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Abstract. Reciprocal connections of amygdaloid nuclei with the temporal
neocortex in the dog were investigated. Injections of fluorescent tracers and
BDA into particular temporal areas were made in eleven dogs. The
topographical arrangement of connections and variations in their density
differentiate the temporal neocortex in the dog into a few regions. Among
them, the cortex involving the anterior part of the ectosylvian gyrus did not
send any amygdalopetal projection. The middle ectosylvian, dorsal zone of
the posterior ectosylvian and the anterior part of the Sylvian gyrus were
weakly connected with the amygdala. The cortical region involving the
ventral zone of the posterior ectosylvian and composite posterior areas, as
well as posterior Sylvian gyrus, was characterized by profuse connections
with the amygdaloid complex. Cortico-amygdaloid connections originate in
the wide cortical area of the auditory cortex of the middle and dorsal part of
the posterior ectosylvian gyrus as well as in the auditory association cortex
located in the ventral ectosylvian, composite posterior and posterior Sylvian
gyri. The connections showed a dorso-ventral gradient of increasing density,
in the direction of association fields. The most substantial projection taking
rise from the ectosylvian posterior and posterior composite gyri terminated
preferentially in the pericapsular sector of the lateral amygdaloid nucleus and,
to a lesser degree, in its medial sector. Terminals of connections originating in
the Sylvian gyrus occupied preferentially the intermediate part of the lateral
nucleus, slightly more medially than that from the ectosylvian and posterior
composite areas. Additionally, axonal terminals derived from the composite
posterior and Sylvian posterior areas were observed in the basal parvocellular
and magnocellular nuclei. Neocortical projections were reciprocated by
amygdalofugal connections with two exceptions: the basal magnocellular
nucleus was distinguished by a substantial amygdalofugal projection to the
temporal neocortex focused on the dorsal Sylvian gyrus, and the central nucleus
of the amygdala, in contrast, received an exclusively corticofugal projection.
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INTRODUCTION

The cortico-amygdaloid connections provide an im-
portant route by which sensory temporal cortices may in-
fluence motivational and emotional behavior (Aggleton
and Mishkin 1986, LeDoux 1992, Aggleton 1993), as
well as cognitive and memory processes (Kesner 1992,
Murray 1992, Rolls 1992). It has been found that
amygdalopetal projections in primates originate from
the association cortices of various modalities rather than
from the primary sensory cortex (Turner et al. 1980,
Amaral et al. 1992). Amygdalopetal projections were
derived from higher order association areas of visual and
auditory modalities, situated in the inferior and superior
temporal gyrus as well as from the polymodal fields of the
temporal pole and superior temporal sulcus (Markowitsch
etal. 1985, Iwai and Yukie 1987, Baizer et al. 1993, Kosmal
etal. 1997).

In nonprimates, the temporal neocortex seems to be
predominantly related to the auditory modality, and its
association fields were recognized as a source of a sub-
stantial amygdalopetal projection. In the rat, the "core"
temporal field, which receives specific auditory infor-
mation through the ventral nucleus of the medial genicu-
late body (Romanski and LeDoux 1993a), does not form
a direct projection to the amygdaloid complex, whereas
the cortical fields located around the core cortex were
identified as a source of differentiated amygdalopetal
projections (Mascagni et al. 1993, Romanski and Le-
Doux 1993b). It was further found that the projections
terminate in the lateral amygdaloid nucleus. The dorsal
part of the nucleus was preferentially related to the input
of auditory information (Romanski and LeDoux 1993b).
Similarly, the cortico-amygdaloid connections in the cat
are derived from neurons located outside the primary
auditory cortex, in the posterior Sylvian and posterior ec-
tosylvian gyri. Their axonal terminals were observed in
the lateral (Russchen 1982, Shinonaga et al. 1994) and
central lateral amygdaloid nuclei (Russchen 1982).

The temporal neocortex in the dog involves a large ex-
tent of neocortex situated in the ectosylvian, Sylvian and
posterior composite gyri. In the dog, like in the cat and
rat, all of this cortex was considered to be related to the
auditory modality. Early studies by Tunturi in the dog
(1950, 1962) defined the ectosylvian gyrus as responsive
to sound stimulation. Anteriorly, the border of the audi-
tory cortex was delineated across the anterior part of the
ectosylvian gyrus, whereas ventrally it was limited by
the junction of the posterior ectosylvian and posterior

composite gyri. Within the ectosylvian gyrus, anterior,
middle and posterior areas were distinguished as differ-
ing in character of responses to sound stimulation. In the
middle part of the gyrus, Tunturi defined the primary
auditory cortex on the basis of specific responses to
sounds of particular frequencies, with the lowest thre-
sholds and shortest latencies. Using the Marchi tech-
nique, Tunturi (1970) found that lesions of the medial
geniculate body caused anterograde degeneration of
fibers reaching to the anterior and middle parts of the ec-
tosylvian gyrus. Additionally, the Sylvian gyrus was in-
cluded into the auditory cortex on the grounds of
identification of retrogradely degenerated cells in the
medial geniculate body following ablations of the gyrus
(Sychowa 1963). In the dog, the posterior composite
gyrus is a greatly enlarged region of neocortex, which
continues dorsally onto the posterior ectosylvian gyrus,
however, its morphofunctional attributes were not rec-
ognized until now. Previous studies of amygdalo - cor-
tical connections, using the Nauta and Fink-Heimer
methods, had demonstrated a prominent anterograde
axonal degeneration, widely distributed to the temporal
cortex (Kosmal 1976), however, their precise terminal
topography and reciprocity were not defined.

The present study was undertaken in order to deter-
mine the organization of connections between particular
fields of the temporal cortex and the amygdaloid nuclei
using more sensitive methods related to axonal transport.
We thus intend to provide more detailed information
about the morphofunctional organization of the canine
temporal neocortex.

METHODS

The housing, care and surgical procedures followed
the guidelines established by the Ethical Committee on
Animal Research of the Nencki Institute, based on a de-
cree of the President of the Polish Republic.

Eleven adult mongrel dogs, weighing 10-12 kg, were
used in this study. Three fluorochromes: 10% solution of
fluoro ruby (FR, Fig. 1A,C), 3-5% solutions of fast blue
(FB, Fig. 1B,D) and diamidine yellow (DY, Fig. 1B,E)
as well as 10% solution of a recently introduced tracer,
biotynylated dextran amine (BDA), were injected unilat-
erally into the temporal neocortex. FB and DY are dyes
transported retrogradely, in contrast to FR and BDA
which are transported bidirectionally, however, their
anterograde transport was more intense than the retro-
grade one.
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Fig. 1. Diagrams and low-power photomicrographs of coronal sections through the temporal neocortex illustrate examples of
injections of three fluorochromes. A, localization of fluoro ruby (FR) injections (asterisks) in the posterior Sylvian gyrus (Sp)
in D11,L is shown on the diagram of the left hemisphere and on the drawing of the coronal section from the marked level (a).
B, localizations of fast blue (FB) (solid triangles) and diamidyne yellow (DY) (solid circles) injections in the posterior ecto-
sylvian (EP) and posterior Sylvian areas respectively, in D6, are shown on the diagram of the right hemisphere and drawings
of the coronal sections from the marked levels (a,b). C-E, photomicrographs of FR, FB and DY injections.
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Injections were carried out under aseptic conditions.
Animals were initially premedicated with Combelen
(0.2 ml/kg) and 0.05% atropine (0.2 ml/kg) and then an-
esthetized with ketamine (Calypsol, 35 mg/kg). During
surgery additional amounts of anesthetic (8.5 mg/kg)
were given to maintain the proper level of anesthesia
throughout the experiment. The selected areas of the
temporal cortex were exposed by a craniotomy and cut-
ting of overlying dura matter.

Multiple pressure injections were made through a
glass micropipette adjusted to a picospritzer (General
Valve Corporation). At a single cortical site approxi-
mately 50 nl of dye was injected. The total amount of in-
jected dye varied (0.5-3.0 pl), depending on the number
of points of injection in a particular cortical area.

Three to four weeks after surgery animals were deeply
anesthetized and perfused intracardially with 0.9%
saline mixed with heparin, followed by 4% formalde-
hyde in0.1 M phosphate buffer (pH 7.4) and 5% glycerol
in the same buffer.

The brains were processed according to the cryopro-
tection method for frozen sections (Rosene et al. 1986).

Coronal frozen sections, 50 pm thick, with 500 pum
distance between particular sections, were collected in
phosphate buffer. Six separate sets of adjacent histologi-
cal sections were prepared. Three sets were used for the
examination of cells and axons labeled with fluorescent
dyes or BDA. Two sets were reacted for AChE activity
according to the method of Geneser-Jensen and Blackstad
(1971). The sixth set was dehydrated and stained accord-
ing to the standard Nissl method. Sections examined
with fluorescent microscopy were not counterstained.
These sections were coverslipped with Fluoromount
(Serva), omitting the dehydration process.

Using fluorescent microscopy, labeled neurons were
identified by blue perikaryon fluorescence for FB,
green-yellow for neuronal nuclei labeling by DY (violet
filter of Nikon EX 380-425), red for perikaryon and axon
labeling by FR (green filter of Nikon EX 510-560).

For anterograde and retrograde labeling with biotyny-
lated dextran amine (BDA), a modified procedure of
Veenman et al. (1992), Brandt and Apkarian (1992) and
Kisvarday et al. (1993) was applied. In comparison to the
above-mentioned procedure, the following changes
were introduced: 1) inhibition of endogenous peroxi-
dase, 2) low concentration of Triton X-100 (0.05%) dur-
ing incubation with ABC Kit, and 3) intensification of
reaction product with heavy metals according to the pro-
cedure of Adams (1981).

BDA (Molecular Probes) was dissolved in saline at a
10% concentration. After sectioning on a freezing
microtome, free-floating sections were rinsed in 0.01 M
phosphate buffered saline (PBS) and incubated for 5
min. with 10% methanol and 3% hydrogen peroxide in
PBS to inhibit endogenous peroxidase activity (Totterdell
et al. 1992). After rinsing the sections were preincu-
bated in PBS containing 0.05% Triton X-100 (Sigma)
and then incubated overnight with Vectastain ABC
Standard Kit (Vector), 1:400 with 0.05% Triton X-100
in PBS. Subsequently the sections were thoroughly
rinsed in PBS. The peroxidase component of the avidin-
biotin complex was visualized according to nickel-co-
balt DAB procedure as follows: the sections were
preincubated in a mixture of 0.05% DAB (Sigma) in
PBS, 1% cobalt chloride and 1% nickel ammonium sul-
fate and then hydrogen peroxide was added to a final
concentration of 0.005% in which the sections were ad-
ditionally incubated for 5-10 min. The sections were
rinsed in solutions of heavy metals and then in PBS.
Finally, sections were mounted on gelatin-coated
slides, air-dried, cleared and coverslipped with DPX
(Serva).

Locations of labeled cells and axon terminals were es-
tablished according to the position of blood vessels
charted onto drawings prepared from sections.

RESULTS

The temporal neocortex in the dog (Fig. 2) includes
the anterior (EA), middle (EM) and posterior (EP) ecto-
sylvian areas, the anterior (Sa), dorsal (Sd) and posterior
(Sp) divisions of the Sylvian gyrus (except its most ante-
roventral region) as well as the anterior part of the pos-
terior composite gyrus (CP). Dorsally and caudally, the
temporal cortex is limited by the suprasylvian sulcus
(SS), whereas ventrally, by the posterior rhinal sulcus
(Rhp). Rostrally, the temporal cortex extends to the in-
sular granular cortex of the anteroventral part of the Syl-
vian gyrus and the somatosensory cortex situated in the
most anterior region of the ectosylvian gyrus. Kreiner’s
(1966) terminology was adopted in the description of
subdivisions of the temporal neocortex. The parcella-
tion of the temporal cortex was additionally verified
by defining the dominant thalamo-cortical connec-
tions taking rise from the particular auditory nuclei of
the medial geniculate body and the associative nuclei
of posterior thalamus (Malinowska and Kosmal, in
preparation).
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Fig. 2. Photograph of the lateral view of the right hemisphere of the canine brain. In the temporal cortex sulci and subdivisions
of gyri are marked (see detailed description in the Results). Magnification 1.5 x.

Localization of injections

Injections of fluorescent dyes and BDA were made
into the canine temporal neocortex, covering the ectosyl-
vian and Sylvian gyri as well as the anterior area of the
posterior composite gyrus (Fig. 3). Usually two or three
fluorochromes, or fluorochromes and BDA, injections
were placed in the same dog, in order to determine the
precise topography of connections, particularly connec-
tions of the cortical fields surrounding the primary audi-
tory cortex whose morphofunctional organization is not
known. Localization of particular injections of all ex-
perimental cases is illustrated in Fig. 3.

The area EA was injected in two dogs: D1 (FR, DY)
and D2 (DY). In D1, injection of DY was located in the
anterior part of EA whereas FR injection was placed in
the adjoining caudal part of EA. In D2, the DY injection
was situated at the border of two areas, the caudal part
of EA and anterior part of EM.

The area EM was injected in three dogs: D2 (FR), D3
(FB, DY, FR) and D5 (FR, DY). In D2, injection of FR
was situated in the intermediate part of EM, whereas
in D3, the injections of three fluorochromes were
placed adjacent to each other covering the majority of
area EM. Injections in D5 were placed in the rostral
(DY) and caudal (FR) parts of area EM, close to the

ectosylvian and suprasylvian sulci, respectively (ES, SS,
Fig. 3).

The area EP was injected in seven dogs. Injections
were placed successively from the dorsal to ventral di-
rection. The majority of injections covered separately
the rostral or caudal parts of the gyrus bordering the ec-
tosylvian or suprasylvian sulci. One injection (D8, DY)
was placed at the border of two adjacent areas, poste-
roventral EM and posterodorsal EP.

A selective injection into the dorsal EP zone was made
inD4 (FB, DY, BDA). In this case FB and DY injections
were placed caudally in the part of EP bordering the
suprasylvian sulcus, whereas BDA injections were lo-
cated in the rostral region of the gyrus, bordering the ec-
tosylvian sulcus. In the rostral part of area EP, along the
ectosylvian sulcus were located large FB injections in
D5 involving both the dorsal and ventral zone of area EP.

The ventral EP zone was injected in four dogs: D6
(FB), D7 (FR), D10 (DY) and D11,R (DY and FB, right
side). The FB injections in D6 were located similar to
those in D5 in the rostral part of EP, however, in D6 it
covered a more ventral extent of EP. The DY injections
in D101involved similar anteroventral EPregion. The FR
injection in D7 was situated across the ventral EP, be-
tween posterior ends of the ectosylvian and suprasylvian
sulci, whereas a similarly situated DY injectioninD11,R
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Fig. 3. Sites of injections in particular dogs used in the study. Injections are marked on diagrams of lateral view of hemispheres.
Three symbols represent fluorochrome injections: FB, solid triangles; DY, solid circles; FR, asterisks. Site of biotynylated dex-
tran amine (BDA) injection is marked with solid squares. Remaining symbols - in abbreviations.

partly overlapped with the FB injection in the most ven-
tral extent of the ectosylvian gyrus.

The area CP was injected in two dogs: D9 (BDA, FB,
DY) and D10 (FR, FB). Small BDA, FB and DY injec-
tions in D9 were placed close to each other, along the ros-
tral border of area CP where BDA injection covered the
most dorsal CP part, adjacent to the ventral Sp. The FR
injection in D10 occupied an area in the anterior part of
CP along the dorsal bank of the posterior rhinal sulcus
(Rhp), whereas the FB injection was situated more cau-
dally, below the ventral tip of the suprasylvian sulcus, in-
volving additionally a small posterior part of the
posterior composite gyrus.

The Sylvian gyrus was injected in four dogs: D6 (DY),
D7 (DY, FB), D8 (FR), D11,R (FR in right side), and

Di1,L (FR in left side). The area Sa was injected in D7
(FB), above the area designated in the cat as insular gra-
nular cortex (Krettek and Price 1978). The FR injection
in D8 was placed slightly more dorsally, at the border of
anterior and dorsal areas of the Sylvian gyrus. The area
Sd was separately covered by the DY injection in D7 and
the FR injection in D11,R. The FR injection was placed
in the ventral wall of the middle ectosylvian sulcus and
asmall area of gyrus convexity. The area Sp was injected
in D6 and D11,L. Both injections, DY in D6 and FR in
D11,L, were located in the similar Sp region, along the
posterior wall of the Sylvian sulcus and above the pos-
teroventral part of the ectosylvian sulcus.

Additional control injections were made in the sur-
rounding cortex of the most anterior ectosylvian zone, as
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Fig. 4. Low-power photomicrographs
of coronal sections through the inter-
mediate level of the amygdala. A,
Nissl stained section illustrates the cy-
toarchitecture of the dog amygdaloid
complex. Note well visible, deeply
stained, pericapsular population of
neurons in the lateral nucleus, which
are extended into the dorsal tip of the
nucleus (arrows), situated between
the external capsule fibers (cx) and
the putamen (P). The central nucleus
is divided into three subdivisions dif-
fering in size of neurons and intensity
of staining. The medial subdivision
(Cm) has larger neurons than remain-
ing subdivisions. The intermediate
(Ci) and lateral (Cl) subdivisions are
less distinct in their cellular picture
but clearly differentiated on the basis
of AChE staining (see below). B,
ACHE stained section at the amygda-
loid level comparable to that in A, il-
lustrates a differentiation of AChE
activity in amygdaloid nuclei. Note
the highest AChE level of activity in
Bm (most darkly stained) and differ-
ent AChE activity in three parts of the
central nucleus, low - in Ci, inter-
mediate - in Cm and high - in Cl. The
Cl shows only slightly lower AChE
activity than dorsally adjacent pu-
tamen. Scale bars = 2.0 mm.
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well as in the middle and ventral suprasylvian areas.
There was no labeling in the amygdaloid nuclei after
these control injections.

Distribution of labeling in the amygdala

AMYGDALOID NUCLEI CONNECTED WITH THE
TEMPORAL CORTEX

The nomenclature and parcellation of the amygdaloid
nuclei in the canine brain was previously described on
the basis of differences in cytoarchitecture and the dis-
tribution of AChE activity (Kosmal and Nitecka 1977).
The amygdaloid complex related to the temporal neocor-
tex involved four nuclei: lateral, basal magnocellular,
basal parvocellular, and lateral part of the central nu-
cleus. The basal magnocellular and parvocellular nuclei
in dog correspond, respectively, to the basal lateral and
the basal medial nuclei of the cat and rat (Krettek and
Price 1978).

The most distinctive cytoarchitectonic component of
the amygdala is the basal magnocellular (Bm) nucleus
due to the dominance of large neurons, deeply stained in
Nissl method (Fig. 4A). Its borders are very sharp at the
middle and posterior levels of the amygdaloid complex,
whereas a population of large Bm neurons diminish in
number rostrally and are intermixed with smaller neu-
rons of the adjoining anterior area, which cause its ante-
rior border to become somewhat less distinctive. The Bm
nucleus, like in other species, is characterized by the dar-
kest AChE staining indicating the highest level of AChE
activity in the amygdala, uniform throughout its whole
extent (Fig. 4B).

The vertically elongated lateral (L) amygdaloid nu-
cleus is located laterally to the Bm. There is a narrow
band of medium size, densely packed and more darkly
stained neurons situated along its lateral border (Fig. 4A;
arrows), adjoining the external capsule (cx) fibers. These
pericapsular neurons continue dorsally and form a sep-
arate population which is visible above and laterally to
the central amygdaloid nucleus, between the cx and the
putamen (P). A large extent of the lateral nucleus shows
a moderate level of AChE activity. In the anterior and
posteroventral parts of the nucleus there are, however,
small patches of higher AChE activity (dark patches in
L; Fig. 4B).

The basal parvocellular (Bp) nucleus is located ven-
trally to Bm (Fig. 4A,B). Its ventral border with the cor-
tical amygdaloid nucleus (Co; Fig. 4A,B) is less distinct

than the dorsal one in both Nissl and AChE staining. In
the medial extent of Bp a distinct group of larger neurons
could be observed in comparison with that in the rest of
the nucleus (at the more caudal level of the nucleus than
that presented in Fig. 4A). They partially overlap with an
area of higher AChE activity observed in the medial re-
gion of the nucleus (Fig. 4B).

The central nucleus (C) is situated above Bm and
below the putamen (Fig. 4A,B). In the dog, the central
nucleus is not homogeneous and on the basis of differen-
ces in size of neurons and level of AChE activity it can
be divided into three subdivisions (Kosmal and Nitecka
1977), but only its lateral part receives an amygdalopetal
projection. The border between the putamen and the lat-
eral part of the central nucleus can be difficult to define
due to similar cytoarchitecture and AChE activity in both
structures. The lateral part of the central nucleus differs
from dorsally adjacent putamen only by slightly lower
AChE activity (Fig. 4B) and lack of large cells that are
a characteristic feature of the putamen cytoarchitecture.

CORTICO-AMYGDALOID CONNECTIONS

The anterograde axonal labeling of FR and BDA
allowed us to determine the topography of cortico-
amygdaloid connections originating in the temporal ne-
ocortex, differentiated in both pattern and density.

Among injections into the temporal cortex only those
involving the anterior area of the ectosylvian gyrus did
not cause any anterograde labeling in the amygdala (EA;
Fig. 3; D1), whereas FR injection into the central part of
areca EM revealed weak anterograde labeling of single
axons reaching the dorsolateral part of the lateral
amygdaloid nucleus (Fig. 5).

Injections in the area EP, placed successively from the
dorsal to ventral direction, visualize the dorso-ventral
gradient of increasing axonal density of amygdalopetal
connections. BDA injections in D4 located in the dorsal
EP zone (Fig. 6; see diagram on the top) caused labeling
of sparse axons directed to the lateral amygdaloid nu-
cleus. Their terminals were seen predominantly in the
postero-lateral part of the nucleus (L; Fig. 6A and B;
dotted sites), however, at the most caudal limit, sparse
axons were scattered into the medial extent of the nu-
cleus. They form short side branches with a few synaptic
boutons (Fig. 6C; arrowheads). The axons arising from
the dorsal part of EP were slightly more profuse and they
reached more caudal regions of L than that after EM in-
jection.
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Fig. 5. Distribution of labeling in the amygdaloid nuclei after
injections into the area EM, in D3. Localization of FB (solid
triangles), DY (solid circles) and FR (asterisks) injections are
marked on diagram of the right hemisphere on the top. On the
diagram of coronal section of the amygdala (illustrated at the
bottom) a distribution of FB, DY and FR retrogradely labeled
cells (the same symbols as injections) and anterogradely
labeled terminals (dots) is marked.

In the case of the FR injections into the ventral EP
zone (D7; Fig. 7; see diagram on the top) plentiful
axons penetrate a large antero-posterior extent of the
lateral amygdaloid nucleus. Anteriorly, axons reach
predominantly the dorsal tip of L (Fig. 7A,B). In suc-
cessive caudal sections, they extended more ventrally,
covering the lateral (Fig. 7C-F) and intermediate (Fig.
7D,E) regions of the nucleus. The terminal plexus of
very thin axons was distinctly more dense along the
pericapsular extension of the nucleus, in comparison
to the middle nucleus region, whereas its most me-
dial part remained free of labeling (Fig. 7C-E). A
striking difference in density of corticofugal axons
after dorsal and ventral EP injections indicates that this
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projection significantly increases along the ectosylvian
gyrus.

In the case of D7, in addition to labeling in the lateral
nucleus, axonal terminals were also found in the small pos-
tero-lateral region of the central nucleus (C; Fig. 7D-F).

Injections into the area CP resulted in labeling of
axons directed into four amygdaloid nuclei: lateral, cen-
tral, basal parvocellular, and basal magnocellular. The
most dense labeling was observed in L (D10; Fig. 8A-F).
Even though the distribution of labeling was similar to
that after EP injections it appeared to be wider. In D10,
where FR injections covered a large part of area CP, axo-
nal terminals were distributed through the entire rostro-
caudal extent of the nucleus. In the lateral sector of the
nucleus, thin axonal terminals were extremely dense as
compared with those distributed medially, and extended
from the antercdorsal tip to the most posterior limit of the
nucleus (L; Fig. 8A-F). Less dense terminals occupied
the medial sector of the nucleus while leaving its most
medial part free of labeling (Fig. 8A,B,D,E) as in cases
of the ventral EP injections (cf. Figs. 7 and 8). A small
BDA injection in D9 was placed in the most dorsal CP
part, at the border with the posterior Sylvian gyrus (Fig.
9; see diagram on the top). In this case, axonal terminals
were also very dense in the lateral amygdaloid nucleus,
although the extent of labeling was more limited in com-
parison with that in D10. Axonal terminals were accu-
mulated in separate groups along the anterior and
intermediate level of the lateral nucleus. The largest ac-
cumulation of thin axons with numerous terminal bou-
tons was found in the most anterodorsal, pericapsular tip
(Figs. 9A,B and 10A) and ventrally in the lateral part of
the nucleus (Figs. 9A-C; densely shaded areas and 10B).
The area of this intense labeling occupies slightly more
medial part of the nucleus at the intermediate level of
amygdala, in comparison to that in D10. Additionally,
aless dense axonal plexus was seen around the dense ter-
minals (Fig. 9A-F; sparsely dotted area). Sparse, par-
allel axons with varicosities and numerous boutons
located along them were seen in the most ventral extent
of L (Fig. 10C; double arrowhead and single arrow-
heads, respectively).

Injections into CP resulted in the labeling of amygda-
lopetal axons in C, Bp and Bm amygdaloid nuclei. BDA
injection in D9 and FR in D10 revealed the labeling of
axons distributed in the lateral part of C (Figs. 8C-E and
9A-D) and clearly differentiated in thickness, with occa-
sional varicosities (Fig. 11A; double arrowhead) and
only a few terminal boutons (Fig. 11A; arrowheads). In
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medial lateral

Fig. 6. Distribution of labeling in the amygdaloid nuclei after injections into the dorsal zone of the area EP, in D4. Localization
of FB (solid triangles); DY (solid circles) and BDA (solid squares) injections are marked on diagram of the right hemisphere
on the top. A,B, distribution of retrogradely FB and DY labeled cells in the amygdaloid nuclei, marked with the same symbols
as injections, on the drawings of two coronal sections through the posterior amygdaloid level. Dotted sites indicate the local-
izations of BDA labeled axonal terminals in the lateral amygdaloid nucleus (L). C, photomicrograph of BDA labeled axons in the
posterior region of the L. Sparsely distributed axons form short side collaterals, with single terminal boutons (arrows).
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Fig. 7. Distribution of labeling in the
amygdaloid nuclei, in D7. Localiza-

medial laterst

this case, labeling in C was less intense in comparison
with cases of injections located more ventrally in the area
CP (cf. Fig. 9A-D with Fig. 8C-E).

tions of fluorochrome injections in
the Sa (FB - solid triangles), in the Sd
(DY - solid circles) and in the ventral
zone of the area EP (FR - asterisks)
are shown on the diagram of the right
hemisphere (on the top). Distribution
of FB, DY and FR retrogradely
labeled cells (the same symbols as in-
jections) and anterogradely FR
labeled axonal terminals, dense -
shaded and sparse - dotted, are
marked on six representative diag-
rams of coronal sections, from the
anterior (A) to posterior (F) level of
the amygdala.

In both cases of CP injections, labeled axons reaching
the basal amygdaloid nuclei were sparse and extremely
thin. BDA method in D9 visualized poorly arborized
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Fig. 8. Distribution of labeling in the
amygdaloid nuclei, in D10. Localiz-
ations of fluorochrome injections in
the ventral zone of area EP (DY,
solid circles), in the anterior CP (FR,
asterisks) and in the posterior CP
(FB, solid triangles) are shown on
the diagram of the right hemisphere
(on the top). Distribution of FB, DY
and FR retrogradely labeled cells
(the same symbols as injections) and
anterogradely FR labeled terminals,
dense - shaded and sparse - dotted,
are marked on six representative di-
agrams of coronal sections, from the
anterior (A) to posterior (F) level of
the amygdala.

medlal Tateral

axons with a few synaptic boutons reaching the central of Bm were found. Like in Bp they were extremely thin,
part of Bp nucleus (Figs. 9A-D and 11C). Moreover, but their terminal boutons seemed to be more numerous
only in this case, a few scattered axons in the dorsal part ~ (Fig. 11B).
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Fig. 9. Distribution of labeling in
the amygdaloid nuclei after injec-
. tions into the anterior part of area
CP, in D9. Localizations of three
injections: BDA (solid squares),
FB (solid triangles) and DY (solid
circles) are shown on the diagram
of the right hemisphere (on the
top). Distribution of FB, DY and
BDA retrogradely labeled cells
(the same symbols as injections),
and anterogradely BDA labeled
axonal terminals, dense - shaded
and sparse - dotted, are marked on
six representative diagrams of co-
ronal sections, from the anterior
(A) to posterior (F) level of the
amygdala. Single BDA labeled
cells are not marked on the diag-
rams. Their distribution is shown
in Fig. 10A,B.

Injections of fluorochromes into the anterior, dorsal The posterior Sylvian area constitutes an extension of
and posterior areas of the Sylvian gyrus showed that its  the cortex sending intensive connections to the amygda-
three parts have specific connectional features. la. The FR injection in D11,L (Sp; Fig. 12; see left diag-
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Fig. 10. High-power, photomicrographs of BDA anterograde labeling of axons in the lateral nucleus of D9, at the level of
amygdala corresponding to Fig. 9B. A, dense axonal plexus, with numerous synaptic boutons (arrowheads), and single retro-
gradely labeled cells (arrow), seen in the most dorsolateral part of L. B, moderate in number, anterogradely labeled terminal
axons and single retrogradely labeled cells (arrow) localized more ventrally than that in A, in the pericapsular part of L. C, a
sparse, parallel arranged axons distributed in the ventral part of L, with varicosities (double arrowhead) and fairly numerous
terminal boutons located along the axons (arrowhead). Scale bars = 0.1 mm.




303

Temporo-amygdaloid connections in the dog

Fig. 11. High-power photomicrograph of BDA labeling in the amygdaloid nuclei of D9, at the level of amygdala corresponding
to Fig. 9C. A, sparse, differentiated in thickness labeled axons in the posterolateral part of the central nucleus. Occasional vari-
cosities (double arrowhead) and a few terminal boutons only (single arrowheads) are seen on the axons. Scale bar = 0.05 mm.
B, thin axons with terminal boutons (arrowheads) penetrate occasionally the dorsal part of the Bm nucleus. Scale bar = 0.02
mm. C, an example of poorly arborized, thin axons, with single terminal boutons (arrowhead) observed in the central part of

the Bp nucleus. Scale bar = 0.1 mm.

ram on the top) shows that amygdalopetal connections
are formed by thin, moderately dense axons terminating
in the small pericapsular part of the dorsolateral L tip
(Fig. 12B,C - left) and the large extent of the intermediate
part of the nucleus (Fig. 12A-C - left). The latter labeling
seems to be the characteristic site of termination of a pro-
jection arising from the posterior Sylvian area. This dis-
tribution of terminals reflects the latero-medial
topography within the L nucleus, when injections shift
from area CP to area Sp (cf. Figs. 8, 9 and 12).
Sparsely distributed labeled axons also reach the ven-
trolateral part of C at the border with the L nucleus (Fig.

12A,C - left). Additionally, a single cluster of terminals
was found slightly more dorsally in C (Fig. 12A - left). The
amygdalopetal projection from the Sylvian gyrus reach-
ing the central nucleus clearly decreases in density in
comparison to that from area CP (cf. Figs. 8C-E and
12A,0).

In contrast to Sp, injection into the dorsal Sylvian area
inD8 and D11,R resulted in labeling of sparse axonal ter-
minals scattered in the dorsal (Fig. 12A - right; dotted
areas) and intermediate L extent (Fig. 14B). The density
of the projection from Sd seems to be comparable with
that derived from the dorsal EP cortex, however, axons
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Fig. 12. Distribution of labeling in
the amygdaloid nuclei, in D11. Left
column: localization of FR injection
in the Sp (asterisks) is shown on the

diagram of the left hemisphere (on
the top). Distribution of anterograde-
ly FR labeled axonal terminals, dense
- shaded and sparse - dotted, as well
as single retrogradely labeled cells
(asterisks) in the amygdaloid nuclei
are shown in three representative di-
agrams of coronal sections, from the
anterior (A) to posterior (C) level of
the amygdala. Right column: localiz-
ations of fluorochrome injections in
the Sd (FR, asterisks), and in the ven-
tral zone of EP (DY, solid circles; FB,

latera medis!

originating in the area Sd reach the more anterior part of

L (cf. Figs. 6A,B and 12A - right).

The above observations show that along the ectosyl-
vian and Sylvian gyri an intensification of the cortico-

medis]

solid triangles) are shown on the di-
agram of the right hemisphere (on the
top). Distribution of FB, DY and FR
retrogradely labeled cells (the same
symbols as injections) and antero-
gradely FR labeled axonal terminals
(dots) are marked on three repre-
sentative diagrams of coronal sec-
tions, from the anterior (A) to
posterior (C) level of the amygdala.
Note the single sites of axonal termi-
nals and double-labeled cells (over-
lapped symbols of solid circles wad
Jateral triangles) in the dorsal L.

amygdaloid projection takes place. The dorsal part of the
area EP sends only light projections that become more
intense in the posteroventral extension. Thus, the area of
origin of the most substantial amygdalopetal projections



involved the ventral extent of area EP, CP and Sp of the
temporal neocortex. This projection disappears once
again in the dorsal part of the Sylvian gyrus. Connections
from areas EP and CP are predominantly directed into
the lateral amygdaloid nucleus. In the nucleus latero-me-
dial topography of corticofugal projection can be vis-
ualized by different localization of dense axonal
terminals. Axons originating in the ventral part of the ec-
tosylvian gyrus and in the posterior composite area are
focused in the lateral, pericapsular sector of L, whereas
in the medial L sector they are distributed more sparsely.
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Fig. 13. High-power fluorescence
photomicrograph of retrogradely
labeled cells in the amygdaloid nu-
clei after injection into the ventral
zone of area EP, in D11,R. A, retro-
grade labeling in the lateral nucleus,
at the level corresponding to that in
Fig. 12A (right column). FB neurons
(arrow) and DY neuron nuclei (ar-
rowhead) form cluster of cells within
the most dorsal tip of the lateral nu-
cleus situated between the putamen
(P) and the external capsule fibers
(cx). Scale bar =0.1 mm. B, large FB
labeled neuron in Bm nucleus
(double arrowhead) situated at the
level of amygdala corresponding to
that in Fig. 12B. Inside the cell and in
the background of the photomicro-
graph a yellow autofluorescence of a
neuronal lipofuscin is seen (arrows).
A few weakly FB labeled cells are
marked with arrowheads. Scale bar =
0.03 mm.

The posterior Sylvian gyrus was defined as a source of
a substantial projection terminating in the intermediate
part of L.

Less profuse connections originating in the EP, CP
and Sp neocortical areas are directed into the C, Bp and
Bm amygdaloid nuclei.

AMYGDALO-CORTICAL CONNECTIONS

The topography of the amygdalo-cortical connections
was determined on the basis of the distribution of



306

A. Kosmal et al.

Fig. 14. High-power fluorescence photomicrograph of labeling in the amygda-
loid nuclei following FR injection into the Sd, in D11,R. A, FR retrograde

labeled cells in Bm nucleus (arrowheads), localized in the dorsal part of the
nucleus (large circle on the scheme) at the border with the central nucleus (C),

of the amygdaloid level corresponding to that in Fig. 12A (right column). B,
sparsely distributed, retrogradely FR labeled axons (arrowheads) localized in
the intermediate part of the lateral nucleus (small circle in enclosed scheme),
observed at the amygdaloid level corresponding to that in Fig. 12A (right col-
umn). Scale bar = 0.05 mm. Note autofluorescence of numerous deposits of
neuronal lipofuscin in the background of A and B. Scale bar = 0.1 mm.

amygdaloid neurons labeled retrogradely by FB, DY and
FR injections into the temporal neocortex. Exceptions to
this were injections into the EA (Fig. 3; D1, D2) which
do not produce any retrograde labeling in the amygda-
loid nuclei.

EM injections caused retrograde labeling of only
single cells in the basal magnocellular and parvocellular
nuclei as well as in the lateral nucleus. A majority of cells
were localized in Bm nuclei (Fig. 5).

Following EP injections, retrogradely labeled cells
were found in L, Bm, and Bp nuclei. In all cases labeled
cells in the basal nuclei were scarce, whereas in L the
retrograde labeling increased in number when injections
were placed in the ventral EP zone in comparison to that
following injection in the dorsal EP zone.

In the case of injections into the dorsal EP zone in D4
(FB and DY), single retrogradely labeled cells were found
in the posterodorsal part of L and in Bm (Fig. 6A,B).

Following injections located in the ventral EP zone,
labeled cells were found in L, Bm and Bp amygdaloid
nuclei. As illustrated in D7 (Fig. 7A-C; asterisk), D10
(Fig. 8B-F; solid circles) and D11 (Fig. 12A-C; right,
solid circles and triangles), labeled cells were accumu-
lated predominantly in the pericapsular and posterior ex-
tent of L. In DI1,R, as in previous cases, the most
distinctive feature of retrograde labeling was an accumu-
lation of cells in the dorsal pericapsular L sector (Figs.
12A,B - right; solid circles and triangles, and 13A) and
in the posterodorsal part of this nucleus (Fig. 12C - right;
solid circles and triangles). However, in this case only
moderately numerous retrogradely labeled cells (FB,
DY) were found in both basal nuclei (Figs. 12A,B and
13B). In comparison to labeling in D7 and D10, labeled
cells were more numerous, probably due to the larger in-
jectionin D11. Mixed FB and DY injections in this case
additionally caused many of the double-labeled cells to



appear in L (Fig. 12A-C; overlapped symbols of solid
circles and triangles). In the remaining cases double-
-labeled cells in the amygdaloid nuclei were rather rarely
observed.

The pattern of retrograde labeling following CP injec-
tions was very consistent with all markers. Retrogradely
labeled cells were observed in the same amygdaloid nu-
clei as above, and the highest concentration of labeled
cells was also seenin the L nucleus. In D9 and D10 (Figs.
8 and 9), the most numerous labeled cells were dis-
tributed along the lateral pericapsular sector of this nu-
cleus (Figs. 8A-D; asterisks, solid triangles and 9A-D;
three symbols). In the posterior amygdala, less dense
retrograde labeling extended into the medial part of the
L nucleus (Figs. 8C-E and 9C-D). Labeled cells in-
creased in number at the most posterior L limit, where

D6
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they were scattered throughout the almost entire area of
the nucleus (Figs. 8E,F and 9E,F). However, in D9,
where the injections were placed more dorsally in CP in
comparison to D10, numerous labeled cells were dis-
tributed predominantly in the dorsal part of the nucleus,
whereas the posteroventral part of the nucleus was free
of labeling, (Fig. 9E,F).

Labeled cells in Bm and Bp were less numerous and
located more anteriorly in comparison with those in L.
(Figs. 8A-C; asterisks, triangles and 9A-D; three sym-
bols).

The results of ventral EP and CP injections are very
similar and demonstrate that both areas receive dominant
connections originating in the cell population situated
predominantly in the pericapsular region of the lateral
nucleus and in its caudal extent. Projections from the

CPr

A ant. B

Fig. 15. Distribution of retro-
gradely labeled cells in the
amygdaloid nuclei in D6. Local-
ization of DY injection in the Sp
(solid circles) and FB injection
in the anteroventral EP extent

Q

(solid triangles) are shown on
the diagram of right hemisphere
(on the top). Distribution of FB
and DY labeled cells (the same
symbols as injections) is shown
in four representative diagrams
of coronal sections, from ante-
rior (A) to posterior (D) level of
the amygdala. Note that neurons
of origin of projection to the area
EP are located in the pericapsu-
lar L sector only, whereas neu-
rons projecting to Sp are
distributed through the inter-
mediate nucleus region.
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basal nuclei are less prominent. Fairly numerous cells
giving rise to the projection were found only in the ante-
rior half of both basal nuclei. The topography of the pro-
jections is marked by gradually increasing numbers of
labeled cells from the anterior-dorsolateral to the poste-
rior limit of the lateral amygdaloid nucleus, when injec-
tions were placed consecutively from the dorsal EP to
cortex situated ventraly in areas EP and CP. This most
substantial amygdalofugal projection is clearly focused
in the most ventral part of EP and area CP.

Injections into the posterior, dorsal, and anterior Syl-
vian areasrevealed significant differences in distribution
of labeled cells supporting a division of the Sylvian
gyrus into three parts.

Following injections into the posterior Sylvian area
labeling was found in the lateral and basal nuclei. In D6
numerous labeled cells were observed mainly in the in-
termediate part of L nucleus (Fig. 15B-D; solid circles),
whereas in the basal nuclei only a few labeled cells ap-
peared in Bm and a slightly greater number of cells was
found in the central part of Bp (Fig. 15A).

Comparing the results of DY and FB injections in D6
located in front and behind the ectosylvian sulcus in
areas Sp and EP, respectively, it could be observed that
the labeled cells form rather separated groups. The cells
forming connections to the area EP are located at the
most lateral, pericapsular limit of the nucleus (Fig. 15B-
D; solid triangles), whereas the cells giving rise to a pro-
jection into the Sp are scattered more medially in the
nucleus (Fig. 15B-D; solid circles). It is interesting to
compare the density of labeling after two similarly placed
injections into the posterior Sylvian gyrus: DY injection
in D6 (Fig. 15) with FR injectionin D11,L (Fig. 12; left).
The latter injection resulted in retrograde labeling of only
a few cells in the posterior part of L (Fig. 12 - left; aste-
risks), while the anterograde labeling in the same case
was rather dense. In contrast to that, DY injection in D6
caused retrograde labeling of numerous cells in L and Bp
amygdaloid nuclei (Fig. 15A-D). This may suggest that
FR is not the best retrograde marker and did not visualize
all cells sending axons to the injection site. However, re-
sults of D6 appear to be representative to conclude that
Sp is the cortex related to the lateral amygdaloid nucleus
but preferentially to its middle (not pericapsular) sector.
Such a distribution of labeled amygdaloid neurons, over-
lapping with terminals of the cortico-amygdaloid connec-
tions, supports the topography in L nucleus.

Injections into the dorsal Sylvian area have resulted in
labeled cells appearing in the same amygdaloid nuclei

Bm, Bp and L, as in case of Sp injections. The greatest
number of labeled cells was found, however, in the basal
magnocellular nucleus. In D7 (Fig. 7A-C; solid circles)
and D11,R (Figs. 12A,B - right; asterisks and 14A)
numerous labeled cells were predominantly accumu-
lated in the dorsal part of Bm nucleus within the inter-
mediate extent of the amygdala. The cells observed in the
Bp and L nuclei were significantly less numerous in both
cases.

Thus, the main difference in the arrangement of con-
nections between the posterior and dorsal areas of the
Sylvian gyrus is related to amygdaloid nuclei from
which the most intense corticopetal projections origin-
ate. The posterior Sylvian area seems to be an extension
of the cortical zone involving ventral EP and CP areas
which are preferentially related to the lateral amygdaloid
nucleus. In contrast, the dorsal Sylvian area is charac-
terized by the most substantial projection originating
from the basal magnocellular amygdaloid nucleus.

The amygdalofugal projection reaching the anterior
Sylvian area appeared to be rather small and is illustrated
by the FB injection in D7 (Sa; Figs. 3 and 7A-E; solid
triangles). A few labeled cells were sparsely distributed
through the Bp, Bm and anterodorsal part of L. Labeling
of cells in the L can be produced by additional injection
point in the Sp area on the opposite wall of the Sylvian

gyrus.

DISCUSSION

The present study was undertaken to clarify the rela-
tions between the canine temporal neocortex and nuclei
of the amygdaloid complex. It was found that only some
temporal areas are connected with the amygdala, and
that their connectivity patterns differ. The anterior ecto-
sylvian (EA) area does not send or receive any amygda-
loid projections. The middle ectosylvian (EM) and
dorsal part of the posterior ectosylvian (EP) areas, as
well as the anterior Sylvian (Sa) gyrus, have weak con-
nections with the amygdala, whereas the ventral region
of the temporal neocortex, including ventral EP, compo-
site posterior (CP) and posterior Sylvian (Sp) gyri, is
characterized by strong reciprocal connections with the
-amygdaloid complex. A distinctive feature of cortico-
amygdaloid connections (Fig. 16, upper scheme) is their
preferential relation to the lateral sector of the lateral
amygdaloid nucleus, whereas the most striking in dis-

“tribution of amygdalo-cortical connections (Fig. 16, bot-

tom scheme) is a substantial projection from the basal
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Fig. 16. Diagrammatic summary of cortico-amygdaloid and amygdalo-cortical connections between areas of the temporal cortex
and amygdaloid nuclei are illustrated on the scheme of cortical surface (left) and coronal sections through the amygdala (right). Origin
of projections is marked by open circles and places of their terminations by arrowheads. The density of projections is indicated by
arrow thickness. See list of abbreviations for the nomenclature of subdivisions of the temporal cortex and amygdaloid nuclei.

magnocellular nucleus to the dorsal part of the Sylvian
gyrus.

The cortical origin of amygdalopetal projections

In the dog, the cortex sending the most significant
connections to the amygdala involves a large extent of
neocortex located in the posterior composite (CP) gyrus,
the posterior part of the Sylvian gyrus (Sp) and, addition-

ally, the ventral part of area EP adjoining the CP. The
amygdalopetal projection taking rise from the dorsal part
of area EP is substantially less intense and diminishes in
the direction of the middle ectosylvian area (EM). After
injections in the area EM we were able to follow only
single labeled axons in the amygdala. Thus, the amygda-
lopetal projection successively increases from the pri-
mary auditory cortex of the area EM, along area EP,
towards the area CP and Sp.
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In primates, the temporal neocortex in which the
amygdalopetal projections take rise involves the anterior
parts of the superior and inferior temporal gyri con-
sidered to be the association areas of the auditory and
visual modalities, respectively (Turner et al. 1980, Iwai
and Yukie 1987, Amaral et al. 1992, Baizer et al. 1993),
as well as from the multimodal cortex of the superior
temporal sulcus and temporal pole (Markowitsch et al.
1985, Moran et al. 1987). The auditory associative areas
of the superior temporal gyrus in rhesus monkey have
been identified as those sending amygdalopetal projec-
tions which gradually increase in intensity toward the
polymodal temporopolar cortex (Kosmal et al. 1997).
Thus, an open question remains whether in subprimates
the cortex sending substantial projections to the amygda-
la constitutes unimodal or multimodal fields. Studies in
the rat have shown that, in addition to projections deriv-
ing from the allo- and mesocortical regions (Ottersen
1982), the amygdalopetal projection originates from the
temporal neocortical fields surrounding TE1 area (pri-
mary auditory field) considered to be auditory associ-
ation fields (Mascagni et al. 1993, Romanski and
LeDoux 1993a). In the cat, the temporal cortex sending
projections to the amygdala is situated along and above
the posterior and a small part of the anterior rhinal sulcus
(area 36) as well as in the ventral mostregions of the pos-
terior Sylvian and posterior ectosylvian gyri (Russchen
1982, Shinonaga et al. 1994). The cortex was named
"temporal polar” (Shinonagaetal. 1994), which suggests
its correspondence to the cortex of the simian temporal
pole, and it may also suggest a multimodal character of
this cortex. In the dog, after injections into areas EP
and CP we have found retrogradely labeled cells
mainly in the dorsally adjacent auditory cortex. It
seems that neurons of these areas form only short in-
tracortical connections. This would suggest that the
areas EP and CP constitute unimodal rather than multi-
modal auditory associative fields (personal observa-
tions). Their hierarchy should be determined,
however, by examination of the laminar organization
of intracortical connections.

Terminal distribution of the cortico-amygdaloid
connections

The corticofugal projection originating from the ecto-
sylvian, posterior composite and posterior Sylvian gyri
in the dog terminate predominantly in the lateral nucleus
of the amygdala. Less dense axonal terminals have been

observed in the lateral part of the central and both basal
nuclei (Fig. 16, upper scheme).

The most distinctive feature of this cortico-amygda-
loid projection is dense terminations of neocortical
axons in the lateral sector of the lateral nucleus, together
withits dorsal tip situated between fibers of external cap-
sule and putamen. Axonal terminals overlap the popula-
tion of pericapsular, deeply Nissl-stained neurons
forming a characteristic cytoarchitectonic picture of the
lateral nucleus in the carnivore (Kosmal and Nitecka
1977, Krettek and Price 1978). In the early myeloarchi-
tectonic descriptions of the canine amygdaloid complex
this dorsal tip of the lateral nucleus was, however, dis-
tinguished as "nucleus putaminalis” (Maksymowicz
1963, Miodonski 1965). Our data showing the arrange-
ment of both anterograde and retrograde labeling, par-
ticularly dense in the most dorsal tip of the lateral
nucleus, give evidence that the whole lateral region con-
stitutes an integral sector of the lateral nucleus. This sug-
gestion is in agreement with data obtained in the cat by
Smith and Pare (1994). They have distinguished two sec-
tors in the lateral nucleus, each having different intra-
-amygdaloid connections: lateral (pericapsular or shell)
and medial (core). The lateral sector of the lateral nu-
cleus projected to the basolateral, whereas the medial
sector projected to the basomedial amygdaloid nucleus.
Besides cytoarchitectonic evidence, our study provides
connectional data, supporting the view about internal
differentiation of the lateral nucleus. We observed the
latero-medial topography of amygdalopetal projections.
In accordance to that the pericapsular part of the nucleus
was predominantly related to the ventral EP and CP,
whereas the intermediate nucleus part was related to the
area Sp.

Thus the projection taking rise in the posterior Sylvian
cortex seems to be an extension of that arising from the
posterior composite gyrus. Such topography of the pro-
jection supports data obtained in the cat, where the pos-
terior Sylvian cortex is considered to be the temporal part
of the gyrus in contrast to its anterior, insular part (Cranford
et al. 1976).

In primates, the cortico-amygdaloid projections orig-
inate from the superior and inferior parts of the temporal
gyrus and terminate in both the lateral and basal amygda-
loid nuclei (Herzog and Van Hoesen 1976, Aggleton et
al. 1980, Amaral and Price 1984, Amaral et al. 1992).
The superior temporal gyrus, however, is reciprocally
connected with the lateral nucleus, whereas the infero-
temporal cortex is reciprocally connected with the basal




lateral nucleus (Iwai and Yukie 1987, Baizeretal. 1993).
The difference in distribution of temporo-amygdaloid
connections in monkey reflects the specificity of the
functional organization of the temporal cortex. The su-
perior temporal cortex involves associative areas related
to the auditory modality while the inferotemporal cortex
relates to vision (Chavis and Pandya 1976, Turner et al.
1980, Pandya and Yeterian 1985, Iwai and Yukie 1987,
Weller and Steele 1992). Thus, taking into account that,
in the dog, projections originating from the areas EP and
CP terminate in the similar part of the lateral amygdaloid
nucleus as the projection of the superior temporal gyrus
in the monkey, it may be suggested that areas EP and CP
are equivalent to the auditory association cortex of the
monkey.

As mentioned above, we have also observed a corti-
cofugal projection directed to the lateral part of the central
nucleus. Previous cytoarchitectonic, immunocyto-
chemical and connectivity studies, especially numerous
in the rat, have revealed that the central nucleus can be
divided into several subdivisions (McDonald 1982,
1992, DeOlmos et al. 1985, Cassell et al. 1986, Cassell
and Gray 1989, Mascagni et al. 1993, Romanski and Le-
Doux 1993b). The number of subdivisions depends on
the techniques applied and on the criterion used for par-
cellation. Inall investigated species, however, the medial
and lateral subdivisions of the central nucleus have been
distinguished. The central lateral nucleus in the cat, as in
the dog, occupies the dorsolateral part of the amygdala,
where it merges with the putamen (Krettek and Price
1978). The border between these two structures is rather
difficult to delineate due to their cytoarchitectonic and
AChE- chemoarchitectonic similarity (high level of
ACHhE staining) and, therefore, the lateral part of the cen-
tral amygdaloid nucleus is often considered as a transi-
tional amygdalo-striatal region (DeOlmos et al. 1985).
Contrary to that, the central lateral nucleus of the mon-
key was found to have lighter AChE staining than either
the putamen or the medial division of the central nucleus
(Amaral and Bassett 1989). It is unclear whether these
discrepancies are related to different nomenclature of par-
ticular subdivisions of the nucleus or if they reflect the
structural differences between the primate and nonpri-
mate central amygdaloid nucleus.

In the dog, we found that corticofugal projections di-
rected into the lateral part of the central nucleus and the
putamen formed separate systems of fibers. The termi-
nals of connections reaching the putamen were localized
more dorsally in comparison with those found in the cen-
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tral nucleus (personal observations). These results are in
agreement with recent data in the rat where regions of the
central nucleus placed ventrally to the putamen are rec-
ognized as a target of corticofugal connections origina-
ting in the auditory association areas of the temporal
neocortex (Mascagni et al. 1993, Romanski and LeDoux
1993b).

In the dog, basal amygdaloid nuclei received a less
substantial projection from the temporal cortex, mainly
from the area CP. Among the basal nuclei only single
axons were seen in the Bm, whereas a more profuse pro-
jection, formed by extremely thin axons, was directed to
the small central area of Bp nucleus. Thisresultis in con-
trast to that in the cat where corticofugal connections are
rather directed to the basolateral amygdaloid nucleus
(Russchen 1982). A projection terminating in the ba-
somedial nuclei in addition to the other amygdaloid nu-
clei was, however, observed in the rat. Its origin was
identified in the neurons of agranular insular and perirhi-
nal cortices. Their axons reach a large amygdaloid re-
gion involving the lateral, basolateral and basomedial
nuclei (McDonald and Jackson 1987). In the macaque
monkey, the basal nuclei are a target of significant cor-
ticofugal projections, taking rise from the unimodal as-
sociation areas and polymodal fields of the temporal
cortex. They terminate in both basal and accessory basal
nuclei (Markowitsch et al. 1985, Iwai and Yukie 1987,
Moranetal. 1987, Amaral etal. 1992, Baizeretal. 1993).

Amygdalofugal projections to the temporal
neocortex and reciprocity of connections

Three amygdaloid nuclei, the lateral, basal magnocel-
lular and basal parvocellular, project to the canine
temporal neocortex (Fig. 16, bottom scheme).
Amygdalo-cortical axons spread into the whole tempo-
ral cortex, with the exception of area EA. The most dis-
tinctive are connections arising from the dorsolateral -
pericapsular and caudal parts of the lateral nucleus of the
amygdala reaching the areas of the posterior composite
and posterior ectosylvian gyri as well as connections
from the basal magnocellular nucleus terminating in the
dorsal part of the Sylvian gyrus.

A projection deriving from the pericapsular part of the
lateral nucleus was previously defined in the dog in a
study applying anterograde degeneration methods. It
showed that degenerated amygdalo-cortical fibers were
more plentiful if the lesion involved the pericapsular re-
gion of the lateral nucleus (Kosmal 1976). Results in the
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dog are also in agreement with data obtained in other
mammals where the lateral nucleus is a source of sub-
stantial corticopetal connections. In the monkey, the dor-
solateral part of the lateral amygdaloid nucleus seems to
be especially related to the temporal auditory association
fields, however, amygdalofugal projection, besides the
ventral region of the temporal cortex, extends into the in-
sular, medial and caudal orbital as well as occipital cor-
tex (Amaral and Price 1984, Amaral et al. 1992, Kosmal
et al[.] 1997). McDonald and Jackson (1987) have
found, in the rat, that the neocortex situated dorsally to
the prorhinal area 36 receives a substantial projection
from the posterodorsal part of the lateral nucleus. This
projection seems to be reciprocal because the lateral nu-
cleus receives an intense, topographically organized
amygdalopetal projection (Mascagni et al. 1993, Romanski
and LeDoux 1993b). The reciprocity of connections in
the dog was manifested in our material by overlapping
localization of retrogradely labeled cells and antero-
grade labeling of axonal terminals which was especially
clear in the pericapsular part of the lateral amygdaloid
nucleus.

We observed that less substantial but widespread
amygdalo-cortical projections originate from the basal
amygdaloid nuclei. In the dog, a weak projection from
both basal nuclei was directed to almost the entire extent
of the temporal cortex, however, connections from the
basal magnocellular nucleus seemed to be focused in the
dorsal Sylvian gyrus. Moreover, this projection shows
less significant reciprocity because connections in the
opposite direction seem to be much weaker. The results
obtained in various species suggest that the basal lateral
nucleus should be considered an output nucleus to alarge
neocortical region. In the cat (Macchi et al. 1978,
Sripanidkulchai et al. 1984, Llamas et al. 1985) the pro-
jections from the basal lateral nucleus are directed to
wide areas of the frontal, cingular, insular Sylvian and
somatosensory cortices, which are in turn a source of cor-
tico-amygdaloid projections terminating in the basal lateral
nucleus (Russchen et al. 1982, DeOlmos et al. 1985).

A review of data obtained in other species suggests
that the basal magnocellular nucleus is the amygdaloid
structure modifying the incoming information which is
next directed into wide neocortical areas. It has also been
shown that the basal nuclei are the site of extensive con-
vergence of sensory information (Knuepfer et al. 1995)
which may reach the nucleus directly or through the
intra-amygdaloid connections from the lateral nucleus
(Amaral et al 1992, Romanski et al. 1993, Smith and Pare

1994, Pitkanen et al. 1995). Additionally, the basal
amygdaloid nuclei are sites of convergence of projec-
tions arising from structures of various functional at-
tributes such as hippocampus, medial geniculate or basal
forebrain (Mello et al. 1992a,b). The great complexity of
the amygdalopetal connections may suggest that in the
amygdaloid complex exteroceptive and interoceptive
signals undergo processes of modulation (Knuepferetal.
1995).
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ABBREVIATIONS
Bm - basal magnocellular nucleus of the amygdala
Bp - basal parvicellular nucleus of the amygdala
C - central nucleus of the amygdala
CE - entorhinal cortex
Ci - central nucleus, intermediate division
Cl - central nucleus, lateral division
Cm - central nucleus, medial division
Co - cortical nucleus of the amygdala
CP - posterior composite area
CPr - periamygdaloid cortex
Cr - cruciate sulcus
EA - ectosylvian gyrus, anterior area
EM - ectosylvian gyrus, middle area
EP - ectosylvian gyrus, posterior area
ES - ectosylvian sulcus
H - hippocampus
L - lateral nucleus of the amygdala
LS - lateral sulcus
M - medial nucleus of the amygdala
PS - presylvian sulcus
Rha - anterior rhinal sulcus
Rhp - posterior rhinal sulcus
S - Sylvian sulcus
Sa - Sylvian gyrus, anterior division
Sd - Sylvian gyrus, dorsal division
Sp - Sylvian gyrus, posterior division
SS - suprasylvian sulcus

TO - optic tract
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