions.
 a  Enlargement from figure 3 e . Bundles of labeled axons coursing 
laterally to the SI.  b ,  c  Insets from  a .  b  The compact bundles dis-
persed within the ventral portion of the SI. Terminals were rare, 
but passage axons also displayed numerous varicosities.  c  Dor-
sally, SI cells were loosely arranged, interstitial to the most ventral 
axons of the internal capsule. The two larger, chromatophilic neu-
rons (arrows) might represent dispersed Meynert’s neurons. Most 
of the labeled axons were fibers of passage, although to the lower 
right a sparse terminal field was also present.  d  Scattered terminals 

in the anterodorsal preoptic nucleus.  e  Very dense, homogenous 
terminal field in the lateral subnucleus of the medial preoptic nu-
cleus (to the left) and a substantial number of terminals in the me-
dial subnucleus. Few terminals were also present in the oligocel-
lular subependymal region.  f  This photograph is from the section 
shown at low magnification in figure 3 c . Substantial density of la-
beled terminals in the medial preoptic area. Towards the suprachi-
asmatic nucleus (lower part of the figure), the density of the field 
slightly diminished. Scale bar: 100 ( a ,  f ) and 50                � m ( b–e ).   
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  Projections to the Brainstem 
 Moderate projections from the MePD were traced to 

the rostral brainstem. The labeled axons ran through the 
caudalmost lateral hypothalamus in the groove between 
the medial border of the cerebral peduncle and the lat-
eral mammillary nucleus ( fig. 10 a), and entered the ven-
tral zone of the rostralmost ventral tegmental area 
( fig. 10 b). The labeled axons spread over the entire dopa-
minergic nuclear complex, but none of the innervated 
structures exhibited a substantial number of terminals. 
In the substantia nigra, axon terminals were seen in the 
pars lateralis ( fig. 10 c) and in the dorsal tier of the pars 
compacta ( fig. 10 d). In the ventral tegmental area, scat-
tered terminals were encountered in the paranigral, in-
terfascicular and rostral linear nuclei ( fig. 10 e–g). A loose 
bundle of labeled axons ran dorsally in the tegmentum 
and entered the lateral portion of the periaqueductal gray 
( fig. 11 a, b). The labeled terminals formed discrete patch-
es that almost reached the ependyma of the aqueduct 
( fig. 10 c). In the dorsal raphe nucleus, only very few ter-
minals were observed ( fig. 10 d). The results of the present 
investigation are summarized in  table 1 .

  Projections of the MGP 
 In both cases, BDA was successfully injected in the 

MGP. In one of the cases, the injection focus was very 
discrete ( fig. 12 a). It involved only a relatively small por-
tion of the MGP, and the tracer infiltrated the character-
istic neuropil network of the MGP leaving the corticofu-
gal axons unlabeled. Although only a small number of 
pallidal neurons were infiltrated, the efferent connec-
tions of the MGP were successfully traced. A dense ter-

minal field was observed in the ipsilateral lateral habenu-
lar nucleus ( fig. 12 b), ventromedial thalamic nucleus 
( fig. 12 c) and parafascicular nucleus ( fig. 12 d). A small 
number of axons was traced to the ipsilateral pedunculo-
pontine tegmental nucleus, mainly to its pars dissipata, 
associated with the axons of the decussating superior cer-
ebellar peduncle ( fig. 12 e). An unexpected finding was 
the presence of a fairly dense terminal field in the ipsilat-
eral red nucleus ( fig. 12 f).

  Discussion 

 Methodological Considerations 
 Two types of BDA are used as neuronal tracers: ‘light’ 

[3,000 kDa (BDA3k)] and ‘heavy’ [10,000 kDa (BDA10k)]. 
BDA3k is an excellent retrograde tracer but not the tracer 
of choice for anterograde tracing. On the other hand, 
BDA10k is highly recommended as an anterograde tracer, 
and it does yield some retrograde labeling [Reiner et al., 
2000, and references therein]. Other benefits of BDA10k 
are that it might be combined with established retrograde 
tracers, such as cholera toxin B and Fluoro-Gold [Coolen 
and Wood, 1998; Coolen et al., 1999; Lanciego et al., 2000], 
and that BDA tracing at ultrastructural level is also pos-
sible, in particular in combination with transmitter im-
munocytochemistry [Pickel et al., 1996; Reiner et al., 
2000; Miyashita et al., 2007]. We confirm that BDA10k 
might be the tracer of choice for anterograde tracing ex-
periments. The injection foci are selective and sharply lo-
calized, thereby making it possible to confine the injec-
tion to the region of interest and to study the topographic 

  Fig. 7.  Projections to the hypothalamus.  a  Terminal field in the 
VMH following a selective BDA injection in the MePD. Dense 
terminal fields were noted lateral and ventral to the VMH (‘cap-
sule’ of VMH: VMHcap) as well as in the ventrolateral subnucleus 
of the VMH (VMHVL). Slightly smaller condensation of termi-
nals in the central subnucleus (VMHC). Only a moderate number 
of labeled terminals was observed in the dorsomedial subnucleus 
(VMHDM).  b  Terminal field in the VMH following a selective 
injection in the MeA-MePD border. A very dense terminal field 
occupied the entire territory of the VMH.  c  Moderate, patchy la-
beling in the lateral hypothalamus.  d  Perifornical localization of 
labeled terminals in the posterior part of the lateral hypothala-
mus. f = Fornix.  e  Numerous terminals in tuber cinereum. The 
density of the field diminished towards the ventral brain surface. 
 f  Numerous terminals immediately dorsal to the supraoptic nu-
cleus (SO) containing only occasionally terminals in its periphery. 
Scale bar: 100 ( a, b   ) and 50                        � m ( c–f   ). 

  Fig. 8.  Projections to the hypothalamus.  a  A dense terminal field 
in the central portion of the anterior hypothalamus abutting the 
lateral border of the paraventricular hypothalamic nucleus, ven-
tral part, containing only occasionally terminals.  b  Section ap-
proximately 300                                      � m more caudal to the section shown in  a . To 
the left: a substantial number of terminals in the caudal portion 
of the anterior hypothalamus, adjacent to the paraventricular hy-
pothalamic nucleus.  c  Enlargement from  b . Few labeled axons 
entered the territory of the paraventricular hypothalamic nucle-
us, with scant terminal labeling.  d  Caudal hypothalamus. To the 
left: ventral premammillary nucleus; to the right: the caudal por-
tion of the arcuate nucleus, close to the third ventricle.  e  Enlarge-
ment from  d . Abundant terminals filled the neuropil of the ven-
tral premammillary nucleus.  f  Scant terminal labeling in both 
subdivisions of the arcuate nucleus. The distinct varicosities were 
connected by very thin intervaricose portions. Scale bar: 50 ( a–c , 
 e ,  f ) and 100  � m ( d ). 
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distribution of the axonal course and terminal fields. The 
possibility of a Nissl counterstaining enables both control 
of the selectivity of the injection and definition of the ter-
minal fields in cytoarchitectonically complicated regions, 
such as the BST. Due to marginal background staining, 
very fine details of the axon morphology could be studied. 
Especially in regions of sparse termination, one is able to 
follow the collateralization of the labeled axons and to 
characterize the synaptic terminals. Comparing our re-
sults with experiments using Fluoro-Gold, BDA10k is cer-
tainly not as effective as the retrograde tracer [Usunoff et 
al., 2006a, 2007b]. However, neuronal systems with very 
successful retrograde tracing were noticed in the present 
study. After discrete injection in the MGP, for example, a 
very large number of retrogradely labeled medium spiny 
neurons were observed in the neostriatum. The cells were 
labeled with a Golgi impregnation-like quality, and even 
the dendritic spines were visualized.

  Injection Foci 
 Two injections foci were located at the border of the 

MeA and MePD with diffusion of BDA into the anterior 
part of the MePD. Therefore, we also analyzed these two 
animals with MeA-MePD border injections. Interesting-
ly, we observed no obvious differences or trends in the 
detected efferents of MeA-MePD border injections with 
regard to the direct MePD injection. Furthermore, the ef-
ferents of the MeA-MePD border and the direct MePD 
injection performed in this study are in accordance with 
the literature. In the following, the MeA-MePD border 
and MePD efferents detected in this study are described. 
However, it should be kept in mind that an overlap of pro-
jections that stem from the MeA-MePD border and MePD 
cannot be excluded.

  Efferent Connections of the MePD 
 The current data indicate that the Me projections in 

the mouse are comparable to the data obtained in the rat 
[Canteras et al., 1995], hamster [Kevetter and Winans, 
1981; Gomez and Newman, 1992; Coolen and Wood, 
1998] and gerbil [Simmons and Yahr, 2002] ( table 1 ). Dif-
ferences exist with regard to the variable amount of effer-
ent terminals and, in some cases, with the topical distri-
bution of the projections, too.

  Intra-Amygdaloid Connections 
 The injection in the MePD was followed by intensive 

terminal labeling in the MePV and MeA, and in the latter 
also retrogradely labeled cells were observed. Very simi-
lar findings were seen in the figures of Canteras et al. 

[1995], and Coolen and Wood [1998]. Within the Am, we 
followed a moderate number of axons to the BSTIA, in-
tercalated nuclei, and central and basomedial nuclei, but 
axons entering the anterior Am and the cortical nuclei 
were only scantily labeled. Our mapping is comparable to 
the findings of Canteras et al. [1995]. Coolen and Wood 
[1998] encountered a profuse intra-amygdaloid innerva-
tion from the MeP, including the basolateral nucleus; in 
the latter, our findings were absolutely negative.

  Extra-Amygdaloid Connections 
 The extra-amygdaloid projections of the Me followed 

two routes: the stria terminalis and the ventral amygda-
lofugal pathway (ansa peduncularis). In the mouse, the 
stria terminalis ascended vertically and might be fol-
lowed on a single coronal section from its origin to the 
supracapsular part. The labeled Me axons were located in 
the medial part of the ascending stria. In the supracapsu-
lar stria terminalis, the compact bundle of labeled axons 
was located in its ventromedial part. This position cor-
responded exactly to the place where NADPH-diapho-
rase-positive axons of the stria terminalis were situated 
[Usunoff et al., 2006b: fig. 6b–d]. Also, in the Am, the 
largest number of NO-producing neurons was to be found 
in the Me [Pitkänen and Amaral, 1991; McDonald et al., 
1993; Paxinos et al., 1999; Usunoff et al., 2006b: fig. 4a, 
b]. Via the prethalamic descent of the stria terminalis, the 
labeled stem axons dispersed in numerous axons that 
formed dense terminal fields in various subdivisions of 
the BST: BSTMPL (most caudal), BSTMPM, BSTMPI, 
and most rostral (anterior commissure level), BSTMA 
and BSTMV. The lateral subdivisions of the BST were ap-

  Fig. 9.  Projections to the thalamus and epithalamus following in-
jection into the MePD ( a–f ) and the MeA-MePD border ( g ,  h ).
 a  To the left: lateral habenular nucleus (LHb); to the right: the 
medial habenular nucleus (MHb).  b  Enlargement from  a . Discrete 
terminals in the lateral habenular nucleus. Occasionally, labeled 
terminals were close to the border with the medial habenular nu-
cleus (arrows).  c  Moderate terminal labeling in the nucleus reuni-
ens (Re), ipsilateral to the injection.  d  In the same section, occa-
sionally labeled terminals were also present in the contralateral 
nucleus reuniens [single fibers (arrows) being visible in the mag-
nified region].  e  Scant terminal clusters in the rhomboid nucleus 
(Rh).  f  Occasionally, labeled axons in the interanteromedial nu-
cleus (IAM).  g  A small, but condensed terminal field in the lat-
eral portion of the lateral habenular nucleus.  h  Few labeled axons 
in the zona incerta (ZI). Scale bar: 50 ( a–f ,  h ) and 100              � m ( g ).                       
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parently not innervated by the Me. Recently, we followed 
BDA-labeled axons to these subdivisions following injec-
tion of the tracer in the medial subnucleus of the central 
amygdaloid nucleus in rats [Usunoff et al., 2007a], and 
our results were in agreement with the findings of Dong 
et al. [2001]. A very similar distribution of MePD axons 
within BST subdivisions was described in the rat [Can-
teras et al., 1995: fig. 6c–f; Dong et al., 2001: fig. 14a–h], 
hamster [Coolen and Wood, 1998: fig. 8a–d] and in the 
gerbil [Simmons and Yahr, 2002: fig. 7a–c] ( table 1 ). The 
reciprocal connection from the BST to the Me was first 
suggested by Swanson and Cowan [1976] and recently de-
scribed in detail by Wood and Swann [2005].

  Paxinos and others delineated a neuronal aggregation 
abutting the ventral aspect of the stria medullaris imme-
diately lateral to the perifornical portion of BSTMPL as a 
separate structure and named it ‘nucleus of stria medul-
laris’ both in the rat [Paxinos and Watson, 1998] and in 
the mouse [Paxinos and Franklin, 2001]. In all the present 
experiments, we found a dense field of labeled terminals 
in the nucleus of the stria medullaris. The stria medul-
laris also contained a considerable number of straight la-
beled axons that followed the stream of the bundle, and 
we traced them to the lateral habenular nucleus. Canter-
as et al. [1995] and Coolen and Wood [1998] also observed 
labeled axons in the stria medullaris, but their schematic 
drawings suggested that only very few and scattered Me 
axons traveled within this mighty bundle.

  We found no labeled axons in the dorsal (‘extrapyrami-
dal’) striatum, but a fair projection to both core and shell 
of the nucleus accumbens was evident. Canteras et al. 
[1995] labeled a sparse projection to the nucleus accum-
bens from the MeAD, but they followed MeAD and MePD 
axons to the fundus of the striatum, e.g. to the lateral ac-
cumbens shell, as delineated by Paxinos and Franklin 
[2001]. Coolen and Wood [1998] traced axons to the ven-
tromedial nucleus accumbens after injections in the MeA 
and MeP. Ventrally to the nucleus accumbens, we followed 
a moderate amount of labeled axons to the olfactory tu-
bercle. These axons surrounded the islands of Calleja, but 
only few terminals appeared in their neuropil. Similarly, 
medial from the nucleus accumbens, labeled axons sur-
rounded the major island (‘insula magna’ of Calleja). 
Again, only occasionally terminals were seen within the 
neurons of this structure. Our observations on the distri-
bution of Me axons in the olfactory tubercle were similar 
to the schematic drawings of Coolen and Wood [1998].

  We traced only a moderate projection from the Me to 
the septal nuclei. Discrete terminal fields were seen in the 
ventral portion of the lateral septal nucleus, and in the 

remaining zones of the lateral septal nucleus only very 
scant terminals were encountered. We found no projec-
tion to the medial septal nucleus. Canteras et al. [1995] 
were more successful. Also, from the MePD, they traced 
a substantial number of axons to the lateral septal nucle-
us, and only a few to the medial septal nucleus. On the 
other hand, we found a significant number of axons in 
the septofimbriate nucleus, running parallel to each oth-
er towards the triangular septal nucleus, with dispropor-
tionately few terminals, surrounding the labeled axons. 
Such a finding was not reported in previous studies on 
efferent Me projections.

  Grove [1988] investigated afferent SI connections by 
means of retrograde and anterograde tracing. She stated 
that the rostral two thirds of the Me sent axons to the 
ventral SI portions. We traced an appreciable number of 
axons to the SI also from the MePD, and the projection 
from the MePD was not negligible, in agreement with the 
observations of Canteras et al. [1995] and Coolen and 
Wood [1998]. It remains to be elucidated if the cholinergic 
neurons of the basal magnocellular nucleus of Meynert 
[the Ch4 group of Mesulam et al., 1983] are monosynap-
tically influenced by Me axons. Grove [1988] did not 
mention such a connection, and the matter was not fur-
ther discussed in anterograde tracing studies of Me pro-
jections. In our preparations, we observed large, hyper-
chromic neurons in the dorsal SI, adjacent to the internal 
capsule, that might well be Meynert’s neurons, but la-
beled Me terminals were not traced in close proximity.

  The significant connections of the Me with the me-
dial preoptic region have been reported repeatedly [Mara-
gos et al., 1989; Gomez and Newman, 1992; Canteras et 
al., 1995; Coolen and Wood, 1998; Heeb and Yahr, 2001; 
Simmons and Yahr, 2002]. Both regions have been impli-
cated in male sexual behavior, and their simultaneous ac-
tivation during ejaculation has been established [Baum 
and Everitt, 1992; Coolen et al., 1996, 1998; Parfitt and 
Newman, 1998; Veening and Coolen, 1998; Newman, 
1999; Heeb and Yahr, 2001]. In agreement with the tract-
tracing investigations quoted above, in all the present ex-
periments, we followed a large number of axons to the 
medial preoptic nucleus (lateral and medial subnuclei) 
and to the medial preoptic area. Notably, in quite a few 
regions, the number of labeled terminals was larger fol-
lowing MePD than MeA-MePD border injections. The 
afferent axons arrived as a voluminous, diffuse stream, 
the medial continuation of the stria terminals axons. We 
found no firm evidence that axons coursing within the 
ventral amygdalofugal pathway contributed terminals to 
the medial preoptic region.
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  Fig. 10.  Projections to the brainstem.  a  Mesodience-
phalic junction. A loose bundle of labeled axons in 
the caudalmost lateral hypothalamus descended to-
wards the brainstem.  b  The labeled axons dispersed 
in the rostralmost ventral tegmental area (VTA). 
Scant terminal labeling in the substantia nigra pars 
lateralis (SNL;  c ), substantia nigra pars compacta, 
dorsal tier (SNCD;  d ), interfascicular nucleus (IF;  e ), 
paranigral nucleus (PN;  f ) and rostral linear nucleus 
(RLi;  g ). Scale bar: 100 ( a ,  b ) and 50                        � m ( c–g ).                       
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rection their number increased significantly and the 
dense terminal field reached the ventrolateral border of 
the paraventricular hypothalamic nucleus. According to 
the present results, both neurosecretory hypothalamic 

  Many structures of the hypothalamus were occupied 
by labeled axons and terminals but to a variable extent. 
The anterior hypothalamus contained a moderate num-
ber of regularly dispersed axons, but in dorsocaudal di-

Region Abbrev. Case 1 Case 2 Case 3 d Rat Hamster Gerbil

Telencephalon
Amygdala

Anterior nucleus AA 1 1 0 1 1 1 1
Basolateral nucleus BL 0 0 0 0 0
Basomedial nucleus BM 1 1 2 1 1 2 2
Central nucleus Ce 2 2 3 2 1 3 1
Cortical nuclei Co 1 1 2 1 3 2 3
Intercalated nuclei I 2 3 3 3 3 2
Intra-amygdaloid bed nucleus of the stria terminalis BSTIA 2 1 3 2 3
Medial nucleus, anterior part MeA 3 2 1 2 1 3 
Medial nucleus, posteroventral part MePV 3 3 2 3 3
Nucleus of the lateral olfactory tract LOT 0 1 1 1 0 2

Bed nucleus of the stria terminalis
Lateral division BSTL 0 1 0 0 0
Medial division, anterior part BSTMA 2 2 2 2 3 2 2
Medial division, posterointermediate part BSTMPI 2 3 2 2 1 0 3
Medial division, posterolateral part, perifornical sector BSTMPLps 3 2 1 2 1
Medial division, posterolateral part, anterior sector BSTMPLas 0 0 1 0 1
Medial division, ventral part BSTMV 2 3 2 2 2 1

Diagonal band nuclei VDB, HDB 0 0 0 0 0 1
Islands of Calleja ICj 1 1 2 1
Nucleus of the stria medullaris SM 3 2 3 3
Olfactory tubercle Tu 0 1

Deep layer TuOpo 2 2 2 2
Superficial layers TuOd, TuOp 1 1 2 1

Preoptic area 2
Anterodorsal preoptic nucleus ADP 1 0 2 1
Lateral preoptic area LPO 0 1 0 0
Magnocellular preoptic nucleus MCPO 0 0 1 0
Medial preoptic area MPA 3 2 2 2 2
Medial preoptic nucleus, lateral part MPOL 3 2 3 3 3
Medial preoptic nucleus, medial part MPOC 3 2 3 3 3

Septum 1
Lateral septal nucleus, dorsal part LSD 0 0 0 0 0
Lateral septal nucleus, intermediate part LSI 1 1 1 1 0
Lateral septal nucleus, ventral part LSV 2 3 3 3 3
Septofimbriate nucleus, axons of passage SFi 1 2 2 2
Triangular septal nucleus TS 1 0 1 1

Striatum
Dorsal striatum CPu 0 0 1 0 0
Nucleus accumbens, core AcbC 1 0 0 0 1
Nucleus accumbens, shell AcbSh 2 1 2 2 0

Substantia innominata 1 0
Dorsal, axons of passage SID 1 1 1 1
Ventral SIV 3 2 2 2 1

Table 1. Relative and mean densities (d) of anterograde labeling in the mouse brain produced by BDA injection in the MeA-MePD 
border (cases 1 and 2) and in the MePD (case 3)

Mean densities are documented in serial sections in figure 13.
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nuclei received only a very scant innervation from the 
Me. From all Me injection foci, we followed a dense bun-
dle, coursing immediately dorsal to the supraoptic nucle-
us, and in this region also a terminal field was regularly 
observed. However, hardly any Me axon entered the su-
praoptic nucleus. Only a limited number of labeled axons 
was charted on the drawings of Canteras et al. [1995], and 
Coolen and Wood [1998], but in the figures published by 
Simmons and Yahr [2002], the MePD in gerbils sent an 

appreciable number of axons within the supraoptic nucle-
us. We found a slightly more significant number of ter-
minals in the paraventricular hypothalamic nucleus. 
Tanaka et al. [1997] investigated nitric oxide-producing 
neurons in the Am projecting to the paraventricular nu-
cleus. They found out that approximately 40% of the 
 neurons projecting to the paraventricular nucleus were 
nitrergic cells and 16% of NADPH-diaphorase-positive 
neurons in the Me projected to the paraventricular nu-

Table 1 (continued)

Region Abbrev. Case 1 Case 2 Case 3 d Rat Hamster Gerbil

Diencephalon
Epithalamus

Lateral habenular nucleus, lateral part LHbL 2 1 2 2 0
Lateral habenular nucleus, medial part LHbM 1 2 3 2 0
Medial habenular nucleus MHb 0 0 0 0 0

Hypothalamus
Anterior hypothalamic area, anterior part AHA 1 0 1 1 3 1 1
Anterior hypothalamic area, central part AHC 3 2 1 2 3 1
Anterior hypothalamic area, posterior part AHP 2 2 2 2 2
Arcuate nucleus Arc 1 1 1 1 1 1 1
Lateral hypothalamic area LH 2 3 2 2 0 1
Paraventricular hypothalamic nucleus Pa 1 2 1 1 1 1
Supraoptic nucleus So 0 1 2 1 1
Tuber cinereum area TC 3 2 2 2 1
Ventral premammillary nucleus PMV 3 2 1 2 1 1
Ventromedial hypothalamic nucleus, capsule VMHCa 3 2 2 2 1 2
Ventromedial hypothalamic nucleus, central part VMHC 2 1 1 1 1 0
Ventromedial hypothalamic nucleus, dorsomedial part VMHDM 1 0 0 0
Ventromedial hypothalamic nucleus, ventrolateral part VMHVL 3 3 3 3 3 2

Thalamus 1 0
Interanteromedial nucleus IAM 1 1 0 1
Nucleus reuniens, ipsilateral Re 2 1 2 2
Nucleus reuniens, contralateral Re 1 0 1 1
Rhomboid nucleus Rh 1 2 2 2
Remaining thalamic nuclei 0 0 0 0

Mesencephalon
Dorsal raphe nucleus DR 1 1 1 1
Interfascicular nucleus IF 1 0 1 1
Periaqueductal gray, lateral part, axons of passage PAG 1 2 3 2 1
Paranigral nucleus PN 1 0 1 1
Rostral linear nucleus of the raphe RLi 1 1 1 1
Substantia nigra, pars compacta, dorsal tier SNCD 1 0 1 1
Substantia nigra, pars compacta, ventral tier SNCV 0 0 0 0
Substantia nigra, pars lateralis SNL 1 1 1 1
Substantia nigra, pars reticulata SNR 0 1 0 0

The three columns rat [Canteras et al., 1995], hamster [Kevet-
ter and Winans, 1981; Gomez and Newman, 1992; Coolen and 
Wood, 1998] and gerbil [Simmons and Yahr, 2002] summarize the 
findings in the publications listed below. Some authors used oth-
er nomenclatures or described structures which were not labeled 

in our work or described only supernuclei like the thalamus or 
very fine subregions of subnuclei which were not used for com-
parison in this table. Therefore, not all structures observed by us 
can be consistently compared. 0 = Absence of labeling; 1 = light 
labeling; 2 = moderate labeling; 3 = dense labeling.
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a b
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  Fig. 11.  Projections to the brainstem.  a  Few labeled axons crossed 
the deep white layer of the superior colliculus (DpWh) and en-
tered the lateral zone of the periaqueductal gray (LPAG), sparsely 
collateralizing.  b  Labeled axons in the lateral (densocellular) por-
tion of the lateral zone of the periaqueductal gray.  c  The terminal 
labeling reached the subependymal, oligocellular zone of the peri-
aqueductal gray. The synaptic boutons were small, and intervari-
cose portions were hardly detectable. Aq = Cerebral aqueduct.
 d  Very sparse labeling in the ventromedian portion of the dorsal 
raphe nucleus, wedged between the medial longitudinal fasciculi 
(mlf).  e ,  f  Enlargements from  d . The labeled boutons of variable 
dimensions (arrows) were connected with very thin intervaricose 
portions. Scale bar: 50 ( a–d ) and 25                          � m ( e ,  f ).                     

  Fig. 12.  Projections of the MGP.  a  Discrete injection focus in the 
MGP. The low amount of selectively injected BDA labels the net-
work of the MGP neuropil, interstitial to the unlabeled axons of the 
internal capsule. Ce = Central amygdaloid nucleus; st = stria termi-
nalis; opt = optic tract; LH = lateral hypothalamic area.  b  Despite 
the small number of labeled MGP neurons, there was a profuse ter-
minal field in the lateral part of the lateral habenular nucleus

(cf. figure 9 a ,  g ).  c  Labeled axons in the ventromedial thalamic nu-
cleus.  d  Homogenous but substantial terminal labeling in the para-
fascicular thalamic nucleus, lateral to the fasciculus retroflexus of 
Meynert (fr).  e  Few labeled axons in the pars dissipata of the pedun-
culopontine tegmental nucleus, associated with the axons of the 
decussating superior cerebellar peduncle.  f  Distinct terminal field 
in the red nucleus. Scale bar: 200 ( a ), 100 ( b ) and 50                      � m ( c–f ).                       

  11  
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1.98 mm 1.18 mm 0.50 mm –0.34 mm –1.06 mm

–1.22 mm–0.46 mm0.38 mm1.10 mm1.78 mm

–1.34 mm–0.58 mm0.26 mm0.98 mm1.70 mm

–1.46 mm–0.70 mm0.14 mm0.86 mm1.54  mm

–1.58 mm–0.82 mm–0.10 mm0.74 mm1.42  mm

–1.70 mm–0.94 mm–0.22 mm0.62 mm

1(light) 2(moderate) 3(dense)

1.34  mm
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–1.82 mm –2.54 mm –3.28 mm –4.04 mm

–1.94 mm –2.70 mm –3.40 mm –4.16 mm

–2.06 mm –2.70 mm –3.52 mm

–2.18 mm –2.92 mm –3.64 mm

–2.30 mm –3.08 mm –3.80 mm

–2.46 mm –3.16 mm –3.88 mm

–4.24 mm

1(light) 2(moderate) 3(dense)

  Fig. 13.  Survey of labeling densities of all terminals 
from AP 1.98 mm to AP –4.42 mm (Paxinos mouse 
brain coordinates) of a mouse brain atlas based on a 
contiguous and complete histologically sectioned 
C57BL/6J mouse brain (body weight: 20 g). The mean 
labeling densities 1, 2 and 3 of  table 1  were color cod-
ed (blue, green and red, respectively).                                                                   



 Usunoff   /Schmitt   /Itzev   /Haas   /Lazarov   /
Rolfs   /Wree   

Cells Tissues Organs 26

cleus. We partially agree with Tanaka et al. [1997]. The 
nitrergic nature of the Me neurons, as well as their effer-
ent nature, was discussed above. However, the present 
data do not suggest a significant projection from the Me 
to the paraventricular hypothalamic nucleus. Moreover, 
many neurons of this nucleus produced nitric oxide 
[Yamada et al., 1996; Paxinos et al., 1999: fig. 172 and 
179], therefore a further extrinsic nitrergic input would 
hardly provide an additional influence upon the synaptic 
events in the paraventricular hypothalamic nucleus.

  The data on the VMH innervation by the MeP are 
somewhat controversial. Gomez and Newman [1992] 
postulated that the MeA projected to the core of the ven-
tromedial nucleus, and the MeP to its shell (or capsule). 
According to Canteras et al. [1995], the MeAD heavily in-
nervated the entire VMH, the MePV its central and dor-
somedial part, while the MePD supplied, though rather 
sparsely, only the ventrolateral part. Coolen and Wood 
[1998] demonstrated a profuse input from the MePD to 
the ventrolateral part but also a moderate input to the re-
maining portions of the ventromedial nucleus. Finally, 
Simmons and Yahr [2002] encountered a sharply delin-
eated terminal field in the ventrolateral part following 
injections in the MePD. In agreement with all above-
quoted investigations, in the present data, the mouse 
MeA emitted a mighty projection to the entire VMH. 
Concerning the MePD, our data were largely comparable 
with the results of Coolen and Wood [1998]. By the MePD 
injection, the ventral and lateral borders of the VMH 
were surrounded by a dense terminal field [apparently 
the shell; Gomez and Newman, 1992], but the latter field 
was continuous with the field in the ventrolateral part of 
the VMH. Further, a moderate number of terminals was 
present in the central part, and even the dorsomedial sub-
nucleus contained few terminals.

  In the present study, the descending fibers of the for-
nix were surrounded by labeled axons and terminals, and 
on the whole fields were dense in the cases with MeA in-
jections. The findings in the rat were similar [Canteras et 
al., 1995]. In the Syrian hamster, the labeled Me axons 
were distributed mainly ventrally and medially to the for-
nix [Coolen and Wood, 1998], and in the gerbil Simmons 
and Yahr [2002] traced from the MePD a moderate num-
ber of axons, surrounding the lateral aspect of the fornix. 
In the last decade, the discovery of hypocretin/orexin-
containing neurons in the hypothalamus ensued in-
creased attention in the perifornical region [de Lecea et 
al., 1998; Sakurai et al., 1998]. Surprisingly, this small 
neuronal population projected to multiple regions 
throughout the CNS [Peyron et al., 1998; Nambu et al., 

1999; van den Pol, 1999; Mintz et al., 2001; Baldo et al., 
2003; Stoyanova and Lazarov, 2005], including the Am 
and BST. Probably, the most important function of hypo-
cretin/orexin is concerned with ‘arousal systems’ [Jones, 
2003; Saper et al., 2005; Ohno and Sakurai, 2008]. The 
excitatory action of hypocretin/orexin on Am neurons 
was established by Bisetti et al. [2006]; recently, Mus-
champ et al. [2007] stressed the involvement of hypocre-
tin/orexin in male sexual behavior.

  In agreement with previous reports, we traced a very 
substantial projection to the ventral premammillary nu-
cleus from the MePD and slightly less from the MeA-
MePD border. In our opinion, the comparatively few par-
ent afferent axons from the MePD gave rise to numerous 
terminal branches, since the density of the terminal field 
in the ventral premammillary nucleus was comparable to 
the profuse terminations in the BST, VMH and in the 
medial preoptic nucleus. The connection from the MePD 
to the ventral premammillary nucleus represented a sig-
nificant element of the neuronal network associated with 
sexual behavior, since its ascending projections reached 
several structures of the sexually dimorphic circuit [Can-
teras et al., 1992]. We encountered also a minute projec-
tion to both subnuclei of the arcuate nucleus. The few 
terminals were connected with extremely thin intervari-
cose portions. This projection was also characterized as 
modest in previous tracing studies, although the draw-
ings in Coolen and Wood [1998] and in Simmons and 
Yahr [2002] suggested a rather substantial projection.

  Unlike the broad, diverse and often extremely dense 
innervation of the BST subdivisions, medial preoptic re-
gion and of the hypothalamus, the present study evi-
denced a very scant thalamic innervation, especially by 
the restricted injection in the MePD. The only more sig-
nificant target was the lateral habenular nucleus within 
the epithalamus. Following MeA-MePD border injec-
tions, the terminal field was comparable to this after 
MGP injection. MePD axons were followed mainly to the 
lateral subnucleus of the lateral habenular nucleus [Paxi-
nos and Franklin, 2001]; in the medial subnucleus, only 
scant terminals were present, sometimes close to the 
densely packed neurons of the medial habenular nucleus. 
Within the latter, no terminals were observed by us 
though Coolen and Wood [1998] traced few fibers to the 
medial habenular nucleus, from both the MeA and MeP. 
Also, Canteras et al. [1995] traced substantial tracts from 
the MeAD to the nucleus reuniens and to the paraven-
tricular thalamic nucleus, and moderate connections to 
the zona incerta, parataenial nucleus and mediodorsal 
nucleus, whilst the data for the MePD were nearly nega-
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tive. McKenna and Vertes [2004] examined the afferent 
connections of the nucleus reuniens and found that a 
more significant input from Me reached only its rostro-
lateral part. Also, in this part of the nucleus reuniens, we 
found only few terminals. We were also not able to trace 
axons to the mediodorsal thalamic nucleus in the cases 
with MeA-MePD border injections.

  We traced moderate projections to several dopaminer-
gic groups in the hypothalamus and midbrain [Dahlström 
and Fuxe, 1964; van den Pol et al., 1984]: the posterior part 
of the anterodorsal preoptic nucleus (group A14), the ar-
cuate nucleus (group A12), the ventral tegmental area 
(group A10) and the substantia nigra (group A9) present-
ed Me axons, but none of the targets exhibited a substan-
tial number of labeled terminals. Notably, mainly the me-
solimbic dopaminergic system was included: the rostral 
linear, interfascicular and paranigral nucleus [for subdi-
visions of the ventral tegmental area, see Halliday and 
Törk, 1986; Paxinos and Franklin, 2001]. In the substantia 
nigra, only the dorsal tier of the pars compacta (with neu-
rons projecting to the limbic forebrain) and the pars late-
ralis was sparsely innervated, but not the ventral tier of 
the pars compacta (containing the nigrostriatal neurons). 
Except for the arcuate nucleus, in previous investigations, 
innervation of the dopaminergic nuclei was weak. We 
found a sparse but morphologically very impressive in-
nervation of the lateral portion of the periaqueductal gray, 
with individually labeled axons almost reaching the epen-
dyma of the aqueduct. Only occasionally, terminals were 
noted in the dorsal raphe nucleus. In all probability, the 
major serotoninergic structure of the CNS had only very 
limited interconnections with the Me, since Vertes [1991] 
found no efferent dorsal raphe axons reaching the Me, and 
we observed only scant retrograde labeling in the dorsal 
raphe nucleus following voluminous Fluoro-Gold injec-
tions in the Me of rats [Usunoff et al., 2006a].

  Efferent Connections of the MGP 
 The discrete injection in the MGP labeled only a lim-

ited number of its neurons. However, the MGP efferent 
projections were successfully traced and, with the excep-
tion of a large number of terminals in the lateral habenu-
lar nucleus, were entirely different from the pathways 
traced after the single MePD injection and the two MeA-
MePD border injections. All firmly established projec-
tions of the MGP were evident: to the thalamic ventrome-
dial and parafascicular nuclei and to the pedunculopon-
tine tegmental nucleus. Parent et al. [2001] pointed out 
that in primates the lateral habenular nucleus was the 
most densely innervated pallidal target, in agreement 

with our data in the mouse brain. An unexpected finding 
was the terminal field in the ipsilateral red nucleus. The 
existence of a pallidorubral connection was often promul-
gated in the classical literature [for comprehensive re-
views, see Knook, 1965; Nauta and Mehler, 1966]. Nauta 
and Mehler [1966] were the first to question the existence 
of such a connection. In recent reviews [Parent, 1986; 
Heimer et al., 1995; Parent, 1996; Bolam et al., 2000; Haber 
and Gdowski, 2004] and in the investigations of efferent 
projections of the MGP [Hay-Schmidt and Mikkelsen, 
1992; Kha et al., 2000; Parent et al., 2001; Parent and Par-
ent, 2004], the red nucleus was not mentioned as a target 
of pallidal axons. It is implausible that our findings are 
artificial, e.g. due to anterograde labeling of corticorubral 
axons. One might exclude this possibility already by the 
observation of the injection focus, with the labeled MGP 
neurons and neuropil pierced by the pale, unlabeled ax-
ons of the internal capsule. Moreover, although a minimal 
involvement of corticofugal axons ultimately results in 
terminal labeling in the pontine nuclei, this was not ob-
served in our experiment. Following the submission of 
this article, the paper of Pong et al. [2008] appeared. These 
authors traced BDA-labeled axons from the entopedun-
cular nucleus to the red nucleus in the cat. Thus, the palli-
dorubral connection is described in both rodents and car-
nivores. This connection might be a significant compo-
nent of a multineuronal chain connecting the basal 
ganglia with the lower brainstem and spinal cord.

  Conclusion 

 The MePD in the mouse emitted broadly distributed 
projections to various structures of the forebrain, and 
only moderate projections to the rostral brainstem. The 
most significant tracts were destined to the BST, in which 
practically all parts of the medial division were innervat-
ed by MePD neurons. Moderate projections were evident 
to the limbic striatum (nucleus accumbens), olfactory tu-
bercle and the lateral septal nucleus. The SI was also in-
nervated by the MePD, and the projection to its ventral 
portion was substantial. The profuse innervation of the 
medial preoptic nucleus and medial preoptic area indi-
cated significant involvement of the MePD in sexual be-
havior. The dependence of the MePD volume and cell size 
on circulating gonadal hormones in rats [Cooke et al., 
1999; Hermela et al., 2006] and mice [Morrisa et al., 2008] 
was emphasized, however, changes in the axon density 
were not reported in these studies. Furthermore, many 
hypothalamic nuclei were innervated but to a different 
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extent. The very strong innervation of the ventral pre-
mammillary nucleus further indicated the involvement 
of the MePD in the neuronal circuitry for sexual behavior. 
Substantial projections also reached the anterior hypo-
thalamus and tuber cinereum, while the connection to 
the lateral hypothalamus was widespread but with mod-
erate density. MePD strongly innervated the ventrolateral 
VMH subnucleus, but in other subnuclei terminals were 
also present. Only a small number of axons entered the 
arcuate nucleus and the neurosecretory hypothalamic 
nuclei. The thalamic innervation was sparse and reached 
the epithalamic lateral habenular nucleus and the nuclei 
of the midline. The mesencephalic connections were 

scant and reached the limbic dopaminergic groups, the 
periaqueductal gray and the dorsal raphe nucleus. The 
present results were comparable to available data on oth-
er rodent species, although MePD efferents often differed 
in extent and/or topical distribution.
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