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Abstract Here, we report ultrastructural alterations in
the synaptic circuitry of the human amygdala related to
neuronal cell densities in surgical specimens of patients
suVering from temporal lobe epilepsy (TLE). The neu-
ronal cell densities quantiWed in the basolateral complex
of amygdala were signiWcantly reduced only in the lat-
eral nucleus (LA) of TLE patients as compared to
autopsy or non-Ammon’s horn sclerosis (AHS) controls

(Nissl staining, immunostaining against the neuronal
marker NeuN). For this reason, we focussed on the LA
to perform a more detailed quantitative ultrastructural
analysis, which revealed an inverse correlation between
the number of axo-somatic inhibitory synaptic proWles at
the somata of glutamic acid decarboxylase (GAD)-neg-
ative projection neurons and the extent of perisomatic
Wbrillary gliosis. In contrast, the density of GAD-immu-
noreactive interneurons positively correlated with the
number of axo-somatic inhibitory synaptic proWles. The
Wbrillary material in perisomatic glial cell processes was
preferentially labeled by the astroglial marker S100B. In
addition, a qualitative study of the dendrites of GAD-
and parvalbumin (PARV)-containing interneurons
showed that they were often contacted by asymmetrical
excitatory synapses. Our results are in line with anatom-
ical data from rodents and cats, which show that
amygdalar interneurons form axo-somatic inhibitory
synapses on GAD-negative projection neurons, whereas
the interneurons themselves receive excitatory input
from recurrent collaterals of projection neurons and
from cortico- and thalamo-amygdalar aVerents. The
structural reorganization patterns observed in the
GABAergic circuitry are compatible with a reduced
feedback or feed forward inhibition of amygdalar pro-
jection neurons in human TLE.
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BV Blood vessel
ce Central nucleus of the amygdala
co Cortical region of the amygdala
cr Cross-sectioned
CPS Complex partial seizure
DAB 3.3�-diaminobenzidine
De Dendrite
ento Entorhinal cortex
Er Endoplasmic reticulum
fA Fibrillary astrocytic process
GAD Glutamic acid decarboxylase
GFAP Glial Wbrillary acidic protein
GL Astroglial cell
ic Intercalated nuclei
LA la Lateral nucleus of the amygdala
lg Longitudinally sectioned
Lp Lipofuscin granula
me Medial nucleus of the amygdala
Mi Mitochondria
n.d. No data
NeuN DNA-binding, neuron-speciWc protein
Nu Nucleus of a cell
ot Optic tract
PARV Parvalbumin
PB Phosphate buVer
sGMS Secondary generalized Grand-mal seizures
SPS Simple partial seizures
S100B Astroglial marker S100beta
TLE Temporal lobe epilepsy

Introduction

The amygdala is a limbic structure in the mesiotempo-
ral lobe involved in the regulation of emotional behav-
ior (Amaral et al. 1992; Yilmazer-Hanke et al. 2004;
Phelps and LeDoux 2005). There is converging evi-
dence for a substantial contribution of the amygdala to
generation and propagation of seizures in human tem-
poral lobe epilepsy (TLE), although little is known on
relevant pathomechanisms (Miller et al. 1994; Gloor
1997; Kälviäinen et al. 1997). Only few recent studies
have dealt with pathologic alterations in speciWc
amygdala nuclei (Hudson et al. 1993; Wolf et al. 1997;
Pitkänen et al. 1998; Yilmazer-Hanke et al. 2000). Fur-
thermore, there are virtually no data on the synaptic
circuitry of the human amygdala in TLE.

The few studies available point to a destruction of
the lateral nucleus of amygdala (LA) in human TLE
and status epilepticus of rat (Hudson et al. 1993; Wolf
et al. 1997; Tuunanen et al. 1999; Yilmazer-Hanke et al.
2000), although other nuclei of the basolateral complex
may also be involved (Tuunanen et al. 1999; Yilmazer-

Hanke et al. 2000). It is unclear, however, which type of
neurons are preferentially lost in human TLE. While
extracellular lipofuscin deposits indicate a destruction
of excitatory projection neurons in the human amyg-
dala (Braak and Braak 1983; Yilmazer-Hanke et al.
2000), a loss of GABAergic interneurons has been
shown in various experimental epilepsy models includ-
ing studies of the rat amygdala (Callahan et al. 1991;
Tuunanen et al. 1996; Gloor 1997; DeFelipe 1999).

Inhibitory control of projection neurons by GABA
ergic interneurons plays a key role in the regulation of
neuronal activity in the basolateral complex of the
human, cat and rat amygdala (Sorvari et al. 1998; Smith
et al. 2000; Muller et al. 2003). First, GABAergic inter-
neurons of the LA receive excitatory input from recur-
rent axon collaterals of amygdalar projection neurons
(Smith et al. 2000) enabling them to perform a feed-
back inhibition of projection neurons as it has been
demonstrated by antidromic activation of neurons pro-
jecting to the basal nucleus of the amygdala (Samson
et al. 2003). Moreover, feedback inhibition of amygda-
lar projection neurons can be induced upon paired
pulse and primed pulse stimulation of thalamo-amy-
gdalar and cortico-amygdalar projections (Szinyei et al.
2000), because not only GABAergic neurons of the
amygdala, but also the projection neurons themselves
receive excitatory synaptic input from these projections
(LeDoux et al. 1991; Farb and LeDoux 1999). Second,
direct thalamo-amygdalar (Woodson et al. 2000) and
cortico-amygdalar projections (Smith et al. 2000) ter-
minating on GABAergic interneurons are the struc-
tural basis for a feed forward and/or lateral inhibition
supported by in vivo functional data (Li et al. 1996).

Most interestingly, depletion or reorganization of
basket and chandelier cell terminals have been sug-
gested to play a critical role in epileptic foci of neocor-
tical areas (Ribak 1985) and the hippocampus (Sayin
et al. 2003; Sutula et al. 2003; Arellano et al. 2004).
Therefore, we addressed the question, whether similar
alterations occur in GABAergic circuitries in the
human amygdala of TLE patients, which may be
related to a reduced feedback or even feed forward
inhibition of projection neurons.

Material and methods

Patient data and surgery

Surgical specimens originated from patients selected
for surgical treatment of TLE at the Department of
Neurosurgery of Bonn University from 2000 to 2003
following detailed presurgical invasive or non-invasive
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epileptological diagnostics. Patient data on seizures,
medication and basic clinical history were available. In
addition to complex partial seizures (CPS), most TLE
patients suVered from simple partial (SPS) and/or sec-
ondary generalized Grand-mal seizures (sGMS)
(Table 1). Informed consent was obtained from all
patients for surgical removal of epileptogenic tissue and
histopathological studies, and all procedures were
approved by the Ethics Committee of the University
Medical Center of Bonn conforming with the Code of
Ethics of the World Medical Association (Declaration
of Helsinki, British Medical Journal July 18, 1964). The
amygdala was accessed from the inferior horn of lateral
ventricle, subpially dissected starting from the choroidal
point, separated from the lentiform nucleus by gentle
ultrasonic aspiration or semi-blunt microdissector, and
detached from the hippocampal vascular pedicle for
“en bloc” resection (Aliashkevich et al. 2003). Autopsy
tissue was obtained from patients without any cerebral
or psychiatric disorders according to the clinical history
and conWrmed by thorough neuropathological examina-
tion (Table 1). The causes of death were coronary heart
disease, cardiomyopathy, stomach or lung carcinoma,
gastrointestinal bleeding, ileus, perforation of colon,
and pulmonary embolus (postmortem delays 16–32 h).

ParaYn embedded material: light microscopy

ParaYn-embedded material was used to assess focal
lesions in mesiotemporal regions, Ammon’s horn scle-
rosis (AHS), gliosis as well as to quantify neuronal cell
densities within the amygdala using the neuronal
marker NeuN (Table 1).

Surgical specimens were immersion-Wxed overnight
in 4% buVered formalin (pH 7.4) and processed into
liquid paraYn. All sections were cut at 14 �m with a
microtome, stretched in water at 60°C, mounted on
slides coated with 3-aminopropyltriethoxysilane
(DAKO, Glostrup, Denmark), and air-dried in an
incubator at 37°C overnight. Neurons and astroglial
cells were visualized with the aid of antibodies against
the neuron-speciWc protein NeuN (Wolf et al. 1996),
and the glial Wbrillary acidic protein (GFAP), respec-
tively (Table 2). Immunocytochemical staining was
performed using the avidin-biotin method and 3.3�-
diaminobenzidine (DAB) as chromogen (Sigma-Aldrich
Chemie Gmbh, Munich, Germany). Hematoxylin-
eosin stains, Nissl stains, pigment Nissl stains, and com-
bined hematoxylin-eosin-luxol-fast blue stains were
also available (Yilmazer-Hanke et al. 2000).

Pathologic alterations examined by two independent
neuropathologists were classiWed as follows: Ammon’s
horn sclerosis (AHS), focal lesions (e.g., glio-neuronal

hamartias, astrocytoma, old necrosis, etc.), dual pathol-
ogy (AHS and focal lesion) or no pathology. AHS was
characterized by extensive hippocampal cell loss and
concomitant astrogliosis in the CA1, CA3, and CA4
subWelds with relative sparing of CA2 and the granule
cell layer of the DG (coronal sections at the level of the
lateral geniculate body). Focal lesions were only found
in the subcortical white matter or temporo-mesial neo-
cortex.

Vibratome sections: light and electron microscopy

Vibratome sections were used for light and electron
microscopic investigations of glutamic acid decarboxyl-
ase (GAD), parvalbumin (PARV), GFAP, and the
astroglial marker S100B (Tables 1, 2; Celio et al. 1988;
Kaufman et al. 1991). In addition, 1–4 sections of each
case and block (1–3 mm thick) were Nissl-stained using
cresyl violet (Sigma-Aldrich Chemie Gmbh).

Surgical specimens from TLE patients and autopsy
material containing the amygdala were immersion
Wxed in 4% paraformaldehyde in 0.1 M phosphate
buVer (PB) (pH 7.4), transferred into a Wxative solu-
tion containing 4% paraformaldehyde with 1% glutar-
aldehyde in 0.1 M PB (pH 7.4), and stored at 4°C until
further use (Table 1). Finally, each block was sectioned
at 50 �m using a vibratome (Lancer Series 1000, St.
Louis, MO, USA), and the sections were collected in
0.1 M PB.

Immunocytochemistry was performed using free
Xoating sections Wrst by blocking the endogenous per-
oxidase activity with 0.3% H2O2 and 5% methanol in
0.1 M PB for 10 min (except for GAD immunostain-
ing), and with 10% bovine serum albumin (SERVA
Electrophoresis GmbH, Heidelberg, Germany) and/
or 10% of a normal serum from the host of the sec-
ondary antibody for a further 30 min. Then the sec-
tions were incubated with the primary antibody for
48 h at 4°C in a 0.1 M PB containing 1–3% normal
serum. Finally, immunostaining was developed using
a biotinylated secondary antibody (1:200) for one and
half hours, the avidin-biotin complex for 1 h (Vecta-
stain ABC-Kits, Alexis, Grünberg, Germany) and
DAB as chromogen (room temperature, reaction
time deWned for each antibody). Heavy metal intensi-
Wcation of DAB was performed with 0.017% cobalt
chloride and 0.014% ammonium nickel sulfate
(Sigma-Aldrich Chemie Gmbh). For each antibody, a
negative control section was included by omitting the
primary antibody during incubation that resulted in a
lack of staining.

All sections used for light microscopy were mounted
onto slides, dehydrated in an ascending series of ethanol,
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Table 1 Table showing demographic features of cases suVering from temporal lobe epilepsy (TLE), dual pathology including lesions
and Ammon’s horn sclerosis (AHS), TLE and/or lesions in the absence of AHS as well as autopsy cases

TLE + AHS TLE + lesion + AHS TLE (§lesion) + no AHS Lesion + no AHS Autopsy 
control

ParaYn light microscopy
Number of patients
Male 7 (5L, 2R) – 1 (R) – –
Female 5 (3L, 2R) – 1 (L)a 1 (R)b –

Age (years)
Age at seizure onset 15.4 § 3.7 – 6.2 § 4.8 – –
Seizure duration 17.8 § 3.3 – 15.0 § 1.0 – –
Age at surgery 37.2 § 2.3 – 22.0 § 3.0 35 –
Age at death – – – – –

Seizure types (%)
CPS 9.1 – – – –
SPS + CPS 36.4 – 50 – –
CPS + sGMS 18.2 – 50 – –
SPS + CPS + sGMS 36.4 – – – –

Seizure frequency/month
SPS 1.6 § 0.6 – 30a, n.d. – –
CPS 4.1 § 1.0 – 3.5a, n.d. – –
sGMS 1.2 § 1.3 – 0a, n.d. – –

Vibratome light microscopy
Number of patients
Male 10 (7L, 3R) 2 (R, L) 3 (L) – 6 (2L, 4R)
Female 11 (6L, 5R) 1 (R) 1 (L)a – 6 (3R, 3L)

Age (years)
Age at seizure 

onset
10.1 § 1.7 4.3 § 2.8 9.8 § 4.1 – –

Seizure duration 27.6 § 2.6 13 § 8.4 6.6 § 4.5 – –
Age at surgery 38.0 § 2.5 4.3 § 11.3 16.4 § 5.0 – –
Age at death – – – – 55.5 § 0.3

Seizure types (%)
CPS 14.3 – – – –
SPS + CPS 9.5 100 50 – –
CPS + sGMS 38.1 – 50 – –
SPS + CPS + sGMS 38.1 – – – –

Seizure frequency/month
SPS 10.4 § 6.1 1–240 0.3 § 0.3 – –
CPS 7.6 § 2.3 4.5 § 2.2 1.3 § 0.2 – –
sGMS 0.4 § 0.2 0.8 § 0.6 n.d. – –

TLE + AHS TLE + lesion + AHS TLE or other 
epilepsy + no AHS

Lesion + no AHS Autopsy 
control

Vibratome electron microscopy
Number of patients
Male 6 (6L) – 1 (L)c – –
Female 5 (2L, 3R) – 1 (L)a – –

Age (years)
Age at seizure onset 10.3 § 3.0 – 2.7 § 0.5 – –
Seizure duration 27.4 § 4.7 – 8.7 § 6.8 – –
Age at surgery 39.4 § 3.5 – 11.3 § 6.3 – –
Age at death – – – – –

Seizure types (%)
CPS – – – – –
SPS + CPS – – 50 – –
CPS + sGMS 54.6 – – – –
SPS + CPS + sGMS 45.4 – 50 – –

Seizure frequency/month

SPS 10.7 § 9.9 – n.d. – –
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cleared in xylene, and coverslipped with Eukitt. For
electron microscopy, the sections immunostained were
postWxed in 1% osmium tetroxide (Electron Micros-
copy Sciences, HatWeld, PA, USA) in 0.1 M PB for 1 h,
rinsed with PB and dehydrated in ethanol (after visual-
ization of the DAB reaction product in free-Xoating
sections). In a next step, the sections were bloc-con-
trasted with 1% uranyl acetate for 1 h, embedded in
Durcupan (ACM, Fluka, Buchs, Switzerland) between
foils and polymerized for 2 days at 70°C. Semithin
(1 �m) and ultrathin sections (60–90 nm) of the LA
were cut on a Ultracut S ultramicrotome (Reichert,
Leica AG, Vienna, Austria) and collected on Formvar-
coated slot grids. Semithin sections were counter-
stained with toluidine blue for light microscopic
orientation. Ultrathin sections were further contrasted
with 2% uranyl acetate and 0.1% lead citrate (Electron
Microscopy Sciences).

Nomenclature of amygdala nuclei

The nomenclature used in the present study has been
adopted from Braak and Braak (1983) and Amaral
et al. (1992) for delineation of the nuclei of the basolat-
eral complex of the amygdala (parvocellular ventral
and magnocellular dorsal parts of the lateral, basal and
accessory basal nuclei of the amygdala).

Light microscopic quantitative analysis of neuronal cell 
densities

In paraYn sections, neuronal cell densities were ana-
lyzed in the ventral part of the LA using the neuronal
marker NeuN by comparing TLE cases with AHS to
cases devoid of AHS cases (Table 1). One case was a
non-AHS epileptic patient and the two other non-AHS
controls suVered from tumors of the temporal lobe

Table 1 continued

ParaYn, light microscopy: ParaYn sections used for quantiWcation of neuronal proWles immunostained for the neuronal marker NeuN.
Here the “TLE + AHS” group was compared with the two “no AHS” control groups. Vibratome, light microscopy: Analysis of Nissl
staining as well as immunocytochemistry of GAD, PARV, GFAP and S100B. Nissl staining: TLE cases versus autopsy controls; GAD-
staining: neuronal cell density versus electron microscopic analysis of synapses and gliosis in the same TLE patients (see below).
Vibratome, electron microscopy: QuantiWcation of symmetrical axo-somatic synapses and perisomatic Wbrillary gliosis in % of neuronal
surface

L Left, R Right

Cases with lesions are indicated as follows:
a ganglioglioma
b glioblastoma multiforme
c perinatal brain damage

TLE + AHS TLE + lesion + AHS TLE (§lesion) + no AHS Lesion + no AHS Autopsy 
control

CPS 10.3 § 3.7 – n.d. – –
sGMS 0.5 § 0.4 – n.d. – –

Table 2 Technical details of antibodies like their sources, dilutions and the types of sections they have been used for

Antibody Type Source Dilution Secondary 
antibody

Heavy metal 
intensiWcation

Section

Anti-NeuN Monoclonal mouse Chemicon International 
(Temecula, CA, USA)

1:500 Horse anti-mouse No ParaYn

Anti-GFAP Polyclonal rabbit DAKO 
(Glostrup, Denmark)

1:400 Goat anti-rabbit No ParaYn

Anti-GFAP Polyclonal rabbit Sigma-Aldrich Inc. 
(St. Louis, MO, USA)

1:1,000 Goat anti-rabbit Yes Vibrotome

Anti-S100beta Polyclonal rabbit SWant 
(Bellinzona, Switzerland)

1:20,000 Goat anti-rabbit Yes Vibrotome

Anti-GAD Polyclonal rabbit Chemicon International 
(Temecula, CA, USA)

1:4,000 Goat anti-rabbit No Vibrotome

Anti-GAD67 Monoclonal mouse Chemicon International 
(Temecula, CA, USA)

1:10,000 Horse anti-mouse No Vibrotome

Anti-PARV Monoclonal mouse SWant 
(Bellinzona, Switzerland)

1:5,000 Horse anti-mouse No Vibrotome
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without any inWltration of the amygdala or hippocam-
pal formation: the ganglioglioma case suVered from
TLE, the glioblastoma multiforme case had no epi-
lepsy (Table 1, cases with no AHS). Quantitative anal-
ysis was performed by using a computer-assisted image
analysis system as described in detail elsewhere (Wolf
et al. 1996; Blümcke et al. 1999). All sections were
examined at a magniWcation of £ 200 and £ 400 with a
Vanox microscope (Olympus, Tokyo, Japan), and the
images were scanned under equal light conditions with
a CCD video camera (Sony, Tokyo, Japan) into a
Power Macintosh workstation (Apple Computers,
Cupertino, CA, USA) using a NuVista+ frame grabber
card (Truevision, Indianpolis, IN, USA). Cell counting
and measurements were performed with the aid of the
IP Lab imaging analysis software by manually labeling
the neurons in 4–10 non-overlapping subWelds on the
computer monitor.

In vibratome sections, the densities of Nissl-stained
and GAD-immunoreactive neurons were quantiWed in
the basolateral complex and LA, respectively (Table 1).
In surgical specimens of TLE patients, the average neu-
ronal cell density was calculated from counting in one to
two vibratome sections at 1 mm distance in all amygdala
nuclei available on the sections (exact number of amyg-
dala nuclei studied are given Results). In autopsy cases,
the average neuronal cell density was determined from
four equidistant (1 mm distance) coronal sections in
anterior-posterior direction. The image analysis system
used was equipped with a digital video camera (Polaroid
Corporation, Waltham, MA, USA), motor-driven object
table (Märzhäuser Wetzlar, Wetzlar, Germany) and
motor control unit for movements of the object table in
the x- and y-dimensions (Lang, Germany) installed on
an Axioplan microscope (Zeiss, Oberkochen, Ger-
many), and run by the Image-Pro-Plus software 4.5
(Media Cybernetics Inc., Silver Spring, MD, USA).
Nissl-stained nucleoli of neurons and GAD immunore-
active proWles were counted with a 40 £  objective by
using manual tags in subWelds of 204.16 £ 153.00 �m2

projected on a computer monitor. The subWelds had
forbidden lines to avoid double counting in the x- and
y-dimensions. In Nissl staining, the total area analyzed
ranged from 2.01 to 2.18% of the total object area (SEM
0.05–0.19%; distance of subWelds 1,225 £ 918 �m2), and
in GAD immunostaining to 12.02 § 0.35% of the LA
(distance of subWelds 408 £ 306 �m2).

Quantitative ultrastructural analysis

Among the 28 TLE cases used for light microscopic
studies (Table 1), 25 cases were screened for the quality
of ultrastructure of the LA [electron microscope Leo

906E (LEO Elektronenmikroskopie GmbH/Zeiss,
Oberkochen, Germany; Gatan bioscan camera (Gatan
Inc., Pleasanton, CA, USA)]. In addition, one case
suVering from epilepsy of non-temporal origin following
perinatal brain damage was included. Altogether 15
regions of the LA were randomly selected and quantita-
tively analyzed in 13 cases with a well-preserved ultra-
structure (Table 1): either the ventral or the dorsal part
of the LA was studied in 12 cases, and in one case two
regions from the dorsal LA and one region from the
ventral LA were analyzed. Because ultrastructural
investigations of autopsy material had shown a very
poor preservation of tissue, autopsy material was not
used for quantitative electron microscopic studies.

Glutamic acid decarboxylase-negative neurons with
well-deWned ultrastructural characteristics of projec-
tion neurons were screened along their whole surface,
and each synapse with a pre and a postsynaptic density
directly contacting the soma was counted. In contrast,
synapses on dendritic extensions originating from the
soma of neurons or which were localized within the
neuropil were only studied qualitatively. On average
27.9 § 5.8 neurons were analyzed per each subregion
of the LA in 1–4 non-neighboring ultrathin sections of
the LA, and 13.0 § 1.4 neurons per ultrathin section
were scored (the area of the synaptic bouton and num-
ber of mitochondria in synaptic boutons were mea-
sured in two cases with extensive and one case with
slight Wbrillary gliosis).

In a next step, the same neurons were screened
along their surface for direct contacts of Wbrillary
astroglial processes identiWed by presence of character-
istic electron dense Wbrillary material (Peters et al.
1976). Finally, the perimeter of the GAD-negative
neuron and the length of the Wbrillary processes in
direct contact with the soma of each neuron were mea-
sured using the Digital Micrograph software (Gatan
Inc.). This procedure enabled us to calculate the per-
centage of neuronal cell surface covered by astroglial
processes as a measure of the grade of perineuronal
Wbrillary pathology and to relate this pathology to the
number of GAD-positive boutons forming symmetri-
cal inhibitory synapses at the somata of the same
GAD-negative neuron. We preferred this approach,
because perineuronal gliosis did not necessarily corre-
late with the Wbrillary gliosis in the remaining neuropil,
and the latter pathology may be less related to a periso-
matic denervation of neurons.

Statistical analysis

Group comparisons were carried out using the Student’s
t-test. The relationship between diVerent morphological
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parameters were studied using a Pearson’s correlation
matrix followed by a simple linear regression analysis for
statistically signiWcant parameters. All data were pre-
sented as mean § SEM values. DiVerences were consid-
ered to be signiWcant at an alpha-level of 0.05 or below
0.05 (2-tailed p-values), alpha-levels higher than 0.05
were presented as not signiWcant (n.s.). The GB-STAT
software package for Microsoft Windows, Version 5.4,
was used for statistical analysis.

Results

Characterization of neurons in the LA

The density of GAD- and NeuN-labeled neurons
appeared to be reduced in the LA of many but not all
TLE patients (Fig. 1). Light microscopic observation of
individual PARV- and GAD-immunoreactive inter-
neurons in autopsy cases revealed diVerences in the
shape of somata and extent of dendritic branches of
LA neurons (Fig. 2a, d). In the vicinity of these neu-
rons, thin axons with many boutons were observed,
and in some instances, such boutons appeared to sur-
round non-labeled neurons. In TLE cases, the arbori-
zation of dendritic trees of PARV-positive neurons
was usually more sparse than in autopsy controls
(Fig. 2b, c). Moreover, GAD-labeling extended usually
less far into dendrites of neurons (Fig. 2e). The density
of PARV-positive bouton-like structures appeared to
be reduced in TLE patients (Fig. 2b, c) as compared to
autopsy controls (Fig. 2a).

At ultrastructural level, GAD-negative projection
neurons were large and pyramidal-shaped or multipo-

lar (Fig. 3a, b). Based on their morphological charac-
teristics, they could be clearly distinguished from
GAD- and PARV-positive neurons, which were usu-
ally smaller in size and had a thinner cytoplasm around
the nucleus as compared to GAD-negative projection
neurons (Fig. 4a, b). GAD- and PARV-negative den-
dritic proWles (Fig. 3d) as well as dendritic proWles of
GAD- and PARV-containing interneurons received
excitatory synaptic input (Fig. 4c–e). In contrast, all
axo-somatic synapses contacting GAD-negative pro-
jection neurons were symmetrical inhibitory synapses
in our TLE cases (Fig. 3c, e).

Astroglial markers in the LA

Fibrillary gliosis, deWned as a dense network of astrog-
lial cell processes at light microscopic level, was more
extensive in amygdalar subregions with a reduced neu-
ronal cell density as described previously (Yilmazer-
Hanke et al. 2000). Nevertheless, the labeling intensity
of S100B-stained processes in the neuropil was usually
less intense than GFAP staining in neighboring sec-
tions of the amygdala (Fig. 2g–j).

At ultrastructural level, many TLE cases displayed
an extensive perisomatic Wbrillary gliosis deWned as
astroglial cell processes with bundles of Wlaments
attached to the neuronal cell surface (Fig. 3d, f), which
were preferentially labeled with the astroglial marker
S100B (Fig. 5) as seen in light microscopic sections
(Fig. 2f). A perisomatic Wbrillary gliosis around neu-
rons was also found in cases, in which Wbrillary gliosis
in the neuropil was rare. In contrast to the labeling pat-
tern of astrocytic processes with the marker S100B,
GFAP-labeled astroglial processes displayed a more

Fig. 1 Overview of neurons 
immunostained for glutamic 
acid decarboxylase 67 
(GAD67)- and the neuronal 
marker NeuN (D) in the 
ventral portion of the lateral 
nucleus of amygdala (LA). 
Although some temporal lobe 
epilepsy (TLE) patients have 
a high GAD67-immuno-
stained neuronal density (b) 
like in autopsy controls (a), 
others display a very low 
GAD67-labeled neuronal cell 
density (c). NeuN immuno-
staining does not diVerentiate 
between GABAergic and 
glutamatergic neurons (d)
123



Exp Brain Res (2007) 177:384–399 391
variable distribution pattern both at light (Fig. 2i, j)
and electron microscopic level either by surrounding
individual neurons or by extending within the neuropil
(data not shown).

Analysis of neuronal cell densities in the amygdala: 
light microscopy

Quantitative analysis at light microscopic level was
performed using Nissl staining, and immunocytochemi-
cal detection of NeuN and GAD. Statistical analysis of
neuronal cell densities in the basolateral complex of
the amygdala revealed a signiWcant reduction in the
number of Nissl-stained neurons with prominent nucle-
oli (TLE Cases: n = 24, Autopsy Controls: n = 8,
p = 0.05) and NeuN-immunoreactive neuronal cell pro-
Wles (TLE cases with AHS: n = 11, TLE § lesion/con-
trol without AHS: n = 3, p < 0.05) in the ventral/
periventricular part of the LA (Fig. 6a, b). However,
quantiWcation of Nissl-stained neurons did not show
any diVerences between TLE patients and autopsy
controls in the dorsal LA (TLE: n = 18, Controls:
n = 11, n.s.), ventral basal nucleus (TLE: n = 19, Con-
trols: n = 17, n.s.), dorsal basal nucleus (TLE: n = 13,
Controls: n = 8, n.s.), ventral accessory basal nucleus
(TLE: n = 7, Controls: n = 7, n.s.) and dorsal accessory

basal nucleus (TLE: n = 6, Controls: n = 8, n.s.). Never-
theless, there were still some TLE cases with a remark-
able reduction of neuronal cell density within
subregions of the basolateral complex other than the
ventral part of the LA. The reduction in the density of
GAD67-immunoreactive neurons in the LA of TLE
cases versus autopsy controls narrowly missed signiW-
cance level in the ventral LA (Fig. 6c, ventral LA: TLE
cases n = 6, 11.68 § 3.82 neuronal cell proWles/mm2,
autopsy controls n = 8, 31.96 § 8.21 neuronal cell pro-
Wles/mm2, t = 2.24, df = 10.56, p = 0.0687; dorsal LA:
TLE cases n = 6, 13.51 § 3.42 neuronal cell proWles/
mm2, autopsy controls n = 5, 27.13 § 6.00 neuronal cell
proWles/mm2, t = 1.97, df = 7.66, p = 0.1314, n.s.)

Correlations between TLE-associated structural 
parameters: electron microscopy

The quantitative ultrastructural analysis of the number
of axo-somatic inhibitory synaptic contacts per GAD-
negative projection neuron (Fig. 3c, e) and perisomatic
Wbrillary gliosis measured as the percentage of neuro-
nal cell surface covered by astroglial processes (Fig. 3d,
f) revealed an inverse correlation between these two
parameters in the LA (linear simple regression analy-
sis, r = ¡0.61, n = 15, p < 0.05). Thus, the higher the

Fig. 2 Light microscopic pictures of parvalbumin (PARV)- and
glutamic acid decarboxylase (GAD)-positive neurons, and gliosis
as identiWed with astroglial markers S100B and glial Wbrillary acid-
ic protein (GFAP). PARV-positive neurons seemed to have more
extensive axonal (open arrow heads) and dendritic arborizations
in the LA of autopsy controls (a) than in TLE patients (b, c).
GFAP and S100B immunostaining in the same subregion of the
LA of two TLE patients (Case 3: g, i; Case 4: h, j). S100B-positive

processes of astrocytes (GL) surround non-labeled neurons (black
arrow heads) and blood vessels (BV) veriWed with phase contrast
(f). The density of S100B-immunoreactive astroglial processes
correlates quite well with perisomatic Wbrillary gliosis quantiWed at
ultrastructural level (g: 1.78% gliosis of neuronal cell surface, h:
0% gliosis of neuronal cell surface; f: 6.04% gliosis of neuronal cell
surface). a-e and g-j: photographed with a 40 £  objective; f: pho-
tographed with a £100  objective and oil immersion
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perisomatic gliosis and the grade of pathologic altera-
tions was, the less was the number of inhibitory axo-
somatic synapses (Fig. 7a). Moreover, one patient
suVering from perinatal brain damage included as a
potential non-TLE/non-AHS amygdala control dis-
played a very high percentage of inhibitory axo-
somatic synapses in total absence of perisomatic gliosis
(0.38% synapses per GAD-negative projection neu-
ron). In order to estimate the degree of a potential loss
of inhibitory axo-somatic synapses, we also deWned a
cutting oV point at 0.20 synapses per neuron (see also
Fig. 7a) and respective degree of perisomatic Wbrillary
gliosis. Cases with a high perisomatic Wbrillary gliosis
(3.2 § 0.4% of neuronal perimeter) were contacted by

0.09 § 0.01 synapses per neuron, whereas cases with a
low perisomatic Wbrillary gliosis (0.7 § 0.4% of neuro-
nal perimeter) were contacted by 0.32 § 0.04 synapses
per neuron corresponding to a loss of approximately
70% of inhibitory axo-somatic synaptic proWles.

S100B-labeling at light microscopic level correlated
well with perisomatic Wbrillary gliosis quantiWed at
ultrastructural level (Fig. 2h–l). The average length of
neuronal cell surfaces (perimeter), the length of periso-
matic Wbrillary glial cell processes per neuron, and the
percentage of inhibitory axo-somatic synapses per neu-
ron did not diVer between the ventral and dorsal parts
of the LA (t-test, p > 0.05, n.s., perimeter of GAD-nega-
tive neurons studied—ventral LA: 65.85 § 6.63 �m,

Fig. 3 Examples of symmetrical axo-somatic synapses and as-
troglial Wbers at GAD-negative projection neurons in the LA of
TLE patients quantiWed at ultrastructural level as well as asym-
metrical synapses contacting GAD-negative dentrites. GAD-
negative neurons of the LA (a, b) display round and large nuclei
(Nu), a prominent endoplasmic reticulum (Er) and groups of
lipofuscin granula (Lp) (see also c, d). The axo-somatic GAD-
positive synapse (c) shown in the inset of (a) exhibits a thin post-
synaptic density, mitochondria (Mi), many round small vesicles
and some DAB reaction product in the presynaptic area, whereas

another axo-somatic synapse displaying a thin postsynaptic den-
sity is completely Wlled (e). The detail of (b) shown in (d) exhibits
a long astroglial Wber (fA) in direct contact with the neuron, and
several GAD-negative dendritic proWles with thick postsynaptic
densities typical for asymmetrical synapses. The micrograph in (f)
shows Wbrillary astroglial Wbers cut in the cross plane (cr) and lon-
gitudinally (lg) at higher magniWcation. Arrow: presynaptic re-
gions; open star: postsynaptic area. Scale bars in a and b: 10 �m;
Scale bars in c, e and f: 1 �m; Scale bars in d: 2 �m
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dorsal LA: 66.65 § 3.54 �m; length of perisomatic
astroglial cell processes—ventral LA: 2.73 § 0.48 �m,
dorsal LA: 2.10 § 0.82 �m; percentage of inhibitory
somatic synapses per neuron—ventral LA: 16.24 §
6.29%, dorsal LA: 16.70 § 3.67%). The area of synaptic
bouton was 0.710 �m2 in a case with slight perisomatic
Wbrillary gliosis, and ranged from 0.444 to 0.519 �m2

in the two cases with severe perisomatic Wbrillary
gliosis.

The decrease in the number of inhibitory axo-
somatic synapses contacting projection neurons of the
LA may be related to a destruction of GAD-positive
interneurons in this nucleus (Fig. 7b). We indeed
observed a positive correlation between the number of
inhibitory axo-somatic synaptic proWles and the density
of GAD-positive neurons in the LA, which explained
47.5% of the variability (linear simple regression anal-
ysis r = 0.69, n = 11, p < 0.05). However, the number of
synaptic proWles did not correlate with the overall neu-
ronal cell density as quantiWed in Nissl staining (linear
simple regression analysis, n = 11, p > 0.05, n.s.). In
addition, the number of glial cell somata attached to
the surface of GAD-negative neurons (the so-called

satellitosis) did not correlate with any other parameter
analyzed, e.g., the number of somatic inhibitory synap-
tic proWles, perisomatic Wbrillary gliosis or density of
GAD-positive neurons.

Discussion

In the present study, we addressed alterations in the
GABAergic synaptic circuitry of the amygdala in
human TLE using quantitative ultrastructural analysis.
We observed a decrease in the number of inhibitory
axo-somatic synapses at GAD-negative projection
neurons in the LA of TLE patients in presence of high
perisomatic Wbrillary gliosis. Moreover, the number of
inhibitory perisomatic synapses was related to the den-
sity of GAD-positive interneurons but not to the over-
all reduction of neuronal cell density in the LA of TLE
patients as compared to autopsy controls.

The decrease in neuronal cell density we have
observed in the ventral/periventricular part of the LA
in TLE patients as compared to autopsy or no AHS
cases is consistent with the considerable damage in

Fig. 4 Ultrastructural charac-
teristics of examples of 
PARV- and GAD-positive in-
terneurons and dendritic pro-
Wles from surgical specimens 
in the LA of TLE patients. 
The PARV-positive neuron 
(a) has nuclear invaginations 
and only few round lipofuscin 
granules (Lp). The GAD-pos-
itive neuron (b) is devoid of 
lipofuscin granules, and it 
exhibits some endoplasmic 
reticulum (Er) and a round 
nucleus (Nu) with a promi-
nent nucleolus. The pictures 
(c–e) show dendritic (De) 
parts stained for PARV 
(marked by +) or GAD 
(marked by a star). These den-
dritic structures (c shows a 
dendritic spine) present asym-
metric, and in some instances 
perforated-like (c), postsyn-
aptic densities typical for 
excitatory synapses. Presyn-
aptic areas are marked by 
arrow heads (c–e). Scale bars 
in a and b: 2 �m; Scale bars in 
c–e: 1 �m
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the medial/posterior part of the LA in rats after status
epilepticus (Tuunanen et al. 1996, 1999). Neverthe-
less, the reduction in the density of GAD-positive
neurons in the ventral LA of TLE patients narrowly

missed signiWcance level probably because of the high
variability in the density of GAD-positive neurons in
our TLE cases. The LA in general, and ventral LA in
particular, appears to play an important role in propa-
gation of seizure activity in mesiotemporal networks
(Benini et al. 2003; Klueva et al. 2003) because of
high convergence of extra- and intraamygdalar
inputs, unidirectional information Xow from the dor-
sal to the ventral part of the primate LA (Pitkänen
and Amaral 1998; Pitkänen and Kemppainen 2002),
and direct projections to the entorhinal cortex and
hippocampal formation (Aggleton 1986; Rosene and
van Hoesen 1987; Amaral et al. 1992; Stefanacci and
Amaral 2000; Pitkanen et al. 2002). Nevertheless, we
may have underestimated the damage in the amyg-
dala, which can show a 10–30% shrinkage of its vol-
ume in MRI studies (Pitkanen et al. 1998), because
we were not able to quantify the total number of neu-
rons in TLE patients using stereological methods
(Coggeshall and Lekan 1996), and we cannot exclude
a cell loss in our autopsy controls because of the older
age average of these cases as compared to TLE cases.

Thus, we focussed on the LA to characterize TLE-
related alterations in GABAergic circuits in the pres-
ent study. At light microscopic level, inhibitory periso-
matic boutons labeled with PARV appeared to be
reduced in the LA of TLE patients similar to the
decrease of PARV-labeled neurons or boutons
reported in various brain regions in human TLE and

Fig. 5 This electron micrograph presents S100B-labeled astrogli-
al processes at low (insets in b) and high magniWcation (a, c). The
S100B-labeled astroglial processes surround one large pyramidal
shaped neuron with groups of lipofuscin granula (Lp) and a
round nucleus (Nu) characteristic of a projection neuron in the
LA. The glial cell attached to the neuron (marked with a star) is
devoid of S100B immunoreactivity. Scale bars in a and c: 2 �m;
Scale bar in b: 10 �m

Fig. 6 Estimation of neuronal 
cell densities by counting neu-
ronal cell proWles. In the ven-
tral part of the LA there is a 
signiWcant reduction in the 
number of Nissl-stained neu-
ronal cell proWles with promi-
nent nucleoli (a) and NeuN-
immunostained neuronal cell 
proWles (b). The reduction in 
the density of GAD-immuno-
reactive proWles narrowly 
missed signiWcance level in the 
ventral part of the LA (c). The 
cases included into quantita-
tive analysis are presented in 
Table 1. ab Accessory basal 
nucleus, ba Basal nucleus, 
dors Dorsal, la Lateral nucle-
us, ventr Ventral
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epilepsy models (Zhu et al. 1997; Andre et al. 2001;
Gorter et al. 2001; Silva et al. 2002; Druga et al. 2003;
Kobayashi and Buckmaster 2003; van Vliet et al. 2004).
Nevertheless, a reduced PARV immunostaining may
also result from a down-regulation of PARV expres-
sion rather than a loss of PARV containing interneu-
rons themselves as shown in the dentate gyrus (Scotti
et al. 1997; Wittner et al. 2001; Sloviter et al. 2003). At
ultrastructural level, we were not able to show a direct
loss of axo-somatic synapses contacting projection neu-
rons, because we could not compare the density of axo-
somatic inhibitory synapses in the LA of our TLE cases
with controls, e.g., autopsy cases, due to the poor pres-
ervation of the tissue. However, we found a remark-
able reduction of axo-somatic GABAergic input onto
GAD-negative excitatory projection neurons in the
human LA in presence of a high perisomatic Wbrillary
gliosis as indicated by the inverse correlation between
these two parameters. Thus, the higher the perisomatic
Wbrillary gliosis was, the less was the number of axo-
somatic synapses, and vice versa. In addition, the den-
sity of GAD-positive neurons positively correlated

with the number of axo-somatic inhibitory synaptic
proWles.

The glial scar around the neurons was also found in
cases, in which Wbrillary gliosis in the neuropil was rare,
suggesting that perisomatic Wbrillary gliosis might be a
speciWc type of lesion. The astroglial marker S100B,
which is also up-regulated in the neocortex of TLE
patients (GriYn et al. 1995), preferentially labeled the
electron dense bundles of Wlaments seen within the
perisomatic glial cell processes (Peters et al. 1976), and
may be therefore a potentially useful marker for assess-
ment of the grade of perisomatic gliosis seen at the
ultrastructural level. This secretory protein (Pinto et al.
2000) could also directly inXuence amygdalar neurons
in human TLE via its calcium-binding properties (Dro-
hat et al. 1998; Smith and Shaw 1998; Donato 2003) or
as a neurotrophic factor (Winningham-Major et al.
1989; Liu and Lauder 1992), because its deWcit has been
shown to enhance epileptogenesis (Dyck et al. 2002).

In the human LA, we could distinguish GAD-nega-
tive projection neurons and interneurons expressing
GAD or PARV on the basis of their ultrastructural

Fig. 7 Correlation diagram of quantitative ultrastructural analysis
in the LA. The number of inhibitory synapses per neuron inverse-
ly correlates with the extent of perisomatic Wbrillary gliosis (a). In
contrast, the number of inhibitory synapses per neuron positively
correlates with the density of GAD-positive interneurons (b). The
percentage of Wbrillary gliosis corresponds to the length of Wbril-
lary astroglial process per neuronal surface length [length of glial
cell process (�m)/perimeter of the same neuron (�m)]
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Fig. 8 OversimpliWed hypothetical synaptic circuitry of the hu-
man amygdala based on Wndings in the rat, cat, and human amyg-
dala: Projection neurons of the lateral amygdala send recurrent
collaterals to subpopulations of GABAergic interneurons, which
are in a position to excert a feedback inhibition of projection neu-
rons by performing a powerful perisomatic inhibition. GABAer-
gic interneurons of the LA may also be able to perform a feed
forward inhibition of projection neurons, because—apart from
recurrent collaterals—they receive excitatory input from extrin-
sic Wbers, e.g., originating in the thalamus. The Wndings in the
present study indicate a loss of perisomatic inhibitory synapses at
projection neurons of the LA inversely correlated with periso-
matic Wbrillary gliosis, which may lead to a reduction of either
feedback and/or feed forward inhibition of projection neurons.
This scheme does not take into account that subpopulations of
amygdalar interneurons are heterogenous in their morphology
and peptidergic equipment, and probably also in their extrinsic
input or integration into the intrinsic circuitry within the LA
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features, e.g., size of neurons, amount of endoplasmic
reticulum, presence of nuclear invaginations and pat-
terns of lipofuscin granula consistent with previous
observations (Braak and Braak 1983; Asan 1998; Sor-
vari et al. 1998). Although amygdalar aVerents could
not be traced in surgical specimens, the asymmetrical
excitatory synaptic input to GAD- and PARV-positive
neurons in the LA was compatible with data reported
from rodents showing innervation of these neurons by
recurrent axon collaterals of amygdalar projection neu-
rons (Smith et al. 2000) as well as by thalamo-amygdalar
projections (Woodson et al. 2000). Because PARV-
containing neurons in turn form inhibitory synapses at
the somata of projections neurons of the human and
rat LA, these neurons are thought to exert a powerful
inhibitory control on the activity of projection neurons
(Sorvari et al. 1998; Smith et al. 2000). In the LA of
TLE patients, the somata of GAD-negative projection
neurons only received GAD-positive inhibitory syn-
apses. In contrast, GAD-negative dendritic proWles,
were mainly contacted by GAD-negative asymmetrical
synapses compatible with a prominent innervation of
the LA by excitatory thalamo-amygdalar (LeDoux
et al. 1991) and cortico-amygdalar projections (Aggle-
ton 1986; Stefanacci et al. 1996; Stefanacci and Amaral
2000) or aVerents originating in the basal and accessory
basal nuclei of the amygdala (Pare et al. 1995; Savan-
der et al. 1997). At the ultrastructural level, asymmet-
ric synapses as well as various subtypes of NMDA and
AMPA receptors have been found at dendritic shafts
and spines of projection neurons of the rat LA (Farb
and LeDoux 1999).

In the rodent amygdala, a 30–40% reduction of syn-
aptosomes as well as GABA levels within the synapto-
somes has been shown ipsilaterally in a kindling model
of epilepsy. There was also a reduction in the density of
GABA-A and benzodiazepine binding sites at about
60% (Löscher and Schwark 1987). Both Wndings are
consistent with a perisomatic GABAergic denervation
of amygdalar projection neurons in human TLE,
because axo-somatic inhibitory synapses are most
likely equipped with GABA-A receptors. Electrophys-
iological studies have shown that GABAergic inter-
neurons mediate feed forward and feedback inhibition
of projection neurons via GABA-A receptors in the
amygdala (Li et al. 1996; Lang and Paré 1997; Szinyei
et al. 2000; Samson et al. 2003). Furthermore, a reduc-
tion of feed forward and feedback inhibition by block-
ade of GABA-A receptors contributes to generation
and spread of epileptic activity in associational circuits
(Gean and Chang 1991; Danober and Pape 1998).

A loss of perisomatic inhibition of principal neurons
in the LA may therefore lead to a reduced feedback

and/or feed forward inhibition in human TLE consid-
ering the connectivity of the amygdala known from pri-
mates, rodents and cats (Fig. 8). Altogether our
Wndings add to the spectrum of structural abnormali-
ties we have previously described in TLE patients, e.g.,
smaller neuronal somata and fewer Wrst order den-
drites of amygdalar projection neurons, and dendritic
alterations such as focal constrictions or increased
spine densities (Aliashkevich et al. 2003). They are
compatible with structural changes of PARV contain-
ing neurons, although we did not quantify the size of
these neurons or of their dendritic arborizations. Not-
withstanding, this schematic view does not take into
account the heterogeneity of GABAergic interneurons
in the basolateral complex of amygdala. At least four
subpopulations of interneurons have been identiWed
with respect to their morphology and peptidergic
equipment probably also diVering in their extrinsic
input or integration into the intrinsic circuitry of the
amygdala (Muller et al. 2003). The pathophysiological
signiWcance of disinhibitory mechanisms based on
interneuronal connections, e.g., shown for vasoactive
intestinal peptide (VIP) and calbindin-D28K (CALB)
containing neurons (Muller et al. 2003), remains to be
determined in human TLE. In addition, a reduced peri-
somatic inhibition of amygdalar projection neurons
may not necessarily mean less network inhibition,
because inhibitory synapses do not only inhibit cells.
They can also synchronize larger neuronal cell popula-
tions resulting in a greater excitation (D’Antuono et al.
2004). Computer simulations indicate that bursting
patterns primarily depend on a balance between exci-
tation and inhibition as well as on the synaptic weight,
e.g., based on the delay of the inhibitory connection as
well as the location of the synapse (Kudela et al. 2003;
Yang et al. 2003).

Depletion of inhibitory axo-somatic and chandelier
cell synapses playing a critical role in epileptic foci
have been related to a reduction in the number of
GABAergic interneurons or their peptidergic sub-
populations in some cortical areas (Ribak 1985; Calla-
han et al. 1991; Lehmann et al. 1998; Kobayashi and
Buckmaster 2003; Sayin et al. 2003; Semyanov et al.
2003; Sutula et al. 2003; Arellano et al. 2004). Like-
wise the positive correlation between counts of GAD
containing axo-somatic synaptic proWles contacting
projection neurons and the density of GAD immuno-
reactive interneurons in the LA of our TLE patients
may suggest a higher axo-somatic inhibition of projec-
tion neurons in presence of more GAD positive inter-
neurons. Functionally, a reduction in the frequency of
spontenous IPSPs was attributed to a loss of inhibi-
tory synapses, reduced probability of GABA release
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at the GABAergic synapse and/or reduced activation
of GABAergic neurons by excitatory input (Kobay-
ashi et al. 2003). Furthermore, a reduced frequency of
GABA-A receptor mediated spontaneous and minia-
ture inhibitory postsynaptic potentials (IPSPs) sug-
gested a loss of inhibitory synaptic input to dentate
granule cells both at somatic and dendritic sites in
epileptic rats (Kobayashi and Buckmaster 2003). In
contrast to these Wndings, some morphological studies
provided evidence for a preservation of perisomatic
inhibitory synaptic input to dentate granule cells in
human TLE (Wittner et al. 2001) and status epilepti-
cus of rat (Sloviter et al. 2003). Finally, the present
data may point to a deWcit in feed forward and/or
feedback inhibition as one pathomechanism in
selected cortical regions in TLE considering the cor-
tex-like neuronal organization of the basolateral com-
plex of amygdala (Braak and Braak 1983; Swanson
and Petrovich 1998).
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