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The goal of the present study was to identify the projection from the subdivisions of the
amygdaloid nuclear complex to specified subregions of the dorsal raphe (DR) nucleus and to
attempt to compare the density of amygdaloid input to the DRwith that of inputs from other
limbic structures. Use of a retrograde tracer, gold-conjugated and inactivated wheatgerm
agglutinin-horseradish peroxidase (WGA-apo-HRP-gold), demonstrated that amygdaloid
input to midline DR subdivision originates mainly from the medial portion of the medial
amygdaloid nucleus, whereas that to lateral wing subdivision derives from the region
extending from the lateral portion of the medial amygdaloid nucleus to the commissural
stria terminalis. Use of the retrograde tracer Fluorogold (FG) produced relatively large but
circumscribed injection sites comprising midline DR as well as portions of lateral wing
subdivision and confirmed that the medial amygdaloid nucleus provides the major input to
the DR. We also demonstrated that although amygdaloid input was not as extensive as
inputs from other limbic structures such as the medial prefrontal cortex or the lateral
habenular nucleus, it was comparable to input from the lateral septal nucleus. Based on
these observations, we suggest that the medial amygdaloid nucleus provides substantial
input to the DR and may contribute an emotional influence on sleep–wakefulness cycle or
pain–stress modulation. Furthermore, it seems that the medial amygdaloid–DR projection
might be anatomically and functionally distinct from the well-characterized central
amygdaloid–periaqeductal gray (PAG) circuit which is essential for conditioned fear.
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1. Introduction

The amygdaloid nuclear complex is an almond-shaped brain
region lying between the external capsule and the hypotha-
lamus. It is divided into two main nuclear masses: (1) a
centromedial nuclear group and (2) a corticobasal group. It is
well known that the central amygdaloid nucleus within the
former group projects to a variety of brainstem targets that
.S. Lee).
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mediate specific signs of fear and anxiety (Davis, 1994). The
central and medial nuclei within the same group receive, in
return, serotonergic or noradrenergic innervation from the
dorsal raphe (DR) or the locus coeruleus (LC) (Amaral and
Insausti, 1992; Sadikot and Parent, 1990).

The DR is reciprocally connected to several limbic struc-
tures (Koehler and Steinbusch, 1982; Peyron et al., 1998) and
changes in serotonin (5-hydroxytryptamine, 5-HT) function
.
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are closely associated with emotional behaviors (Blier and de
Montigny, 1994; Pineyro and Blier, 1999). For example, the
medial prefrontal cortex, whose dysfunction is closely asso-
ciated with affective disorders such as schizophrenia and
depressive illnesses, provides extensive input to the DR (Hajos
et al., 1998; Lee et al., 2003). The lateral habenular nucleus as
well as the lateral septal nucleus also contributes massive
input to the DR (Peyron et al., 1998). Differential roles for
various limbic structures including the hippocampus, the
amygdala, and the DR in regulating feeding, memory reten-
tion, and anxiety have been reported (Carlini et al., 2004).
Recent anatomical and electrophysiological studies reported
that the stress-related neuropeptide corticotrophin-releasing
factor (CRF) modulates the activity of serotonergic neurons in
the rat DR and that the central amygdaloid nucleus contains
numerous CRF-immunoreactive neurons (Lowry et al., 2000;
Valentino et al., 2001; van Bockstaele et al., 1998). Although
morphological studies have provided evidence that CRF-
containing amygdaloid neurons target LC dendrites (van
Bockstaele et al., 1998), the projection from the amygdaloid
complex to the DR has not been studied extensively (Peyron
et al., 1998).

One of the goals of the present study was to determine
which nuclear group within the amygdaloid complex provides
Fig. 1 – WGA-apo-HRP-gold was injected within the midline DR (
ventromedial (DRvm) subdivisions of the nucleus or unilaterally
(C, R106; D, R127). Note that the injection in A is displaced latera
define the boundaries of the nucleus. Aq, cerebral aqueduct; arro
Scale bar=200 μm.
the major input to the DR. Since sub-regions of the
amygdaloid nuclear complex have been functionally differ-
entiated, the projection pattern from these areas to each DR
subdivision could ascribe functional roles to specified
components of the amygdaloid–DR projection. A second
goal was to determine if the amygdaloid nuclear complex
provides as massive an input to the DR as other limbic
structures such as the medial prefrontal cortex or the lateral
habenular nucleus. We employed two retrograde tracers,
gold-conjugated and inactivated wheatgerm agglutinin-
horseradish peroxidase (WGA-apo-HRP-gold, WG) and Fluor-
ogold (FG), in order to investigate the distribution and the
density of projections from the amygdaloid nuclear complex
to subdivisions of the DR in the rat.
2. Results

In the first series of experiments, a retrograde tracer, WGA-
apo-HRP-gold (WG), was injected into each DR subdivision
(Fig. 1). Although injections of variable size within a specific
DR subdivision have exhibited corresponding variation in the
number of retrogradely labeled cells in the amygdaloid
nuclear complex, only the cases with a confined injection
A, R119; and B, R123) including both dorsomedial (DRdm) and
into the lateral wing (DRlw) subdivision of the nucleus
lly. Immunostaining reveals clusters of 5-HT cells that help
wheads, midline; mlf, medial longitudinal fasciculus;



Fig. 2 – Following unilateral WG injection into midline
(A, R119) or lateral wing (B, R127) subregions of DR, the
location of retrogradely-labeled cells was plotted on a
rostro-caudal series (C, sections 1–4) of ipsilateral
amygdaloid sections. Each asterisk or open circle represents
one retrogradely-labeled cell body. Arrowheads, external
capsule; BL, basolateral nucleus; BM, basomedial nucleus;
Ce, central nucleus; Co, cortical amygdaloid nucleus; cst,
commissural stria terminalis; ec, external capsule; f, fornix;
ic, internal capsule; LH, lateral hypothalamus; Me, medial
amygdaloid nucleus; opt, optic tract; st, stria terminalis.
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within each DR subdivision (medio-lateral dimension, 200 μm)
based on 5-HT immunostaining were utilized in the present
analysis. Midline injection was made either unilaterally (Fig.
1A, R119) or in the median plane (Fig. 1B, R123) at rostral,
intermediate, and caudal DR levels. The tracer was also
injected into the lateral wing subdivision (Fig. 1C, R106;
Fig. 1D, R127) at intermediate levels of the DR.

Individual cases representing midline (Fig. 2A, R119) or
lateral wing (Fig. 2B, R127) injections are depicted to show the
distribution of retrogradely labeled cells along the rostro-
caudal extent of amygdaloid nuclear complex (Fig. 2C, sections
1–4). The labeled cells at the ipsilateral amygdaloid nuclear
complex were predominant, while ones at the contralateral
side were meager. For midline injections, the majority of
labeled cells were located in the medial portion of the medial
amygdaloid nucleus (Fig. 2C, asterisks). On the other hand, for
lateral wing injections, labeled neurons were observed at the
region extending from the lateral portion of the medial
amygdaloid nucleus to the commissural stria terminalis
(Fig. 2C, open circles). Labeling at other regions of the amygdala
including basomedial, basolateral, and cortical nuclei was
minimal both for midline and for lateral wing injections.

An example of retrogradely-labeled neurons in the amyg-
daloid nuclear complex following WG injection into midline
(Figs. 3A–C, R119) or lateral wing DR (Figs. 3D–F, R127) is
depicted in Fig. 3. As described, the majority of labeled cells
were mainly located in the medial amygdaloid nucleus (Figs.
3A–C) following midline DR injection (R119) and in the region
extending from the lateral portion of the medial amygdaloid
nucleus to the commissural stria terminalis (Figs. 3D–F)
following lateral wing injection (R127).

The number of retrogradely labeled neurons within each
amygdaloid nucleus was collected from 7–9 amygdaloid
sections for various injection cases (Table 1). Following mid-
line injection at the intermediate level of DR, the majority of
labeled cells was observed at the medial portion of the medial
amygdaloid nucleus, while only a few cells were found at
other regions including central, basomedial, basolateral, and
cortical nuclei (Table 1, R119, R120, R122, R123, R125, and
R126). Following the tracer injection in the lateral wing
subdivision, the majority of labeled neurons was observed
at the lateral portion of the medial amygdaloid nucleus as
well as the region surrounding the commissural stria
terminalis within the central amygdaloid nucleus (Table 1,
R106, R108, R109, R127, R124, and R130). Injection at caudal
midline of DR produced a pattern of labeling similar to
intermediate midline injection cases, although the number of
labeled cells in the former cases was less than that in the
latter (Table 1, R114, R111, R113, R128, R112, and R118). The
total number of labeled cells following tracer injection in the
rostral midline was extremely limited (Table 1, R103, R104,
R105, R115, R107, and R110).

In the second series of experiments, a retrograde tracer,
Fluorogold, was injected into the midline DR. Iontophoretic
injection of FG produced a relatively large, but confined
(mediolateral dimension, 800 μm) injection site, which
involved the dorsomedial and ventromedial regions of the
midline DR as well as portions of lateral wing subdivision
(Fig. 4A, R129). Although the tracer is taken up by axon
terminals (Fig. 4A; inset, open arrows) and transported to the
afferent sites, the extent of the injectionwas delineated by the
cluster of FG-immunostained somata (Fig. 4A; inset, asterisks).
The retrogradely labeled neurons were observed at several



Fig. 3 – The majority of retrogradely-labeled cells were observed at the medial portion of the medial amygdaloid nucleus
following midline DR injection (A–C, R119), whereas neurons were observed in the region extending from the lateral portion of
the medial amygdaloid nucleus to the commissural stria terminalis following lateral wing injection (D–F, R127). B/C and
E/F represent higher magnification views of WG-labeled neurons (curved, open arrows) in A and D, respectively. Ce, central
amygdaloid nucleus; cst, commissural stria terminalis; Me, medial amygdaloid nucleus; opt, optic tract. Scale bars in A and D
represent 50 μm, whereas those in B, C, E, and F signify 10 μm.
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limbic structures including the medial prefrontal cortex (Fig.
4B), the lateral habenular nucleus (Fig. 4C), and the lateral
septal nucleus (Fig. 4D). The positive immunostaining at these
afferent sites was distinct from the surrounding regionswhich
exhibited none of the neuronal labeling (Figs. 4B–D).

An example of retrogradely-labeled neurons within the
amygdaloid nuclear complex following FG injection into the
midline DR is depicted in Fig. 5. The majority of FG-labeled
cells were observed at rostral (Figs. 5A–C, R129) and inter-
mediate (Figs. 5D–F, R134) levels of the medial amygdaloid
nucleus. Higher magnification views of multipolar neurons
often exhibited distinct dendritic morphology, which
extended up to 100 μm from the somata (Figs. 5C and F).

The total number of retrogradely labeled neurons in the
medial amygdaloid nucleus following FG injection (Table 2)
was larger than that of neurons following WG injection (Table
1); probably due to the more extensive injection site observed
with FG. Thus, the number of retrogradely-labeled cells within
the medial amygdaloid nucleus in the former cases was
compared with that of labeled neurons located at several
limbic structures such as the medial prefrontal cortex, the
lateral habenular nucleus, and the lateral septal nucleus
(Table 2). The total number of labeled cells in the medial
amygdaloid nucleus was approximately one-fourth to one-
fifth of that observed in the medial prefrontal cortex or in the
lateral habenular nucleus, while it was a little less, but
comparable to that of neurons in the lateral septal nucleus
(Table 2).
3. Discussion

Based on WGA-apo-HRP-gold tracing, we demonstrated that
the input to the midline subdivision of the DR originated
mainly from the medial portion of the medial amygdaloid
nucleus, whereas that to the lateral wings derived from the
lateral portion of themedial amygdaloid nucleus aswell as the
region surrounding the commissural stria terminalis within
the central amygdaloid nucleus (see summary diagram—Fig.
6); the labeling was predominantly ipsilateral with only a few
cells at the contralateral side. Tracing with Fluorogold
confirmed that relative to other subdivisions of the amygda-
loid nuclear complex, the medial amygdaloid nucleus pro-
vided the major input to the DR. We also demonstrated that
although amygdaloid input was not as extensive as inputs
from other limbic structures such as the medial prefrontal
cortex or the lateral habenular nucleus, it was comparable to
input from the lateral septal nucleus.



Table 1 – Retrogradely-labeled cells were observed at various regions of the amygdaloid nuclear complex following WGA-
apo-HRP-gold injection into each subdivision of the dorsal raphe nucleus

DR injection sites Cases (sex) Distribution of labeled cells at each amygdaloid nucleus

Medial Central Basomedial Basolateral Cortical

Intermediate midline R119 (♂) 25 5 3 2 2
R120 (♂) 35 6 4 1 0
R122 (♂) 19 3 2 1 1
R123 (♀) 22 4 2 0 0
R125 (♀) 14 3 3 1 1
R126 (♀) 18 5 2 0 1

Lateral wing R106 (♂) 13 8 0 1 0
R108 (♂) 15 10 1 0 0
R109 (♂) 18 12 2 1 2
R127 (♀) 15 9 1 2 0
R124 (♀) 20 11 2 0 1
R130 (♀) 17 10 2 1 1

Caudal midline R114 (♂) 11 2 2 0 1
R111 (♂) 9 3 1 0 0
R113 (♂) 7 3 0 1 0
R128 (♀) 10 3 0 2 2
R112 (♀) 8 2 1 0 0
R118 (♀) 9 4 0 1 0

Rostral midline R103 (♂) 2 1 1 0 1
R104 (♂) 3 0 0 0 1
R105 (♂) 1 0 1 1 0
R115 (♀) 3 2 0 1 2
R107 (♀) 2 0 1 0 0
R110 (♀) 1 0 1 1 1
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3.1. Technical considerations

Compared with other tracers (such as cholera-toxin B subunit)
used to investigate various inputs to the DR (Peyron et al.,
1998), WG produced a smaller, well-circumscribed injection
site, where diffusion of the tracer into adjacent subdivisions of
the nuclei was negligible. Several precautions were taken to
minimize leakage of the tracer along the injection pathway
from the dural surface. First, pipette tip diameters were kept
small (10–15 μm) so as to minimize unwanted release. Second,
we injected tracer substances in small increments over
30 min, since retrograde labeling with WGA-HRP or WG is
most successful when tracer substances are injected slowly
over extended periods.

There was still some concern that tracer could leak from
the pipette as it passed through the superior colliculus en
route to DR sub-regions, thus causing false-labeling. The WG,
like WGA-HRP, does not seem to be absorbed and transported
via fibers-of-passage (Basbaum and Menetrey, 1987). Thus, in
cases with midline DR injections, leakage of tracer within the
decussation of the superior colliculus was not a concern. For
the lateral wing injection, further precautions were taken to
minimize leakage of tracer along the pipette track. First, a
small amount of oil was backfilled into the tip of the pipette
after it had been filled with the tracer so that tissue along the
pipette track would not be exposed to the tracer during the
process of pipette insertion. Second, following complete
delivery of the tracer substance, the pipette was lowered to a
point 0.1 mmdeep to the original location and a small amount
of extracellular fluid was back-filled into the pipette before it
was withdrawn from the brain. In practice, the major problem
with lateral wing injections was not spillage along the pipette
track, but rather variable diffusion of tracer into the surround-
ing periaqueductal gray matter (PAG). Thus, the DR injection
sites were processed for 5-HT immunostaining to confirm the
exact location of the tracer infusion within each DR subdivi-
sion (Fig. 1). Tracer spillage into the aqueduct or the 4th
ventricle was most likely cleared via cerebrospinal fluid
circulation, since black granules were not detected along the
ependymal layer adjacent to the injection site.

Previously published reports describe only a few retro-
gradely-labeled cells in the amygdala following substantial
horseradish peroxidase (HRP) or wheatgerm agglutinin-horse-
radish peroxidase (WGA-HRP) injections in the DR (Aghaja-
nian and Wang, 1977; Kalen et al., 1985). In these previous
studies, the method of approaching the DR obliquely through
the cerebellumwas not optimal for involving the entire dorso-
ventral extent of the midline DR. Such experiments were also
disadvantaged because of the longer distance from the dural
surface to the DR target and possible bleeding caused by
passage of the pipette through the confluence of superior
sagittal and transverse sinuses. We approached the DR
vertically at midbrain and pontine levels by dual ligation and
midline incision of the superior sagittal sinus and thus, were
able to inject the tracer within the narrow confines of each DR
subdivision. Scarcity of retrogradely labeled cells within the
amygdala in the previous studiesmight also have been caused
by the instability of HRP or WGA-HRP reaction product. The
tracer used in the present study is known to produce a more
stable reaction product due to the inactivated enzyme, WGA-
apo-HRP (Basbaum and Menetrey, 1987).

The present study further demonstrated that among sub-
divisions of the amygdaloid nuclear complex, the medial
nucleus provides substantial input to the DR (Tables 1 and 2).



Fig. 4 – Iontophoretic injection of Fluorogold (FG) into themidlineDR (A, R129) produced an injection site involving dorsomedial
(DRdm) and ventromedial (DRvm) regions as well as portions of lateral wing subdivision (DRlw). Although the retrograde tracer
was taken up by axon terminals (inset in A, open arrows)within the DR, the efficacy of iontophoresis is often correlatedwith the
number of labeled somata (inset in A, asterisks) which have taken up the tracer during the process. Retrogradely-labeled
neurons were observed at several limbic structures such as the medial prefrontal cortex (B), the lateral habenular nucleus (C),
and the lateral septal nucleus (D). Insets in B–D represent highermagnification views of FG-labeled cells. Aq, cerebral aqueduct;
Arrowheads, midline; DP, dorsal peduncular region of the medial prefrontal cortex; D3V, dorsal third ventricle; fmi, forceps
minor corpus callosum; gcc, genu of corpus callosum; IL, infralimbic region; LHb, lateral habenular nucleus; LS, lateral septal
nucleus; LV, lateral ventricle; MHb,medial habenular nucleus; mlf, medial longitudinal fasciculus; PV, paraventricular thalamic
nucleus; sm, stria medullaris; I–VI, first to sixth cortical layers. Scale bars in A–D represent 100 μm, whereas those at insets in
A–D signify 25 μm.
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A previous study using cholera toxin b subunit (CTb) injection,
however, reported that the central nucleus of the amygdala
provided themajor input to ventromedial or dorsomedial parts
of the central DR (Peyron et al., 1998). Such discrepancies might
be explained by the fact that CTb injection in the previous study
(cf. Fig. 1 in Peyron et al., 1998) was large enough to involve the
surrounding PAG. Because CTb is a very sensitive tracer, any
spillage of the tracer into the PAG might have caused some
degree of artifact labeling at the central amygdaloid nucleus.

3.2. Functional implications of amygdaloid projections to
the DR

The medial amygdaloid nucleus is a sexually dimorphic area
and a portion of a neural pathway that regulates reproductive
behavior in animals (Rasia-Filho et al., 1999; Stark et al.,
1998). It is also known that the medial amygdala is involved
in agonistic behavior by affecting social learning processes
(Coolen and Wood, 1998; Luiten et al., 1985). The medial
amygdaloid nucleus receives input from olfactory and
vomeronasal systems as well as gonadal hormone inputs
(Gomez and Newman, 1992). From our material it is evident
that the medial amygdaloid–DR projection is not a sexually
dimorphic pathway (Tables 1 and 2). The involvement of the
DR in the production of behavioral and physiological
responses to pain and stress has been suggested, thus
emotional influences on pain and stress might be modulated
via the medial amygdaloid–DR projection system (Kirouac et
al., 2004; Valentino et al., 2001). Further electrophysiological
studies, however, need to be performed to determine whether
medial amygdaloid–DR projection might be involved in a
certain type of mating behavior.



Fig. 5 – Labeled cells were observed mainly at the rostral (A–C, R129) and intermediate (D–F, R134) levels of the medial
amygdaloid nucleus (Me) following injection of FG into the midline DR. B/C and E/F represent higher magnification views of
FG-labeled neurons (arrows) in A andD, respectively. LH, lateral hypothalamus;Me,medial amygdaloid nucleus; opt, optic tract.
Scale bars in A, B, D, and E represent 100 μm, whereas those in C and F signify 10 μm.
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Previous reports indicated that cells in the medial amyg-
daloid nucleus are immunoreactive for tyrosine hydroxylase
as well as vasopressin (Asmus and Newman, 1993; Caffe and
van Leeuwen, 1983). Morphologically distinct populations of
neuropeptide Y-immunoreactive neurons are distributed in
themedial amygdaloid nucleus (Gustafson et al., 1986). A large
number of NADPH-diaphorase positive neurons that might
Table 2 – Retrogradely labeled cells were observed at
various limbic structures following Fluorogold injection
into the midline DR

Cases (sex) Limbic structures

Medial
amygdaloid
nucleus

Medial
prefrontal
cortex

Lateral
habenular
nucleus

Lateral
septal
nucleus

R129 (♂) 47 196 204 65
R174 (♂) 61 251 287 78
R179 (♂) 55 238 251 63
R134 (♀) 52 243 224 67
R181 (♀) 45 189 199 56
R182 (♀) 34 147 167 46
exert an influence on the neuroendocrine secretion system
were also found in the medial amygdaloid nucleus (Tanaka
et al., 1997). Establishing the neurochemical identity of
medial amygdaloid–DR projection neurons will be an impor-
tant step in further characterizing the functional significance
of this system.

Experiments using Fluorogold confirmed that the medial
amygdaloid nucleus provides the major input to the DR (Fig.
5). We also demonstrated that although amygdaloid input
to DR was not as extensive as inputs from other limbic
structures such as the medial prefrontal cortex or the
lateral habenular nucleus, it was comparable to input from
lateral septal nucleus (Table 2). Functional significance
associated with predominance of medial prefronto-cortical
or lateral habenular input to the DR over amygdaloid or
lateral septal one could not be assessed in the present
study.

Another series of experiments, however, were performed in
the present study to investigate the possibility that portions of
the medial amygdaloid–DR projection might be influenced by
the medial prefronto-cortical input to the amygdala. An
anterograde tracer, PHA-L, was injected into the prefrontal
cortex andWGwas subsequently injected into themidline DR;



Fig. 6 – Schematic diagram illustrates a crude topographic
projection from the amygdaloid nuclear complex to midline
or lateral wing (lw) subdivisions of the DR. BL, basolateral
nucleus; BM, basomedial nucleus; Ce, central nucleus; Co,
cortical amygdaloid nucleus; cst, commissural stria
terminalis; ec, external capsule; LH, lateral hypothalamus;
Me, medial amygdaloid nucleus; opt, optic tract.
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PHA-L-labeled axonal varicosities originating from the pre-
frontal cortex were sparse in the medial amygdaloid nucleus,
where WG-labeled, DR-projecting cells were observed (unre-
ported observation). Thus, it would appear that the medial
amygdaloid–DR pathway is not heavily influenced by the
medial prefrontal cortex, despite the fact that the medial pre-
frontal cortex is a major source of afferent inputs to DR (Lee
et al., 2003). Since the entorhinal cortex has significant
projections to the medial amygdala (McDonald and Mas-
cagni, 1997), the influence of entorhinocortical–amygdaloid
projection over the DR system needs to be further evaluated
in future studies.

Based on highly restricted injection of theWG tracer within
the lateral wing subdivision of DR, we demonstrated that
amygdaloid neurons projecting to the lateral wing DR are
located within the region extending from the lateral portion of
the medial amygdaloid nucleus into the commissural stria
terminalis (Fig. 2C, sections 2 and 3). The retrograde labeling
within the major, medial and lateral portions of the central
amygdaloid nucleus, however, was extremely limited. There-
fore, the amygdaloid–DR projection seems to be antomically
and functionally distinct from the extensive, central amygda-
loid–PAG projection which is involved in conditioned fear
(Davis, 1994).

Previous immunocytochemical studies demonstrated that
approximately half of the neurons in themedial division of the
central amygdaloid nucleus contained GABA (Jongen-Relo and
Amaral, 1998). CRF-like immunoreactivity has also been
observed in the medial and lateral portions of the central
amygdaloid nucleus (Sakanaka et al., 1986; van Bockstaele et al.,
1998). Neurochemical identification of cells in the CST region
projecting to the lateral wing of the DR will provide further
insight regarding the functional role of this projection.
The present study also demonstrated that the medial
amygdaloid nucleus provides less extensive input to the
caudal midline than to the intermediate midline DR (Table
1). Although the direct projection from the amygdaloid
nuclear complex to the caudal DR is not substantial, there
is still a possibility that the caudal midline DR is influenced
by the amygdala via intranuclear interconnections from
lateral wing or intermediate midline DR to caudal DR (Fite
and Janusonis, 2001; Fite et al., 1999; Janusonis and Fite,
2001).

The amygdaloid nuclear complex provides only a few
projections to the rostral midline DR (Table 1). The rostral pole
of the DR at the level of the oculomotor or the trochlear nuclei
is a unique subdivision in that it exhibits the smallest diurnal
variation of c-Fos expression in the Mongolian gerbil (Januso-
nis and Fite, 2001). The rostral midline subdivision sends
projections mainly to the caudate–putamen and has a
reciprocal connection with the dorsomedial part of the
substantia nigra, suggesting an integrative role for this
subdivision in motor control (Imai et al., 1986; Pasquier et al.,
1977).

Based on these observations, we conclude that relative to
other subdivisions of the amygdaloid nuclear complex, the
medial amygdaloid nucleus provides substantial input to the
DR and may contribute an emotional influence on sleep–
wakefulness cycle and/or pain–stress modulation. Further-
more, it seems that the medial amygdaloid–DR projection
might be anatomically and functionally distinct from thewell-
characterized central amygdaloid–PAG circuit which is essen-
tial for conditioned fear.
4. Experimental procedures

A total of 34 (male and female in equal numbers for injections
at each DR subdivision) Sprague–Dawley rats whose weight
ranged from 300 to 350 g were used in this study. Twenty-four
animals were used for WGA-apo-HRP-gold injections, while
six were for Fluorogold studies. Additional four animals were
utilized for prefrontocortico-amygdalo-DR projection as
described in the Discussion section. Prior to surgery, each rat
was anesthetized with an intraperitoneal injection of chloral
hydrate (3.6% in distilled water, 1 ml/100 g body weight). All
animals used in this study were treated according to guide-
lines approved by the institutional animal care and use
committee and conformed to the NIH guidelines on care and
use of animals in research.

4.1. DR injection site

After anesthesia, rats were placed in a stereotaxic frame with
the dorsal surface of the skull adjusted in the horizontal plane.
The skull around bony lambda was removed and the superior
sagittal sinus ligated with surgical sutures rostrally and
caudally. Angiovasectomy was performed between suture
points in order to expose the cerebral fissure at midline. The
retrograde tracer, WGA-apo-HRP-gold, was injected into mid-
line (n=6) and lateral wing (n=6) at intermediate DR level as
well as rostral (n=6) and caudal (n=6) midline DR, according to
the atlas of Paxinos and Watson (1998). At the rostrocaudal
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dimension, the DR existed approximately between 0.5 mm
rostral and 1.5 mm caudal to the bony lambda. Thus injection
into midline at intermediate DR level was often targeted at
0.5 mm caudal to the bony lambda at the depth of 5.6–5.7 mm,
whereas the lateral wing was at 0.3 mm lateral from the
midline at the depth of 5.3–5.5 mm at the same rostro-caudal
dimension. The rostral midline DR was approached at 0.3–
0.1 mm rostral to the bony lambda at the depth of 5.3–5.5 mm,
whereas the caudal DR was at 1.1–1.3 mm caudal to the
lambda at the depth of 5.8–6.0 mm.

4.2. WGA-apo-HRP-gold injection

The WGA-apo-HRP-gold was synthesized using inactivated
wheatgerm agglutinin-horseradish peroxidase (WGA-HRP;
Sigma, L-0390) and 20 nm (Sigma, G1652) colloidal gold
(Basbaum and Menetrey, 1987). The injection apparatus
consisted of a glass micropipette (tip diameter, 15–20 μm)
hydraulically linked to a 2.0 μl Hamilton syringe. A total
volume of 0.2 μl of WGA-apo-HRP-gold was pressure-injected
into a single site within each DR subdivision over a 30-min
period.

4.3. Fluorogold injection

A solution of 1% Fluorogold (Fluorochrome Inc.) was prepared
in saline, drawn into the tip of a glass micropipette (tip
diameter, 10–15 μm) via capillary action and deposited within
midline (n=6) at intermediate DR level using a 2 μA alternating
current applied on a 5-s duty cycle for 20 min through a silver
lead wire (Stoelting, 50880) inserted in the pipette.

4.4. Perfusion-fixation and silver enhancement reaction

After a survival period of 48–72 h following WGA-apo-HRP-
gold or FG injections, the animals were perfused using 150 ml
of saline followed by 600 ml of fixative containing 4%
paraformaldehyde in 0.01 M phosphate-buffered saline (PBS,
pH 7.4). The perfusion-fixation was completed with 100 ml of
PBS containing 10% sucrose. The brain was then removed and
stored in 30% sucrose solution in PBS overnight. A series of
40 μm sections were made using a cryostat and every 5th
section was collected in a tissue-culture plate. Following
rinses with distilled water, the tracer was detected using a
commercial silver intensification kit (Sigma, SE-100) as
described in Llewellyn-Smith et al. (1992).

4.5. Fluorogold immunocytochemistry

Sections were washed with 0.02 M potassium phosphate-
buffered saline (KPBS, pH 7.4) and incubated in 1:500 dilution
of rabbit anti-Fluorogold (Fluorochrome Inc.) dissolved in
KPBS, which contains 1% normal goat serum, 0.3% Triton,
and 1% bovine serum albumin (BSA) for 48 h (4 °C). Following
rinses with KPBS, sections were then incubated in 1:250
dilution of biotinylated goat anti-rabbit antiserum (Vector,
BA-1000) made with KPBS for an hour. After rinses, sections
were incubated in ABC complex for an hour and then reacted
with 3, 3′-diaminobenzidine (DAB)-H2O2 kit (Vector, SK-4100)
for 1–2 min (at 4 °C).
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