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Ultrastructural features of tyrosine-hydroxylase-immunoreactive
afferents and their targets in the rat amygdala
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&p.1:Abstract. Interrelations of tyrosine-hydroxylase-immu-
noreactive afferent fibres with neuronal elements were
studied in central, basal and intercalated nuclei of the rat
amygdaloid complex. Comparison with dopamine-β-hy-
droxylase-immunoreacted and phenylethanolamine-N-
methyltransferase-immunoreacted parallel sections indi-
cated that the tyrosine-hydroxylase immunoreaction la-
belled preferentially dopaminergic axons. At the elec-
tron-microscopic level, the majority of tyrosine-hydroxy-
lase-immunoreactive axons possessed small boutons
containing small clear vesicles and contacting dendrites,
spines or somata of amygdala neurons, forming mostly
symmetric synapses. They were often directly apposed
to or in the vicinity of unlabelled terminals synapsing on
the same structure. Synaptic density was highest in the
central lateral part of the central nucleus. In the central
and basal nuclei labelled axons synapsed preferentially
on small dendrites and dendritic spines, and on somata
of a few neurons. A detailed study of the neuronal ultra-
structure showed that innervated somata possessed the
differential characteristics displayed by the predominant
neuron types in the medial and central lateral central nu-
cleus and resembled the typical projection neurons in the
basal nuclei. In the paracapsular intercalated cell groups
the majority of neurons possessed intense perisomatic
innervation by immunoreactive terminals. The results
suggest that tyrosine-hydroxylase-immunoreactive, pre-
dominantly dopaminergic amygdaloid afferent fibres
preferentially modulate the effect of extrinsic inputs into
neurons of the central and basal nuclei, while a nonse-
lective regulation is exerted upon the output of paracap-
sular intercalated neurons. It is suggested that this inner-
vation pattern may be important for the coordinated inte-

gration of extrinsic and intraamygdaloid connections and
thus for balanced output of the structure.

&kwd:Key words: Neuronal ultrastructure – Catecholamines –
Dopamine – Immunocytochemistry – Connections –
Quantitation – Rat (Wistar)

Introduction

Studies in patients with bilateral amygdala damage have
documented that this brain area is essential for the re-
cognition of emotion in facial expressions (Adolphs et
al. 1994) and participates in the perception of social sig-
nals (Allman and Brothers 1994; Tovée 1995). The find-
ings indicate that in humans, as in experimental animals
from rodents to monkeys, the amygdala plays a key role
in processes subserving social communication. It is im-
portant for the formation of emotional memory and the
expression of emotional behaviour, particularly involv-
ing fear (LeDoux 1994) as well as for associative learn-
ing and attentional processes (Gallagher and Holland
1994). It has been suggested that dysfunctions in neural
systems connected with the amygdala could be responsi-
ble for, for instance, the interactional problems typical
for autism or for the distorted perception of social sig-
nals and the inappropriate fear responses seen in para-
noid delusional states (Allman and Brothers 1994).

In this context, attention has been drawn to the cate-
cholaminergic (CA) innervation of the amygdala. In par-
ticular, the dopaminergic (DA) amygdala innervation has
been proposed as a possible candidate for mediating de-
lusional, fear-related processes (Fibiger 1991). Addition-
ally, both the DA and the noradrenergic (NA) innerva-
tion have been shown to be influential in amygdaloid in-
terface functions between cognitive and autonomic pro-
cesses. Thus, noradrenalin and dopamine injections into
the central amygdaloid nucleus (CN) were found to alter
the rate of gastric ulcer formation in rats subjected to
stressful experiences (Glavin et al. 1991).
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In the rat, as in other species including the monkey,
the amygdaloid complex possesses a dense CA innerva-
tion (Sadikot and Parent 1990; Fallon and Ciofi 1992;
Asan 1993; Freedman and Cassell 1994), targeted pri-
marily at the CN and basal nuclei (basal complex, BC),
and, in the case of the DA afferent fibres, at intercalated
amygdaloid cell groups (I). These nuclei have different
tasks in learning about, remembering and reacting to
fear (LeDoux 1994). They differ greatly in their cyto-
and chemoarchitecture as well as in their connections
(e.g. DeOlmos et al. 1985; Price et al. 1987; Alheid et al.
1995). In view of the differential characteristics of the
amygdaloid nuclei, it is likely that each type of CA in-
nervation subserves distinct functions in each of them. In
fact, in the rat, differing biochemical and pharmacologi-
cal characteristics have been documented for the DA af-
ferent fibres serving the different nuclei, indicating a fo-
cal role of DA in modulating their output and suggesting
that changes in this innervation may be substantial dur-
ing the action of antipsychotic drugs (Kilts et al. 1988).

In spite of the possible functional significance of the
amygdaloid CA innervation, little information is avail-
able concerning its mode of action. A necessary basis for
investigations into this question is a detailed knowledge
of the morphology of the interactions between the identi-
fied afferent fibres and their target structures. Therefore,
in the present investigation, interrelationships between
afferent fibres immunoreactive (ir) for the rate-limiting
enzyme in catecholamine biosynthesis, tyrosine-hydroxy-
lase (TH) and neurons in the CN, BC and paracapsular
Is were studied at the ultrastructural level. Dopamine β-
hydroxylase (DBH)- and phenylethanolamine N-methyl-
transferase (PNMT) immunoreactions on parallel sec-
tions served to assess the extent to which NA and adren-
ergic (A) afferent fibres in the amygdala were labelled
by the TH immunoreaction. Additionally, characteristic
ultrastructural features of neurons in the different nuclei
were studied and documented in order to be able to clas-
sify and identify innervated neurons.

Materials and methods

Tissue treatment

The brains of 13 untreated adult male Wistar rats were used in this
study. All animals were perfused under deep pentobarbital anaes-
thesia via the ascending aorta. Following a short vascular rinse
with 0.1 M phosphate-buffered saline pH 7.2 (PBS), 11 brains
were fixed with 4% paraformaldehyde (PFA) at variable pH (Be-
rod et al. 1981; modified by Liposits et al. 1986). The brains were
perfused for 10 min with the low-pH component (pH 6.5), fol-
lowed by a perfusion of 20 min with the alkaline component (pH
10.5) to which 0.02% glutaraldehyde (GA) had been added. After
fixation, the brains were removed from the skulls and cut in half
by a midline sagittal cut. Frontal blocks 5 mm in thickness of the
amygdaloid region were dissected and postfixed in the alkaline
component of the fixative without GA for either 1–3 h at room
temperature or overnight at 4° C. Following washing in PBS,
some blocks were successively infiltrated with 10% and 20% su-
crose in PBS, frozen in liquid-nitrogen-cooled propane and stored
at −70° C. Some blocks were not frozen; the rest was frozen and
processed as described below without storage.

A comparison of the different methods showed that freezing
and, more so, storage was somewhat detrimental to the ultrastruc-
tural preservation. However, the initial quality of the fixation of
the tissue was more relevant for these experiments, and freezing
of the tissue resulted in a more intense immunocytochemical sig-
nal. For sectioning, frozen tissue blocks were slowly thawed and
put into PBS. Frontal sections of all tissue blocks were prepared
on a Vibratome Model 1000 at a thickness of 40–50 µm. Sections
were collected in several series per block. One series was immedi-
ately mounted from destilled H2O and stained with cresyl violet;
the others were washed extensively in PBS before being subjected
to immunocytochemical treatment (see below).

For electron-microscopic analyses of neurons in the different
amygdaloid nuclei (see below), the brains of two animals that had
been perfused and fixed using fixative with high concentrations of
GA according to the method of Erselius and Wree (1991) were
sectioned. Fixed brains were washed extensively in PBS, the
amygdaloid region was dissected, and 200-µm-thick Vibratome
sections were cut. Further treatment and preparation of ultrathin
sections was as described for the sections of tissue fixed at vari-
able pH (see below).

Immunocytochemistry

Free floating incubations of one series of Vibratome sections were
done in monoclonal mouse anti-TH antiserum (Boehringer, Mann-
heim, Germany) diluted 1:50 in PBS with 0.25% lambda-carra-
geenan (Type IV; Sigma, Deisenhofen, Germany) and 0.04% Tri-
ton X-100 (Sigma). A second series of sections was incubated in
polyclonal rabbit anti-DBH antiserum (Eugene Tech. Int., USA)
diluted 1:500 in the same buffer. Other series were incubated with
anti-TH or anti-DBH antiserum in the same buffer but with 0.5%
Triton X-100 for preparations for comparative light microscopy
(LM). Additional sections were incubated in polyclonal rabbit an-
ti-PNMT (Eugene Tech Int.) for electron microscopy (EM) and
LM. All sections were incubated for 48–72 h at 4° C, washed in
PBS, transferred to biotinylated rabbit anti-mouse or swine anti-
rabbit IgG (DAKO, Hamburg, Germany; 1:300 for 3 h at room
temperature or 1:500 overnight at 4° C), washed again in PBS, in-
cubated in an avidin-biotin–horseradish-peroxidase complex
(DAKO) in PBS for 2.5 h and washed again in PBS.

Visualization was carried out using the glucose-oxidase-diami-
nobenzidine (DAB) method described by Zaborsky and Heimer
(1989). Immunoreaction product development was checked by
LM and stopped by repeated washes in PBS when the maximum
specific labelling possible was achieved. Immunolabelling on the
majority of sections was intensified using either a nickel (NiDAB;
Zaborsky and Heimer 1989) or a silver–gold intensification of the
DAB reaction product (SGI–DAB; Liposits et al. 1986). LM prep-
arations were mounted onto slides pretreated with chrome-al-
um–gelatine. Following drying, a number of TH-labelled sections
were counterstained with cresyl violet. All LM sections were de-
hydrated in a graded ethanol series and mounted in DePex (Serva,
Heidelberg, Germany) from xylene.

Treatment for electron microscopy

DAB-reacted sections with and without intensification, some se-
rial sections which had not been immunocytochemically reacted,
and the thick Vibratome sections of the GA-fixed brains were
washed in PBS, postfixed in 1% OsO4 in PBS for 1 h, washed
again in PBS, dehydrated in a graded–ethanol series and embed-
ded in Durcupan (Fluka, Neu-Ulm, Germany) between two mi-
croscopic slides. After hardening of the resin, the top slides were
removed, and the sections were observed by LM. Amygdaloid
nuclei were defined by comparison of the embedded sections
with the series of cresyl-violet-stained sections of the same tis-



sue block. Small areas situated within or including the different
nuclei were cut out from GA-fixed sections and from TH-im-
munoreacted sections of eight different amygdalae for the CN
and the BC and of five amygdalae for Is (see below) and were re-
embedded upon empty Durcupan blocks. Ultrathin sections (Fig.
1) were cut, mounted on 200 mesh-thin-bar nickel grids (Plano,
Marburg, Germany), lightly contrasted with uranyl acetate and
lead citrate (Reynolds 1963) and observed in a Zeiss EM 109.
Morphometry of perikarya or of TH-ir structures was performed
on EM micrographs of typical neurons and of randomly selected
TH-ir structures in all non- and TH-reacted sections. A compari-
son of data derived from differently fixed or immunoreacted sec-
tions (DAB without intensification, or with Ni- or SGI–intensifi-

cation) did not reveal any noticeable differences in the morpho-
metrical analyses. The procedure for the assessment of the num-
ber, kind, and associations of TH-ir structures is described be-
low.

Controls

The specificity of the antisera was confirmed by immunoblot
analysis by the supplier, and omission of the primary antibody or
replacement with normal sera in the present experiments resulted
in a lack of specific staining.

451

Fig. 1. aLow-magnification microphotograph of a TH-immunore-
acted coronal section of part of the rat amygdala at interaural level
(IAL) ca. 6.8. b, c TH immunoreaction in the central nucleus (b)
and the basal complex nuclei (c) at an IAL of ca. 6.2. d TH-ir fi-
bres in and ventral to area 2 of the parietal cortex (Par 2) adjacent
to the amygdala shown in a. e DBH-ir fibres in the same area in a
parallel section. f, g Higher magnifications of cortical layers II–IV
from the upper right regionsof d and e. Note that the number of
DBH-ir fibres is high in these cortical layers while TH-ir fibres

are scarce. BLA, Anterior basolateral nucleus; BLP, posterior ba-
solateral nucleus; BLV, ventral basolateral nucleus; BM, basome-
dial nucleus; CeI, intermediate central nucleus; CeLc, lateral cap-
sular central nucleus; CeLcn, central lateral central nucleus; CeM,
medial central nucleus; CPu, caudate putamen; Im, main interca-
lated cell groups; Ip, paracapsular intercalated cell groups; L, lat-
eral nucleus; RF, rhinal fissure; ST, stria terminalis. Bars: 500 µm
in a and e (same magnification in d); 200 µm in c (same magnifi-
cation in b); 100 µg in g (same magnification in f) &/fig.c:
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Results

Light microscopy

Cytoarchitectonic subdivisons. &p.1:In the immunoreacted
sections cytoarchitectonic subdivisions were defined by
comparison with adjacent sections stained with cresyl
violet. The nomenclature of amygdaloid nuclei used here
is according to Alheid et al. (1995; Fig. 1) and that of
surrounding brain regions is according to the rat brain
stereotaxic atlas of Paxinos and Watson (1986).

Distribution and LM morphology of TH-ir structures.
&p.1:The LM findings concerning TH-ir fibres in the rat
amygdala will be described here only briefly, since they
have been analysed in previous studies (Fallon and Ciofi
1992; Asan 1993; Freedman and Cassell 1994). The
most dense TH-ir fibre plexus were found in the para-
capsular intercalated cell groups (Ips) dorsal and lateral
to the lateral (L) and basolateral (BL) nuclei (Fig. 1) and
in the lateral part of the anterior main intercalated cell
group (Im; Fig. 1a), followed by the medial, intermedi-
ate, and lateral central parts of the CN (CeM, CeI and

Fig. 2. TH-immunoreacted sections
counterstained with cresyl violet
(a–d) and not counterstained (e, f).
Type A TH-ir axons in the CeM (a),
BLP (c) and Ip (d) and type C ax-
ons in the CeLcn (b). e A type B
axon in the CeM (arrows); f basket-
like TH-ir fibre plexus around neu-
rons in the BM (arrows).
Bar: 20 µm&/fig.c:
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Table 1.Summary of innervation characteristics of TH-ir axons in different rat amygdaloid nuclei&/tbl.c:&tbl.b:

(Sub) LM EM CPs/SPs Synapse
Nucleus axon types bouton types on types

CeM A>>B Narrow varicosities >> Dendrites >>spines>> Symmetric>>asymmetric
large terminals selected somata

(C1)

CeLcn C Small terminals Dendrites>spines>> Symmetric>>>asymmetric
selected somata
(C3, C4)

BC A>>>B Narrow varicosities>>> Dendrites>>spines>> Symmetric>>>asymmetric
(B only large terminals (only selected somata (SPs
in BM) in BM) on B1, CPs on B2, B3)

Ip A Narrow varicosities Dendrites>spines> Symmetric
many somata (I1)

> Indicates “more frequently observed than”&/tbl.b:

CeLcn, respectively, Fig. 1a, b) and the posterior BL
(BLP; Fig. 1c). Less dense plexus were observed in the
anterior and ventral BL (BLA, BLV) and in the basome-
dial amygdaloid nucleus (BM; Fig. 1c). The lateral
amygdaloid nucleus (L) and medial amygdaloid nucleus
(M) possessed scarce plexus, the other nuclei, moderate-
ly dense plexus.

TH-ir terminal plexus consisted of thin, smooth axons
with narrow varicosities and little branching (type A;
Fig. 2a, c, d, f; Table 1). In the BM and the ventral-most
tip of the BL a number of neurons was envelopped by a
dense “basket-like” array of smooth fibres which extend-
ed onto proximal dendrites (Fig. 2f). Occasionally, TH-ir
axons with thin intervaricose segments and large, irregu-
larly spaced boutons were observed in CeM, CeI, BM
and some other nuclei (type B; Fig. 2e; Table 1). Most
TH-ir axons of the CeLcn were thin and intensely
branching with a multitude of small boutons (type C;
Fig. 2b; Table 1).

DBH- and PNMT-ir structures in parallel sections.
&p.1:DBH-immunoreacted sections exhibited dense innerva-
tion of the CeM, CeI and BL, moderately dense DBH-ir
fibre plexus in the L and M, an intermediate density of
fibres in the other amygdaloid nuclei and very few fibres
in the CeLcn and the Is. The number of DBH-ir fibres in
the L and M was as high or higher than that of TH-ir
ones in parallel sections. PNMT-ir fibres were only ob-
served in the CeM with single fibres in a few other nu-
clei (Asan 1993).

Most amygdaloid DBH-ir axons were smooth and
somewhat wider than type A TH-ir axons, with narrow,
regularly spaced varicosities. In the CeM and occasion-
ally in the BM, DBH- and PNMT-ir axons with irregu-
larly spaced, large varicosities and thin intervaricose
segments were observed.

In area 2 of the parietal cortex, DBH labelling result-
ed in abundant staining of typical smooth axons in su-
perficial layers. In contrast there were very few fibres
stained in layers II–V in all studied parallel TH-im-

munoreacted sections, even though the TH-ir fibre stain-
ing in the adjacent caudate putamen (CPu) and amygda-
lae was intense (Fig. 1d–g).

Electron microscopy

Observations on the ultrastructure of neurons in CeM,
CeLcn, BL, BLV, BM (basal complex; BC) and in Ips
(Table 2). &p.1:The preparations analysed included different
subdivisions of the nuclei (e.g. the antero- and postero-
ventral CeM or the BL, BM and BLV). No obvious dif-
ferences in neuronal morphology were discernable be-
tween the subdivisions. Since a precise delineation of
the Ips in non-immunoreacted sections was not possible,
analyses of the Ips’ neuronal morphology was carried
out exclusively on TH-immunoreacted material.

1. Central nucleus. &p.1:Most CeM neurons possessed round
to oval perikarya (type C1; largest diameter 13–16 µm).
The nuclear envelope had indentations of varying num-
ber and size. C1 neurons had a relatively broad rim of
perikaryal cytoplasm with a well-developed Golgi
system. Although C1 neurons constituted a continuous
morphological spectrum, this group was further divided
in two subgroups. Type C1a neurons possessed more or
less abundant stacks of cisterna of rough endoplasmic
reticulum (rER), somatic spines were not encountered
and between three and five axosomatic synapses were
found (Fig. 3a). Type C1b neurons had scattered cister-
nae of rER, occasionally possessed small somatic spines,
and the number of axosomatic synapses was somewhat
higher (see below). Less frequent than C1 neurons were
smaller (largest diameter 8–10 µm), round neurons with
shallow nuclear indentations and a narrow rim of cyto-
plasm with few organelles and single somatic spines
(type C2; Fig. 3b).

In the CeLcn, two types of neurons were about equal-
ly frequently observed. Round neurons (Type C3; largest
diameter 10–14 µm; Fig. 4a) possessed a round nucleus
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without indentations, a comparatively narrow rim of cy-
toplasm with a number of small Golgi stacks and mito-
chondria as well as other organelles, but with little rER.
Somatic spines were rare, but dendritic spines were en-
countered on proximal dendrites. Extensive symmetric
axosomatic synapses were observed. Some of the con-
tacting terminals contained a variety of different vesicles
(Fig. 4b). Type C4 neurons (Fig. 4a) possessed an oval
nucleus without indentations and an oval soma (largest
diameter 12–19 µm) with a cytoplasmic rim which was
broader than that of type C3 neurons. They had more, al-
beit irregularly scattered, rER cisternae and larger Golgi
stacks sometimes extending into proximal dendrites. So-
matic spines were more frequently observed and axoso-
matic synapses less frequently observed than in type C3
neurons (Fig. 4a). Occasionally, neurons similar to types
C1 and C2 (see above) were found in the CeLcn (about
every tenth neuron).

A number of unusual organelles were observed in
central nucleus neurons, such as cilia, lamellar bodies
and subsurface lamellae which were continuous with
rER cisternae (Fig. 4a, c). In the CeLcn close apposition

Table 2.Some ultrastructural characteristics of perikarya of neuron types encountered in different rat amygdaloid nuclei&/tbl.c:&tbl.b:

Neuron Occurrence Perikaryal Shape Nuclear Organelles Additional
type size shape characteristics

(µm)

a. Central nucleus:

C1a, b CeM +++ 13–16 Round Irregular, Golgi ++ C1a: Somatic spines not observed
CeLcn + to oval deep C1a: rER +++ C1b: Few, small somatic spines

indentations C1b: rER + symmetric axosomatic synapses

C2 CeM +++ 8–10 Round Round, Golgi (+) Few somatic spines; symmetric
shallow rER (+) axosomatic synapses
indentations

C3 CeLcn +++ 10–14 Round Round, no Golgi + Somatic spines: C3>C4;
indentations rER + extensive somatosomatic and

somatodendritic appositions;
symmetric axosomatic synapses

C4 CeLcn +++ 12–19 Oval Oval, no Golgi ++
indentations rER ++

b. Basal complex:

B1 BC +++ 14–18 Round to Round to Golgi +++ Small somatic spines;
oval to oval, some rER ++ many symmetric axosomatic
pyramidal indentations many others synapses

B2 BC + 11–13 Similar Irregular, Golgi ++ Somatic spines not observed;
to B1 deep rER +++ symmetric axosomatic synapses

indentations

B3 BC + 8–11 Oval to Similar Golgi + Large somatic spines;
round to B2 rER + symmetric and asymmetric

axosomatic synapses

c. Paracapsular intercalated nuclei:

I1 Ip +++ 8–11 Round to One or Golgi ++ Small somatic spines; extensive
oval two small rER ++ somatosomatic appositions;

indentations symmetric axosomatic synapses

I2 Ip (+) Similar to B2 (see above)

+++ Abundant, ++ several, + scattered, (+) very few
&/tbl.b:

of the plasma membranes of two somata (Fig. 4a, d) or
of a soma and a proximal dendrite was observed fre-
quently. Within these apposition zones the membranes
appeared fused or thickened. Membranous vesicles and
saccules were found in the vicinity of the apposed mem-
branes, and the nuclei were located excentrically near
the apposition zones (Fig. 4d).

2. Basal complex. &p.1:The most frequent neuron type (B1;
largest diameter 14–18 µm) possessed a round to oval,
light nucleus with more or less deep nuclear indenta-
tions, abundant cytoplasm with well-developed Golgi
apparatus and scattered rER cisternae. The somata had a
pyramidal, round or oval shape (Fig. 5a, b). Symmetric
axosomatic synapses (more than five in one sectional
plane) and small somatic spines were observed (Fig. 5a).
Types B2 and B3 were less frequent (about every sev-
enth neuron). B2 had a smaller soma than B1 (largest di-
ameter was 11–13 µm), was similarly shaped and pos-
sessed a darker nucleus with a multitude of deep invagi-
nations. It had a broad cytoplasmic rim with many or-
ganelles, especially with abundant stacks of rER cister-



rim was broad and contained, among other organelles, a
few small Golgi stacks and scattered rER cisternae. La-
mellar bodies were frequently encountered. A number of
axosomatic contacts forming symmetric synapses and
somatic spines were observed. The neurons were clus-
tered closely together, and many somata had extensive
appositions with one or more other somata (Fig. 11a). In
several cases lamellar bodies were situated directly adja-
cent to apposed membranes (Fig. 11b), and structures re-
sembling specialized contacts were encountered (Fig.
11c). Very rarely a larger neuron was observed between
the small ones (type I2), with a deeply indented nucleus
and abundant cytoplasm. This type was similar to B2
neurons of the BC (see above).

Ultrastructural features of TH-ir structures in the CeM,
CeLcn, BC and Ips (Table 1). &p.1:Sections for EM analyses
of the CN and BC were taken from different rostrocau-
dal levels containing different subdivisions; Ip sections
were taken from dorsal or lateral Ips (cf. Fig. 1a, c).

1. General ultrastructural characteristics of TH-ir ele-
ments. &p.1:TH immunoreactivity was found exclusively in
unmyelinated axons, with immunoreaction product ho-
mogeneously distributed in the axonal cytoplasm and at-
tached to membranes such as those of mitochondria.
Small clear round vesicles could be identified in many
TH-ir axons (e.g. Fig. 6e). Occasionally, the presynaptic
region with its dense clusters of vesicles was less immu-
noreactive than the rest of the terminal (Fig. 6e). Bou-
tons contained zero to three mitochondria. Large dense-
cored vesicles (LGVs) were only rarely identified, but
were always found in unusually large and lightly la-
belled terminals (>1 µm). The latter were rare on the
whole, but more frequent in the CeM than in the CeLcn
and BC and were absent from the Ips. In the BC they
were restricted to the BM (not shown; Asan 1993).

In serial sections, the majority of TH-ir elements con-
tacting unlabelled neuronal elements were found to form
synapses. Several criteria were applied for the identifica-
tion of synaptic contacts. Presynaptic vesicle accumula-
tions and pronounced densities of the postsynaptic mem-
branes were considered proof of synaptic contacts. Syn-
apses were classified as asymmetric if the synaptic clefts
were widened and the postsynaptic densities were espe-
cially prominent. They were considered symmetric if the
cleft was narrower and the postsynaptic membranes less
dense than in asymmetric synapses in the vicinity (Peters
et al. 1991). Due to the fact that presynaptic vesicle ac-
cumulations were mostly obscured by immunoreaction
product, and since postsynaptic membranes of symmet-
ric synapses by definition are rather inconspicuous, it
was sometimes difficult to discern symmetric synapses.
Nevertheless, clearly symmetric synapses were more fre-
quent than asymmetric ones. Some of the rare larger ter-
minals (see above) were observed to form asymmetric
synapses on dendrites or spines (not shown; Asan 1993).
Identification of spines was carried out either in serial
sections or according to the criteria of Peters et al.
(1991).
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Fig. 3. Typical C1a (a) and C2 (b) neurons in the CeM. Arrows
point to axosomatic synapses. G, Golgi stacks; rER, rough endo-
plasmic reticulum. Bar: 2 µm&/fig.c:

nae (Fig. 5b, c). Symmetric axosomatic synapses were
less frequent than on B1 and somatic spines were not ob-
served. Type B3 possessed the smallest somata (largest
diameter was 8–11 µm), which were either oval or
round, and had a deeply indented nucleus and a narrow
cytoplasmic rim (Fig. 5d). Asymmetric axosomatic syn-
apses were observed. Some B3 neurons possessed large
somatic spines on which asymmetric synapses were
formed (Fig. 5e).

3. Paracapsular intercalated cell groups. &p.1:The vast ma-
jority of neurons were small (largest diameter was 8–11
µm) with round or oval nuclei which had one or two nu-
clear indentations (type I1; Fig. 11a). The cytoplasmic
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2. Central nucleus. &p.1:In the CeM thin TH-ir axons (diame-
ter <0.2 µm; Fig. 6a) with narrow varicosities (<0.9 µm;
Fig. 6b) and occasional swellings at branching sites
(Fig. 6c) were observed which formed en passant syn-
apses with small- to medium-sized dendrites (Fig. 6b,
c). Contacts or synapses on dendritic spines were less
frequent.

In the CeLcn, longitudinal sections of intervaricose
segments were rare while transverse sections were fre-

quent (diameter <0.2 µm; Fig. 6d). Groups of small TH-
ir terminals were found (diameter <0.9 µm) which
formed synapses on dendrites (Fig. 6d) and dendritic
spines, the latter being contacted on their necks (Fig. 6e)
or heads (Fig. 6f). A contact on a somatic spine was ob-
served once (not shown).

Both in the CeM and CeLcn, the majority of synapses
formed by TH-ir axons were symmetric (Fig. 6b, d–f);
however, asymmetric ones were also observed (Fig. 6c).

Fig. 4. aTypical C3 and C4 neurons
in the CeLcn. Large arrowspoint to
somatic spines, small arrows, to
axosomatic synapses and the open
arrow, to the origin of a cilium.
G, Golgi stacks. Bar: 2 µm. b Large
terminal (T), containing different
forms of vesicles and forming sym-
metric synaptic contacts (arrows)
with a C3 neuron. c Subsurface la-
mellae (SL) in continuity with a
large lamellar body (L) whose low-
est lamella is bearing ribosomes (R).
Bar in c: 0.5 µm (same magnifica-
tion in b). d Enlargement of the ap-
position zone of the two neurons in
a. Membrane thickenings, fusion
zones, and membranous structures
(open arrow) are visible.
Bar: 0.5 µm&/fig.c:



Neuronal elements contacted by TH-ir axons were usu-
ally additionally contacted by other, unlabelled terminals
(Fig. 6b, e, f). In the CeLcn, the combination of a sym-
metric synapse of a TH-ir terminal on a spine in the vi-
cinity of an asymmetric synapse formed by an unla-
belled terminal on the same spine was observed a num-

ber of times (Fig. 6f). Very often, TH-ir axons were
found in direct apposition to unlabelled terminals (Fig.
6b, d). Especially in the CeLcn these appositions ap-
peared to be more than casual membrane encounters,
even though axoaxonic synapses could not be clearly
identified (Fig. 6g).
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Fig. 5. a B1 neuron of the BC with a pyramid-shaped perikaryon.
b, c B2 neurons with a pyramidal (b) and round (c) perikaryon. d
B3 neuron. e Somatic spine of a B3 neuron receiving asymmetric
synapses from three terminals (T1–3). a–e Large arrowspoint to

somatic spines; a–d small arrowspoint to axosomatic synapses;
G, Golgi stacks; rER, rough endoplasmic reticulum. Bars: 2 µm in
d (same magnification in a–c); 1 µm in e&/fig.c:
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In both subnuclei contacts with neuronal somata were
found. However, counting of neuronal perikarya in de-
fined areas of ultrathin sections (see below) revealed that
only about one in 20 (CeM) or one in 15 (CeLcn) neuro-
nal somata were contacted per sectional plane. In the
CeM, contacted neurons were of type C1b (see above;
Table 2; Fig. 7), and TH-ir axons with typical narrow
varicosities were observed to be running along the soma
membrane for long distances and forming symmetric
synapses in their course (Fig. 7a–c). In the CeLcn, C3-
and C4-type neurons were contacted by small terminals,
forming symmetric synapses on various points of the en-
tire circumference of the neuron (Fig. 8).

3. Basal complex. &p.1:The ultrastructural morphology of
TH-ir axons in the BC was similar to that found in the

CeM. En passant-type contacts with unlabelled struc-
tures were even more common (Fig. 9a–e). In the BM a
larger TH-ir varicosity was observed “capping” a medi-
um-sized dendrite, which possessed another contact and
was observed in serial sections to be apposed to a nar-
row axon over a long distance (Fig. 9a, b). Contacts on
dendrites (Fig. 9d) were more common than on spines
(Fig. 9c). A few asymmetric contacts were observed
(Fig. 9e), and postsynaptic elements possessed asymmet-
ric or symmetric synapses from unlabelled terminals in
close vicinity (Fig. 9c). En passant contacts were ob-
served on neuronal somata, usually of type B1, and sym-
metric synapses could be identified (Fig. 10). Apposi-
tions without clear synaptic specializations were found
on a few type B2 (Fig. 10c) and B3 neurons (not shown).
As in the central nucleus, only few somata were contact-

Fig. 6. a–cTH-ir intervaricose ax-
on (a), varicosity (V, b) and axonal
branching point (V, c) in the CeM.
The varicosity in (b) forms a sym-
metric synapse (filled arrow) with
a small dendrite (D), which also re-
ceives asymmetric contacts (open
arrows) from an unlabelled termi-
nal (uT). The branching point (c)
forms an asymmetric synapse
(large arrow) with a small dendrite
(D). Small arrowsindicate the di-
rection of the axon and daughter
branches. d–g TH-ir axons and ter-
minals in the CeLcn. d A TH-ir
terminal (T1) forms a symmetric
synapse (arrow) with a small den-
drite (D). A second TH-ir terminal
(T2) is more lightly labelled. A, In-
tervaricose axons. e A TH-ir termi-
nal (T), in which the presynaptic
area with dense accumulation of
vesicles is more lightly labelled
than the rest of the axoplasm,
possesses a symmetric synapse
(small arrow) with a dendritic
spine (S; large arrow), which is
also contacted by an unlabelled
terminial (uT, open arrow). f A
small spine (S) possesses a sym-
metric synapse (filled arrow) with
a TH-ir terminal (T) and an asym-
metric synapse (open arrow) with
an unlabelled terminal (uT). g A
weakly TH-ir terminal (T) is ap-
posed to an unlabelled terminal
(uT) which forms an asymmetric
synapse (open arrow) with a small
spine (S). Small arrowsLarge
dense-cored vesicles. a–e, g Ni-
DAB intensification; f SGI–DAB
intensification. Bar: 0.5 µm&/fig.c:



ed, but those that were almost always possessed more
than one contact in single sectional planes (Fig.a, c).

4. Paracapsular intercalated cell groups. &p.1:A number of
TH-ir small terminals and narrow varicosities were ob-
served (Fig. 11a, d–g). As in the other nuclei, many ap-
positions were found on dendrites and spines, and again
the postsynaptic elements received synapses from unla-
belled terminals in close vicinity (Fig. 11g). In contrast
to the situation in the central and basal nuclei, the major-
ity of I1-type neurons (36 of 63 somata observed) were
contacted by TH-ir terminals, many of them by more
than one terminal or by a narrow axon or varicosity ap-
posed to the somatic plasmalemma (Fig. 11a, d). Also,
some of the contacted dendrites were rather large, and
some of the contacted spines were somatic spines (Fig.
11e). Synapses were formed with all types of elements
contacted and possessed exclusively symmetric special-
izations (Fig. 11d, f, g).
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Fig. 7a–c.Contacts of TH-ir varicosities on C1b neurons of the
CeM. Curved arrowspoint to typical indentations of the nuclear
envelope. a A varicosity (V) contacts a C1bneuron; two intervari-
cose axons (A) are close to the plasmalemma. G, Golgi. b Several
varicosities (V1–4) contact a C1b neuron. c Enlargement of the

boxed areain b in a serial section. The continuation of V2 is seen
to contact the C1b neuron. The insetshows an enlargement of the
boxed areawith a symmetric synaptic contact (arrow). a NiDAB
intensification; b, c SGI–DAB intensification. Bars: 1 µm in b
(same magnification in a); 1 µm in c&/fig.c:

Fig. 8. Three TH-ir terminals (T1–3) contact a C3 neuron in the
CeLcn. The inset shows an enlargement of the boxed area in a
serial section with a symmetric synaptic contact (arrow). This
neuron is additionally contacted by three other TH-ir terminals
(not shown). SGI–DAB intensification. Bar: 1 µm&/fig.c:
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Quantitative analyses

For the CeM, CeLcn and BC, three squares of the 200
mesh thin-bar nickel grids (approx. 40000 µm2) were
analysed per ultrathin section taken from different inter-
aural levels (IALs) of three brains. Since the Ips were
too small to fill even one square, the entire Ip area as de-
fined by the presence of I1-type neurons was analysed in
ultrathin sections from three brains (one dorsal Ip and
two lateral Ips). To check for intraindividual variability,
three different ultrathin sections were analysed for the
CeLcn of brain A1: two from the upper and lower sur-
faces of one vibratome section at an IAL of ca. 6.7 ac-
cording to Paxinos and Watson (1986), the other from a
second Vibratome section of IAL 6.4. Also, two ultra-
thin sections from the BC of brain A1 were analysed
(Fig. 12). Smaller scale analyses carried out for all nu-
clei in sections from the other studied brains were in the
range documented for brains A1–A3 below.

All TH-ir profiles in the defined areas within the nu-
clei were counted. The absolute number of TH-ir pro-
files counted per section analysed varied (154–325 for
CeM, 205–516 for CeLcn, 101–269 for BC and 40–133

for the Ips). Comparison of counts from different nuclei
that were taken from the same Vibratome sections
showed that the numbers of profiles were slightly to
moderately higher in the CeLcn than in the CeM and
considerably lower in the BC (CeLcn/CeM, 322/318 for
A1; CeLcn/CeM/BC, 205/154/101 for A2; CeLcn/
CeM/BC, 359/325/211 for A3).

Since the qualitative analysis had shown that many
synapses were established by narrow axons en passant,
all profiles that were closely apposed to neuronal ele-
ments were classified as “contacting profiles” (CP).
Those CPs that formed synapses were rated as “synaptic
profiles” (SP). CPs and SPs were further classified ac-
cording to the target of the apposition or synapse (som-
ata, dendrites or spines). Direct appositions with unla-
belled axons were not separately registered. In the intra-
individual comparison of the three sections analysed for
the A1 CeLcn and of the two sections analysed for the
A3 BC, the percentage values calculated for the differ-
ently targeted CPs/SPs among all CPs/SPs lay closely
together (Fig. 12), with a variation range of less than
10% for all and less than 5% for most values. Larger
variations were found for some relative values in the in-

Fig. 9a–e.TH-ir axons (A) and varicosi-
ties (V) in the BC. a A small dendrite (D)
is capped by a large varicosity (V) and
contacted by a narrow axon (A). b In a se-
rial section, TH-ir axons (A) are apposed
to the dendrite shown in a over a long dis-
tance and at different points. c A narrow
TH-ir axon forms a symmetric synapse
(filled arrow) with a spine (S) which re-
ceives asymmetric synapses (open arrows)
from a large unlabelled terminal (uT).
d A narrow varicosity (V) forms two en
passant symmetric synapses (arrows) with
a small dendrite (D). e A somewhat larger
terminal forms an asymmetric synapse
(arrowhead) with a small dendrite (D).
NiDAB intensification. Bars: 2 µm in a;
1 µm in b; 0.5 µm in e (same magnifica-
tion in c and d) &/fig.c:
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Fig. 10a–c.Contacts of TH-ir axons and var-
icosities with neurons in the basal complex.
a Two TH-ir varicosities (V1 and V2) contact
a B1 neuron. The curved arrowpoints to a
typical shallow indentation of the nuclear en-
velope. Boxed areais enlarged in the inset,
which shows a symmetrical synaptic contact
(arrow). b A narrow TH-ir axon (A) runs
wedged between two closely apposed som-
ata, one of which belongs to a B1 neuron. A
narrow varicosity (V, boxed area) forms a
symmetric synaptic contact with the B1 neu-
ron shown in the inset(arrow). c TH-ir axon
(A) with a narrow varicosity (V) runs be-
tween a B1 and a B2 neuron. Although only
part of the nucleus of the B2 neuron is sec-
tioned, one of the typical deep indentations
of the nuclear envelope is visible (curved ar-
row). Also seen are Golgi stacks (G) and the
typical abundant rough endoplasmic reticu-
lum (rER). The cell borders of the two neu-
rons are indicated by small arrows. V is in
contact with both the B1 (arrowheads) and
the B2 neuron (large arrow), while one A
contacts the B2 neuron (large arrow), the
other A contacts the B1 neuron (arrowhead).
a, b SGI–DAB intensification; c Ni-DAB in-
tensification. Bars: 1 µm&/fig.c:
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Fig. 11a–g.Typical I1 neurons and TH-ir elements in the paracap-
sular intercalated cell groups. a Four I1 neurons are visible.
Curved arrowspoint to typical indentations of the nuclear enve-
lope, small arrows, to the plasma membrane of neuron I1/1,
which is closely apposed to neurons I1/2 and I1/3. I1/2 is contact-
ed by a small TH-ir terminal (T1), I1/1 is contacted by three TH-ir
terminals (T2–4). b, c Characteristics of neuronal apposition
zones. Small arrowspoint to apposing membranes. b Shows sub-
surface lamellae (SL) directly beneath the apposing membrane of
one of the neurons. c Shows thickened membranes at the apposi-
tion zone of two other neurons (large arrow). d Is an enlargement
of the boxed areain a, showing symmetric synaptic contacts of
the TH-ir terminal T4 onto neuron I1/1. T4 is adjacent to an unla-
belled terminal (uT) which is also in direct contact with I1/1.

e Two TH-ir terminals (T1 and T2) are apposed to a small somatic
spine (sS, filled arrow) of an I1 neuron. They are also apposed to a
small dendrite (D), and T2 is additionally apposed to a small spine
(S) which receives an asymmetric synaptic contact (open arrow). f
A TH-ir varicosity (V) forms a long symmetric synapse (arrows)
with a small dendrite (D). V is also apposed to an unlabelled ter-
minal (uT) and to a small spine (S). g A TH-ir terminal (T) forms
a symmetric synapse (filled arrow) on a small dendrite (D), which
is also contacted by an unlabelled terminal (uT3). T is additionally
apposed to another unlabelled terminal (uT2) and to two spines
(S1 and S2). S1 receives an asymmetric synapse (open arrow)
from a third unlabelled terminal (uT1). S2 also receives an addi-
tional synaptic contact (arrowhead). NiDAB intensification. Bars:
2 µm in a; 0.5 µm in g (same magnification in b–f) &/fig.c:



terindividual comparison, usually because the analysis
for one brain differed from those of the others, which
again lay within a 10% range (Fig. 12).

Synaptic density. &p.1:The proportion of synapses among all
TH-ir profiles in single sections of different nuclei ex-
hibited little intra- and interindividual variations (Fig.
12a). The highest synaptic density was found in the
CeLcn, where 355 (19.8%) of 1791 TH-ir profiles
formed identified synapses. In the CeM, the density was
significantly lower – of 797 TH-ir profiles 57 (7.2%)
were SPs. An intermediate density was found in the Ips,
where 32 (11.7%) of 273 TH-ir profiles were SPs. The
synaptic density of the BC was in the range of the CeM
with 52 (6.8%) of 762 TH-ir profiles being SPs. Thirty-
nine (11%) of all the synapses in the CeLcn, 8 (22%)
synapses in the CeM and 2 (3.9%) synapses in the BC,
were classified as asymmetric. Among these, a few were
formed by the large type of TH-ir axonal boutons. No
asymmetric synapses were recognized in the Ips. With
respect to asymmetric synapses, the differences between
individual analyses were rather large: their contribution
ranged from 4.4% to 21.3% in the CeLcn, from 5.3% to
27.8% in the CeM, and from 0% to 7.1% in the BC.

Targets of contacts. &p.1:The percentage of contacts and syn-
apses on somata was about equally high in both central
nucleus subdivisions and was lower in the BC (Fig. 12b,
c). In the Ips, the values were more than fourfold higher
than in the central nucleus, constituting about 30%
(20%) of the contacted (synaptic) targets.

In all analyses of all nuclei, contacts and synapses on
dendrites were more frequent than those on spines; how-
ever, relatively more contacts on spines were found to be
synaptic than on dendrites (Fig. 12b, c). The relative
frequency of contacts on dendrites as compared to
contacts on spines was higher in the CeM and BC than
in the CeLcn and Ips, indicating that in the two latter nu-
clei spines were more often the target of TH-ir afferent
fibres than in the CeM and BC. All asymmetric synapses
detected were localized on dendrites and spines, and
most of them (six of eight in the CeM, 27 of 39 in the
CeLcn, and one of two in the BC) were formed with
spines. In the case of the CeLcn, 18 synaptic target
structures (5.1%), four of them with asymmetric synap-
ses, could not be unequivocally identified as small den-
drites or spines. These are not represented in the figures
but will be discussed below.

Discussion

The qualitative and quantitative analyses show that, al-
though the TH-ir axons innervating different amygdaloid
nuclei possess similar characteristics as judged by LM
and EM, certain aspects of the innervation pattern differ
not only between the nuclei, but also between subnuclei
(summarized in Table 1).

463

Fig. 12a–c.Results of quantitative investigations. Columnsindi-
cate mean values calculated for all sections; symbolssignify val-
ues derived from individual sections from different brains (A1, A2,
A3). For the CeLcn, three different sections from brain A1, and for
the BC, two different sections from brain A3 were analysed. a Per-
centages of synaptic profiles in different nuclei. Numbers below
the abscissaindicate counted profiles in the respective nuclei. b, c
Percentages of contacts and synapses among all contacting and
synaptic profiles, respectively. Column patternsrepresent different
nuclei as shown in a&/fig.c:
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General ultrastructural features of amygdaloid
TH-ir axons and terminals

Qualitative studies. &p.1:In the CeM, BC and Ips most con-
tacts were formed by TH-ir varicosities or narrow axons
en passant, while in the CeLcn small terminals pre-
vailed. This finding agrees well with the light-micro-
scopic morphology of type A axons in the CeM, BC and
Ips and of type C axons in the CeLcn. Otherwise, the ax-
onal morphology was similar in all nuclei. All TH-ir ax-
ons found were unmyelinated, contained round clear
vesicles, and in the majority LGVs were not identifiable.
They formed mainly symmetric synapses (Peters et al.
1991). Dendritic shafts and spines were the preferential
targets of TH-ir afferent fibres and often received addi-
tional input from unlabelled terminals. Contacted somata
usually possessed more than one TH-ir apposition in sin-
gle sectional planes.

Quantitative studies. &p.1:The quantitative evaluation sup-
ported the qualitative impressions. In the documentation
of the results mean values calculated from all section an-
alyses are shown together with the values for the indi-
vidual analyses (Fig. 12) to enable recognition of intra-
and interindividual variations within and between the
different categories.

Since identification of symmetric synapses was some-
times difficult, and because most TH-ir terminals con-
tacting neuronal elements were found to form distinct
symmetric synapses in serial sections, the registration of
contacting profiles in single section analyses may give a
more accurate estimate of the relative frequency with
which different targets are innervated than the registra-
tion of synapses. This is also indicated by the fact that
even though their numbers are greater the intra- and in-
terindividual differences in most categories evaluated in
the quantitative studies were smaller for the CPs than for
the SPs (Fig. 12b, c).

The variation of relative values was rather large in the
categories CPs/SPs on dendritic shafts and on spines. A
reason for this may be that in single section analyses of
unusually thin sections, small dendritic shafts were mis-
taken for spines, since characteristic cytoplasmic fea-
tures of dendrites were not included in the section. A
possible explanation for the finding that in all nuclei the
relative frequency of contacts on dendritic shafts as
compared to contacts on spines shifts in favour of spines
when synaptic contacts are compared may be that since
the membrane area available for contacts is smaller in
spines than it is in dendritic shafts, there is a greater
chance of sectioning through the axospinous synapses in
single section analysis than there is of sectioning
through the axodendritic synapse.

TH-ir afferent fibres and their target neurons
in the central nucleus

Comparison of the TH-ir innervation of the CeM and
CeLcn yielded distinct features. The innervation density

as measured by the number of TH-ir profiles in definite
areas was higher in the CeLcn than in the CeM. This is
consistent with recent light-microscopic investigations
(Asan 1993; Freedman and Cassell 1994). Moreover, it
showed that of the CeLcn TH-ir profiles a greater percent-
age forms synaptic contacts, leading to a synaptic density
in the CeLcn more than twice as high as in the CeM.

The proportion of axospinous contacts in the CeLcn
was higher than in the CeM. As mentioned above, about
18% of synaptic targets in the CeLcn could not be distin-
guished as small dendrites or spines. It is likely that
many of these targets were actually spines, rendering the
proportion of axospinous synapses in the CeLcn even
higher.

Innervated neurons. &p.1:Golgi and immunocytochemical
studies have shown that the subdivisions of the CN con-
tain morphologically and neurochemically differing
neurons (McDonald 1982a; De Olmos et al. 1985; Cas-
sell and Gray 1989). The majority of neurons in the
CeM and fewer neurons in the CeLcn have been shown
to project to brainstem centres such as the dorsal vagal
and parabrachial nuclei or CA cell groups (e.g. Higgins
and Schwaber 1983; Veening et al. 1984; Moga and
Gray 1985; Cassell et al. 1986; Wallace et al. 1989;
Gonzales and Chesselet 1990; Vankova et al. 1992; Sun
and Cassell 1993; Sun et al. 1994). Since C1 neurons
are by far the most frequent neurons of the CeM, it is
likely that they are among the brainstem projection neu-
rons. Our findings suggest that intense somatic TH-ir
innervation is targeted at this neuron type. A major tar-
get of CeLcn projections is the bed nucleus of the stria
terminals (Sun and Cassell 1993). The projection arises
from medium-sized spiny neurons which constitute the
predominant neuron type in the CeLcn (McDonald
1982a; Cassell and Gray 1989; Sun and Cassell 1993)
and which are thought to additionally provide an intrin-
sic innervation of other CeLcn or of CeM neurons (Sun
and Cassell 1993). Based on their relative frequency, it
is likely that C3 and C4 neurons represent the ultra-
structural counterpart of medium spiny CeLcn neurons.
Again, some of these neurons receive abundant somatic
TH-ir innervation. The occasionally encountered C1-
and C2-type neurons could be the equivalent of the larg-
er, moderately spiny and the medium-sized spine-sparse
or aspinous neurons documented by Cassell and Gray
(1989).

An interesting feature of the C3 and C4 neurons of
the CeLcn is the close apposition of somata, with fused
or thickened plasmalemmata and membranous vesicles
in their vicinity. Similar phenomena have been de-
scribed for neurotensin-ir and unlabelled CN neurons
(Bayer et al. 1991) and for TH-ir and nonimmunoreac-
tive neurons of the substantia nigra–ventral tegmental
area (Bayer and Pickel 1990). Since in the latter neu-
rons the presence of gap junctions has been suggested
based on the fact that apposed neurons are electrically
and dye coupled (for a review, see Bayer and Pickel
1990), the authors proposed that a similar coupling may
exist between CeLcn neurons.



TH-ir afferent fibres and their target neurons
in the basal complex

Light microscopy and quantitative evaluation of elec-
tron-microscopic preparations showed that the TH-ir in-
nervation density of the BC was generally lower than
that of the CN. In other respects, BC and CeM innerva-
tion characteristics such as preferential target structures
and synaptic density were similar.

Innervated neurons. &p.1:A comparison of our findings with
those of Carlsen (1989) suggests that B1 neurons re-
present the principal projection neurons of the BC (Mc-
Donald 1982b; Carlsen and Heimer 1986, 1988). Sever-
al B1 neurons possessed intense somatic TH-ir innerva-
tion. Ultrastructural features indicate that B2 neurons
are large and medium sized forms of class II neurons of
McDonald (1982b; Carlsen 1989) and that B3 neurons
represent small class II or possibly class III neurons
(McDonald 1982b; Carlsen 1989). The latter two neu-
ron types are supposedly local circuit neurons. Apposi-
tions of TH-ir axons were also found on B2 and B3 neu-
rons, but synaptic specializations could not be ascer-
tained.

TH-ir afferent fibres and their target neurons
in the paracapsular intercalated cell groups

There is a profound difference between the TH-ir inner-
vation pattern of the Ips and that found in the other
amygdaloid nuclei. Even though the “normal”pattern of
innervation of distal dendritic shafts and spines is also
present, 20%–30% of the contacts, significantly more
than in the other nuclei, are formed with proximal parts
of the Ip neurons. Since at the borders of the small Ips
the dendrites of Ip neurons are intermingled with those
of the neighbouring lateral and BL neurons (Millhouse
1986), the proportion of proximal contacts may in effect
be even higher than reported here.

Innervated neurons. &p.1:The ultrastructure of rat I neurons
has not been described yet. It has to be pointed out that
we only looked at Ips. It is possible that the ultrastruc-
ture of neurons in the Im, which is dissimilar to the Ips
in a number of characteristics (such as a significantly
less dense DA innervation, see above), differs from that
described here. However, Golgi studies (Millhouse
1986) indicate that the neuronal morphology is similar
in all I cell groups, with medium spiny neurons consti-
tuting the largest population. The I1 neuron ultrastruc-
ture observed in our material is similar to that reported
for I neurons in the cat in general (Paré and Smith
1993a). I2 neurons are likely to be the equivalent of the
less frequent large neurons (Millhouse 1986; Paré and
Smith 1993a). Many I1 neurons possess extensive so-
matosomatic contacts with each other. As in the CeL-
cn, there seem to be specialized zones in these apposi-
tions.

Functional considerations

Detection of different amygdaloid CA afferent fibres
using the TH-immunoreaction. &p.1:There are several lines of
evidence suggesting that the TH-ir amygdaloid axons
analysed in the present study represent predominantly
DA afferent fibres. Thus, in accordance with previous
studies (Gustafson and Greengard 1990; Asan 1993;
Freedman and Cassell 1994), the CeLcn and the Ips pos-
sessed extremely dense TH-ir fibre plexus while being
practically devoid of DBH- or PNMT-ir fibres. There-
fore, the TH-ir axons in these nuclei represent almost ex-
clusively DA afferent fibres.

The CeM and the BC receive a mixed CA innerva-
tion. In addition to the dense DA fibre plexus of these
nuclei (Fallon et al. 1978; Fallon and Ciofi 1992; Freed-
man and Cassell 1994), NA projections from the locus
coeruleus (LC) occur at a low density in the CeM and at
a higher one in the BC (Fallon et al. 1978; Asan 1993)
and are represented by the smooth type DBH-ir axons in
the present study. NA and adrenergic (A) afferent fibres
from the ventrolateral medullary CA cell groups are rel-
atively frequent in the CeM and occasionally seen in the
BM (Fallon et al. 1978; Hökfelt et al. 1984; Palkovits et
al. 1992; Asan 1993, 1995). They are characterized by
large varicosities as described here. In TH/DBH and
TH/PNMT double labellings carried out on material
which was fixed and immunocytochemically processed
in the same way as in the present investigation, the TH
immunoreaction failed to label NA projections from the
LC (Asan 1993). This finding was substantiated in the
present study by the observation that numerous DBH-ir
fibres in the parietal cortex were not labelled in parallel
TH-reacted sections. Since this cortical area receives a
dense NA innervation from the LC (Moore and Bloom
1979) and the few TH-ir fibres found in layers II–V are
likely to represent the sparse DA innervation encoun-
tered here (Descarries et al. 1987), the TH immunoreac-
tion in the present material also did not detect NA pro-
jections from the LC. An explanation may be the lower
concentration or detectability of TH in LC NA projec-
tions compared with DA axons documented in several
previous studies in different species (Pickel et al. 1975;
Schmidt and Bhatnagar 1979; Lewis et al. 1987; Milner
and Bacon 1989; Sadikot and Parent 1990; Fallon and
Ciofi 1992). Since ventrolateral medullary NA and A
amygdala projections have been shown to contain a
weak TH immunoreactivity (Asan 1993), some of the
morphologically similar TH-ir type B axons documented
in the present study may represent these CA afferent fi-
bres. However, even in the CeM these axons constitute a
very small population among all TH-ir structures. Thus,
the description of the TH-ir afferent fibres in the present
study reflects primarily DA innervation, and will be dis-
cussed below in relation to DA innervation in other brain
areas.

1. Central nucleus. &p.1:The arrangement of a TH-ir terminal
forming a symmetric synapse on a spine or small den-
drite which receives a neighbouring asymmetric synapse
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from an unlabelled terminal, observed particularly in the
CeLcn, is reminiscent of the arrangement of the DA in-
nervation encountered in the neighbouring striatum
(Freund et al. 1984). This innervation pattern suggests
that the TH-ir afferent fibres, in line with their proposed
striatal function, may regulate the selectivity of CeLcn
neurons for stimuli reaching the nucleus from other
sources (Freedman and Cassell 1994). Since the CN, in
particular the CeLcn, is the target of cortical afferent fi-
bres (Turner and Zimmer 1984; Kapp et al. 1985; Mc-
Donald and Jackson 1987; Sun et al. 1994) which termi-
nate primarily upon small dendrites and dendritic spines
(Sun et al. 1994), the TH-ir afferent fibres are in a posi-
tion to modulate the effect of these inputs on the direct
or indirect (via the BST or intrinsic connections, see
above) output of the nucleus to brainstem centres in-
volved in visceral, sensory or somatomotor processes
(Higgins and Schwaber 1983; Veening et al. 1984; Moga
and Gray 1985; Cassell et al. 1986; Wallace et al. 1989;
Moga et al. 1989; Gonzales and Chesselet 1990; Vank-
ova et al. 1992; Sun and Cassell 1993; Sun et al. 1994).
This mode of action could help to explain the observed
attenuating effect of DA injections into the CN on the
development of stress-induced ulcers in rats (Ray et al.
1987).

The CeLcn is similar to the striatum also in a number
of other respects, such as in the scarcity of NA or A in-
nervation and in the presence of γ-aminobutyric acid
(GABA) and enkephalin-synthesizing medium spiny
neurons (Oertel et al. 1983). Moreover, the ultrastructure
of striatal medium spiny neurons (Freund et al. 1984) re-
sembles that of our C3 and C4 neurons. However, in the
striatum, the proportion of spines contacted is higher
than that of dendritic shafts (Freund et al. 1984), while
in the CeLcn the situation is reversed. A possible reason
for this could be the fact that dendrites of CeLcn medi-
um spiny neurons are less spiny than their counterparts
in the striatum (DeOlmos et al. 1985).

Additionally, a selected population of neurons in both
CN subnuclei receives an intense perisomatic TH-ir in-
put. Considering the high cell density especially in the
CeLcn (McDonald 1982a), the absolute number of so-
matically contacted neurons may be quite high. An in-
nervation of this type could exert a powerful nonselec-
tive influence on the activity of the contacted neuron.
The functional significance of this type of TH-ir inner-
vation remains to be determined.

2. Basal complex. &p.1:The basolateral nucleus in the rat has
been suggested to be organized like a cortical structure,
based on similar neuronal morphology as well as compa-
rable afferent and efferent innervation patterns (Carlsen
and Heimer 1988; Carlsen 1989). In accordance with
this proposition, the DA innervation observed in rat cor-
tical areas (Séguéla et al. 1988; Verney et al. 1990) is
similar to that of the TH-ir afferents in the BC. Thus,
dendritic shafts are the preferential target structures, syn-
apses are predominantly symmetric and most contacts
form synapses (Séguéla et al. 1988). In contrast to the
findings in the cortex, LGVs were generally not identifi-

able in BC TH-ir axons. While this may partly be due to
the density of labelling in our material, we still feel that
LGVs are generally rare in these axons.

Verney et al. (1990) propose that the cortical DA in-
nervation is predominantly targeted at the dendritic tree
of projection neurons, while interneurons are a minor
target. Our findings are compatible with a similar ar-
rangement of TH-ir terminals upon BC projection neu-
rons. These neurons are the target of afferent fibres from
cortical areas, the thalamus, the ventral forebrain cholin-
ergic system and the lateral amygdaloid nucleus (Carlsen
1989; Stefanacci et al. 1991), which terminate primarily
on the distal dendritic arbor. The afferent input effect is
presumably susceptible to modulation by synapses
formed by TH-ir terminals on more proximal parts of the
dendritic tree.

As in the CN some neurons of the BC receive an in-
tense proximal TH-ir innervation. While in the cortex
appositions of DA afferent fibres with neuronal somata
were observed (Séguéla et al. 1988; Verney et al. 1990),
although synapses were not identified, B1 somata in the
BC receive symmetric synapses from TH-ir terminals. A
similar regional discrepancy has been noted in a study of
the cholinergic innervation by Carlsen and Heimer
(1986). These authors suggested that this could reflect a
shift in input from soma to peripheral targets from
phylogenetically older to younger areas.

The TH-ir innervation of the BC is thus in a position
to control and gate the responsiveness of, for instance,
BL neurons projecting to the nucleus accumbens (ACC;
Kelley et al. 1982; Carlsen 1989) in response to extrinsic
input. This manner of action may be a basis for effects
observed after altering DA transmission in the BL–ACC
connection, an important pathway in the expression of
emotional behaviour (Louilot et al. 1985; Simon et al.
1988; Mogenson and Yim 1991; Scheel-Krüger and
Willner 1991).

3. Paracapsular intercalated nuclei. &p.1:Little is known
about the connections of the Is. In his detailed Golgi
study, Millhouse (1986) showed that Ip neurons extend-
ed axons toward the CN and M and collaterals into the
BL. He further suggested that I neurons in general are
interposed in projections from piriform and entorhinal
cortices and the basal forebrain and lateral hypothala-
mus to the lateral, basal and central amygdaloid nuclei.
Numerous reports agree that I1 neurons of all Is are
GABAergic (Nitecka and Ben-Ari 1987; Paré and Smith
1993a; Pitkänen and Amaral 1994). Paré and Smith
(1993a, b), showed that in the cat I neurons situated be-
tween the lateral, and basal nuclei and the central
nucleus contribute a significant GABAergic input to the
centromedial nuclei. They reported high spontaneous
discharge rates of I neurons which they attributed to a
lack of perisomatic GABAergic inhibition and suggest-
ed that the Is exert a tonic inhibitory influence over
their projection targets. Assuming that the situation in
the cat Is is similar to that in the densely DA innervated
Ips in the rat, the intense somatic TH-ir input would be
in an excellent position to directly influence the activity



of these I neurons including their inhibitory effect upon
target neurons.

Concluding remarks

There appear to be three different TH-ir innervation pat-
terns in the densely innervated amygdaloid nuclei: (1)
the presumably modulatory “cortical-like” input, most
likely directed at projection neurons in the BC and simi-
larly encountered in the CeM; (2) the intense, “striatal-
like” innervation which presumably modulates the activ-
ity of CeLcn neurons in response to extrinsic input; and
(3) the less-selective proximal innervation of the Ips.
Thus, the TH-ir innervation – representing, as demon-
strated, predominantly DA afferent fibres – is undoubt-
edly in a position to exert significant influence on the in-
trinsic organization and the extensive output of the rat
amygdala. The features described here for the rat may be
relevant also for higher vertebrates, since the studied nu-
clei in the rat and the equivalent nuclei in the primate ex-
hibit a high degree of similarity in cyto- and chemoar-
chitectonics and with respect to connectional character-
istics (e.g. Price et al. 1987; Amaral et al. 1992). Also, at
the LM level, the TH-ir innervation in the monkey (Sad-
ikot and Parent 1990) is similar to that in the rat.

In all species studied, including the human, the nuclei
investigated are either part of or heavily project to a bas-
al forebrain entity consisting of the CN, the BST, the
dorsal substantia innominata and possibly the medial
ACC, which is called the “central extended amygdala”
(Alheid and Heimer 1988; DeOlmos 1990; Alheid et al.
1995). This complex is considered to control and gate
the ascending and descending output of the limbic
system (Alheid and Heimer 1988; Scheel-Krüger and
Willner 1991), and is thus involved in all aspects of
functions ascribed to the amygdala, including emotional
behaviour, social communication and attentional and
memory processes. In man, dysfuntion of information
processing in the complex may play a crucial role in the
etiology of psychoses. Alterations in the systems modu-
lating this information processing may well be the cause
of some psychotic abnormalities. For instance, a loss of
DA modulation in the amygdala could be relevant for the
occurrence of anxiety disorders frequently observed in
patients suffering from Parkinson’s disease (Stein et al.
1990). Also, the extended amygdala is a likely target of
psychotherapeutic drugs acting through their effect on
DA receptors (Alheid and Heimer 1988). The present re-
sults are a step towards understanding how CA innerva-
tion, in this case predominantly the DA afferent fibres,
act in the amygdala of the rat. Given the similarities in
the organization of the central extended amygdala be-
tween lower and higher vertebrates (see above), the find-
ings may eventually help to uncover the effect of dys-
functions in these systems in humans.
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