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Abstract The dentate gyrus (DG) plays a pivotal role in
the functional and anatomical organization of the hippo-
campus and is involved in learning and memory formation.
However, the impact of structural DG abnormalities, i.e.,
granule cell dispersion (GCD), for hippocampal seizure
susceptibility and its association with distinct lesion
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patterns in epileptic disorders, such as mesial temporal scle-
rosis (MTS) remains enigmatic and a large spectrum of
pathological changes has been recognized. Here, we pro-
pose a clinico-pathological classification of DG pathology
based on the examination of 96 surgically resected hippo-
campal specimens obtained from patients with chronic tem-
poral lobe epilepsy (TLE). We observed three different
histological patterns. (1) A normal granule cell layer was
identified in 11 patients (no-GCP; 18.7%). (2) Substantial
granule cell loss was evident in 36 patients (referred to as
granule cell pathology (GCP) Type 1; 37.5%). (3) Architec-
tural abnormalities were observed in 49 specimens, includ-
ing one or more of the following features: granule cell
dispersion, ectopic neurons or clusters of neurons in the
molecular layer, or bi-lamination (GCP Type 2; 51%). Cell
loss was always encountered in this latter cohort. Seventy-
eight patients of our present series suffered from MTS
(81.3%). Intriguingly, all MTS patients displayed a com-
promised DG, 31 (40%) with significant cell loss (Type 1)
and 47 (60%) with GCD (Type 2). In 18 patients without
MTS (18.7%), seven displayed focally restricted DG abnor-
malities, either cell loss (n=15) or GCD (n = 2). Clinical
histories revealed a significant association between DG
pathology patterns and higher age at epilepsy surgery
(p =0.008), longer epilepsy duration (p =0.004), but also
with learning dysfunction (p < 0.05). There was no correla-
tion with the extent of pyramidal cell loss in adjacent hip-
pocampal segments nor with postsurgical seizure relief.
The association with long-term seizure histories and cogni-
tive dysfunction is remarkable and may point to a compro-
mised regenerative capacity of the DG in this cohort of
TLE patients.

Keywords Hippocampus - Dentate gyrus - Epilepsy -
Seizure - Classification
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Introduction

Mesial temporal sclerosis (MTS) is the most recognized
finding in drug resistant, chronic temporal lobe epilepsies
[4]. Tailored resection strategies including selective amyg-
dala-hippocampectomy are established treatment modali-
ties and offer a favorable outcome with up to 80%
postoperative seizure freedom within the first 2 years [4,
27, 48]. Clinical studies assume mesial temporal lobe epi-
lepsy, however, as a heterogeneous entity with different eti-
ologies and clinical histories [2, 49]. Besides segmental
neuronal loss within hippocampal subfields, granule cell
dispersion is observed in approximately 40% of sclerotic
hippocampi [6, 25]. Different pathological patterns includ-
ing a bilaminar dentate gyrus, granule cell loss or spreading
of single and/or clusters of granule cells into the molecular
layer are often described but yet not systematically exam-
ined [13, 24, 46]. As a consequence, there is no information
available to which extent these structural abnormalities
contribute to hippocampal seizure susceptibility or mnestic
dysfunction.

Studies addressing the molecular pathomechanism of
granule cell dispersion (GCD) point to a compromised
reelin signaling pathway. An inverse correlation was
described between the degree of GCD and reelin mRNA
expression in epilepsy patients with hippocampal sclerosis.
While compact layer organization could be associated with
abundant reelin mRNA expression, TLE patients with pro-
nounced GCD showed significantly reduced reelin mRNA
levels [21] as well as increased promoter methylation of the
reelin gene [29]. Reelin is synthesized and secreted by
Cajal-Retzius cells, which are among the earliest neurons to
be generated [14]. Biochemical and functional studies using
either organotypic slice cultures or knock-out mice con-
firmed the relevance of reelin signaling for the formation of
a densely packed granule cell layer [51].

The hippocampus serves a major role in declarative con-
scious memory, i.e., semantic memory for facts and con-
cepts, episodic memory and spatial memory [43].
Neuropsychological lesion studies and functional imaging
in humans, as well as in experimental animal models, corre-
lated memory functions with distinct anatomical subregions
and activation of specific hippocampal circuitries, in partic-
ular the dentate gyrus [28, 40]. Ample evidence points to
dentate granule cell neurogenesis as cellular correlate of
learning and behavior in rodents [30, 41]. Similar mecha-
nisms are likely to play a role also in humans [37]. Besides
any associated pathology affecting the pyramidal cell layers
of the hippocampus as well as axonal reorganization of the
mossy fiber system, severe granule cell loss, in particular
affecting the DG internal limb, associates most significantly
with low memory scores in TLE patients [37]. However,
the cause of granule cell loss in TLE patients remains to be
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specified. Whereas excitotoxic or apoptotic granule cell
death is less reasonable due to their protective molecular
environment [1]; decreased neurogenesis in the adult hip-
pocampus may be envisaged. Indeed, a recent study identi-
fied a decline of neurogenesis around the age of 35 years,
irrespective of the presence or absence of granule cell dis-
persion [19]. Functional consequences of decreased neuro-
genesis in the aged and/or chronic epileptic brain thus
remain an important issue to be addressed. Herein, we qua-
litatively characterized different patterns of dentate gyrus
pathology in a series of 96 TLE patients. Surgical speci-
mens without evidence for a compromised granule cell
layer (no-GCP, n=11) were used to define the normal
architecture. Notwithstanding, these specimens may harbor
subtle histopathological alterations. To the best of our
knowledge, there is no better “control” group available with
respect to tissue processing, the young age of patients under
study, and neuropsychological data on memory perfor-
mance. Quantitative measurements were performed in
regions of interest to characterize specific histopathological
findings and to allow a correlation analysis with clinical
data.

Methods
Subjects

A consecutive series of hippocampal specimens were
obtained in the framework of a multi-center study including
three German centers for epilepsy surgery (University
Medical Schools of Berlin, Bonn, and Erlangen). However,
only those tissue samples were included, in which the entire
hippocampus and dentate gyrus was anatomically well pre-
served. Thus, surgical specimens were available from 96
patients [52 men (54.2%), 44 women (45.8%); mean age
38.2 £ 13.5 years; with 51 (53.1%) left- and 45 (46.9%)
with right-sided resections].

All patients underwent presurgical evaluation inclu-
ding Video-EEG monitoring, high-resolution MR imaging
and neuropsychological testing [9, 37]. Temporal lobe
epilepsy refractory to medication with a mesio-temporal
focus was diagnosed in all cases. Surgical strategy com-
prised tailored resections of anterior temporal lobe inclu-
ding the hippocampus, standard anterior temporal
lobectomy with amygdalo-hippocampectomy, polar tem-
poral resection plus hippocampectomy and selective amy-
gdalo-hippocampectomy [10]. Informed consent was
given by all the patients included in our study for further
scientific investigations.

Postsurgical data were obtained from the patients’ inter-
views during postoperative outpatient visits. All clinical
data were entered into epilepsy data banks at the respective
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centers. Postoperative seizure control was documented
using Engel’s classification and available in 94 patients
after a 6-month period, in 79 patients after 12 months and
in 53 patients 24 months after operation.

Memory performance

Memory testing was performed in all patients. However,
different test scales were applied at the three submitting
Epilepsy centers. For our comparative approach, we only
used data obtained from intracarotid amobarbital testing
(IAT), which was available in 26 patients. This WADA
testing method was described elsewhere [37]. In brief,
intracarotid injection of 150 mg amobarbital was employed
via transfemoral catheterization to anesthetize either the left
or the right cerebral hemisphere (at 2 consecutive days).
Three parallel test versions with equally difficult items for
memory testing were applied (5 images, 5 words, 3
objects). In order to obtain comparable standards, normal
IAT memory scores were obtained from a large series of
none-affected left and right hemispheres and transformed
into z-scores (mean =0 and standard deviation =1). The
following calculation was used: (a) if the resected hippo-
campus was taken from the left hemisphere: z(IAT
memory) = (total memory score — Mean,;)/SD,; and (b)
if the resected hippocampus was taken from the right
hemisphere: z(IAT memory) = (total memory score —

Mean,;;,)/SDy g1, [371.

Tissue preparation

For histopathological examination, hippocampal slices
cut perpendicular to the anterior—posterior axis were
used. Only tissue samples from the mid hippocampal
body were chosen for this study [15]. All tissues were
fixed overnight in 4% formalin and routinely processed
into liquid paraffin. Respective tissue blocks were sub-
mitted to the Department of Neuropathology in Erlangen
and further processed. All specimens were cut at 4 pm
with a microtome (Microm, Heidelberg) stretched in
water at 40°C and mounted on slides coated with silane
(Langenbrinck; Emmendingen, Germany). The slides
were air-dried in an incubator at 37°C overnight, depar-
affined in descending alcohol concentrations and stained
with hematoxylin and eosin (HE). Hippocampal pyrami-
dal neurons and granule cells of the dentate gyrus were
specifically detected using immunohistochemistry for the
neuronal core antigen NeuN (A60, Chemicon, Temecula,
USA, dilution 1:1000, pre-treated with microwave) and
an automated staining apparatus using the streptavidin—
biotin method (Ventana; Strasbourg, France) and 3,3'-
diaminobenzidine as chromogen as well as hematoxylin
counterstaining.

Neuropathological investigation

All tissue specimens were microscopically examined by
experienced neuropathologists (IB, RB, MH). Quantitative
analysis was performed in one representative section
obtained from each specimen following either H&E stain-
ing or NeuN immunohistochemistry. All quantitative mea-
surements were performed with a microcomputer imaging
system (ColorView II CCD camera, AnalySIS imaging
software, Stuttgart, Germany) equipped to a BX51 micro-
scope (Olympus, Japan).

In the present series, normal architecture of the human
dentate gyrus was determined in 11 surgical specimens with-
out evidence for microscopic abnormalities of the hippocam-
pal formation as previously described [4, 37]. The mean age
at surgery was 37 & 13.1 years, 4 were male, 7 female, 5
operated on the right side, 6 on the left side; mean age at epi-
lepsy onset was 24.6 years, mean duration was 14.7 years.
The dentate gyrus was always subdivided into three localiza-
tions representing one-third of the whole dentate gyrus,
respectively: the mesial part of dentate gyrus, so called inter-
nal limb, the external limb opposite to hippocampal CA2 sec-
tor and the middle part of the dentate gyrus between internal
and external limbs [37]. Respective images were digitally
captured on the computer screen using AnalySIS software.
All measurements were repeated ten times at a given area of
the dentate gyrus. Distances were calculated at respective
objective magnification using a drawing bar (according to the
manufacturer’s protocols). Cell numbers were calculated per
given area (NeuN-immunoreactive profiles of neuronal
nuclei were manually tagged from the granule cell layer or
molecular cell layer on the computer screen; numbers/mm?
were calculated using Excel worksheet). Semi-quantitative
analysis was also applied for the remaining 85 surgical speci-
mens, studying the three different portions of the DG granule
cell layer separately (internal and external limbs, as well as
mid-portion) with respect to thickness and continuity of the
granule cell layer as well as presence of aberrant granule
cells within the molecular layer. The following architectural
patterns were regarded as conspicuous and further examined
(reference values referred to no-GCP cohort, see Table 1):
(1) thinning of dentate granule cell layer (116.2 &= 16 pm in
no-GCP) (2) cell free gaps (not present in no-GCP) (3) gran-
ule cell dispersion with spreading of granule cells into the
molecular layer (8 = 2 cell layers in no-GCP, tightly packed)
(4) single ectopic granule cells within the molecular layer
(132.5 £42 cells/mm? in no-GCP) (5) clusters of ectopic
granule cells within the molecular layer (not present in
no-GCP), and (6) presence of a bilaminar granule cell layer
(not present in no-GCP). Due to presumable artifacts, measure-
ments were only performed in regions without curvatures of
the dentate gyrus. Measurements included the thickness of
the entire granule cell layer (in pum), number of cell layers in
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Table 1 Patterns of dentate gyrus pathology

Classification Pattern Definition Measures

No-GCP Normal Densely packed GCL, sharp borders Vertical width 116.2 &+ 16.0 pum;
to PML and ML 132.5 + 25 ectopic GC in ML

GCP Type 1 Thinning Reduced vertical thickness of GCL Vertical width 73.2 & 12.4 um

GCP Type 1 Gaps Cell free gaps in horizontal direction Horizontal width of gap 69.2 & 23.0 um

GCP Type 2 Dispersion Rows of granule cells spread into ML, Vertical width 404.3 &+ 107.2 pm
increased distances between GC

GCP Type 2 Ectopic GC Single ectopic granule cells were 447.5 + 117.5 ectopic GC per mm>
dispersed into the ML

GCP Type 2 Clusters Ectopic granule cells cluster within ML, Cluster composed of 5 £ 2.2 GC in vertical
reduced vertical thickness of GCL and 5.1 & 2.1 GC in horizontal direction

GCP Type 2 Bilaminar Two GCL, separated by a cell free gap Inner layer = 74.2 + 35.7 pum; outer

layer = 102.3 um =+ 43,8 pm

Definition of dentate gyrus pathology. Values were considered as pathological when two-fold above or below the respective standard error. Num-
bers number and percentages referred to total cohort of 96 patients. GCP granule cell pathology, GC granule cells, GCL granule cell layer, ML

molecular layer, PML polymorphic cell layer

vertical direction, and distances between granule cell nuclei
in horizontal and vertical directions (in pm). Mean values
below or above the second standard deviation of the mean
obtained from our no-GCP cohort should be regarded as
pathological. Thickness measurements of the granule cell
layer were not randomly placed. They rather included only
those regions of interest in which the respective architectural
disturbance was recognized after visual inspection. Number
of cell layers and core-to-core distances were always mea-
sured at the same regions of interest (same captured images
were used).

MTS was defined according to the new classification
system [4], which separates five categories including clas-
sic (MTS type 1a) and severe MTS (MTS type 1b) as well
as atypical forms with isolated neuronal loss within hippo-
campal sector CA1 (MTS type 2) or within the hilar region
(MTS type 3). The group “no MTS” includes hippocampal
specimens without histopathological evidence for segmen-
tal neuronal loss.

Statistical analysis

For statistical evaluation, SPSS for Windows, Version 16.0
was used. Student’s ¢ test and variance analysis with one-
way ANOVA and Bonferroni post-hoc was performed;
p < 0.05 was defined as level of significance.

Results

Anatomical characterization of the dentate gyrus granule
cell layer

Out of 96 patients included in this study, 11 presented with-
out histopathological abnormalities within the dentate
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gyrus granule cell layer (no-GCP; 11.5%) and served for
the determination of normal values. In these specimens, the
granule cell layer had an average thickness of 116.2 £+
16.0 um (Fig. 1a), corresponding to 8 & 2 vertical granule
cell rows, densely packed granule cells with similar hori-
zontal (14.6 £ 1.3 um) and vertical distances (14.2 +
1.2 pm) between granule cells (Fig. 1b) and sharp bound-
aries towards the basal polymorphic and upper molecular
layers. The number of ectopically placed NeuN immuno-
reactive neurons in these non-affected specimens was
123.5 =+ 25 per mm?. Histopathological analysis of adjacent
cortical tissue in this cohort of patients revealed ganglio-
gliomas (n =2), dysembryoplastic neuroepithelial tumors
(n=2), cavernoma (n = 1), a focal cortical dysplasia Type I
(n=1), or no histopathological lesion (n = 5).

Dentate gyrus pathology

In the remaining 85 patients, histopathologic patterns of
the dentate gyrus granule cell layer were qualitatively
described as thinned, containing cell free gaps, bilay-
ered, dispersed, containing ectopic neurons or clusters
of neurons in the molecular layer. It is important to note
that such patterns were usually not observed throughout
the entire granule cell layer but occurred locally
restricted. A combination of different lesion patterns was
also frequently encountered (see below). A quantitative
analysis was applied in order to better characterize the
specific histopathological appearance (values twofold
above or below the respective standard error obtained
from our no-GCP cohort were regarded as significant;
see Table 1). In all specimens, ten high power fields
were evaluated at the different anatomical divisions of
the DG, i.e., internal, external limbs as well as its mid
portion. Measures were not randomly placed and
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Fig. 1 Histopathological spec-
trum of dentate gyrus pathology
in TLE patients. a Normal
appearance of the human dentate
gyrus (no-GCP) with densely
packed granule cells and sharp
borders to subgranular and
molecular layer (10 x magnifica-
tion, bar 100 pm, refers also to
c-h). b Higher magnification of
a (scale bar 50 pm). Granule
cell pathology Type 1 with sig-
nificant granule cell loss indi-
cated by thinning of dentate
gyrus (c) or cell free gaps

(d, asterisk). e=h Granule cell
pathology Type 2 presenting
with ectopic granule cells in the
molecular layer, e.g., granule
cell dispersion with spreading of
granule cells into the molecular
layer (e, arrow), single ectopic
granule cells within the molecu-
lar layer (f, arrow), clusters of
ectopic granule cells within the
molecular layer (g, arrow) or
with a bilaminar architecture
(h, the arrow indicates the aber-
rant upper layer in the molecular
layer, asterisk indicates a cell
free gap between both layers).
NeuN immunohistochemistry
with hematoxylin counterstain-
ing. GC granule cell layer, ML
molecular layer, TLE temporal
lobe epilepsy

included regions of interest with most significant altera-
tions following visual inspection.

Thinning of the dentate granule cell layer

The dentate granule cell layer was significantly thinned out
in 78 patients (p < 0.001; Fig. 1c). Mean vertical width was
only 73.2+ 124 um (corresponding to 4.5+ 0.8 cell
rows). Distances between granule cells were larger in hori-

zontal (18.2 4 2.2 pm) and vertical (18.6 &= 2.6 pm) direc-
tion (p < 0.001).

Cell free gaps

In contrast to thinning of the dentate granule cell layer, a
focal disruption of the layer’s continuity occurred in 41
patients (Fig. 1d). It is important to note that similar gaps
can be seen in the vicinity of blood vessels. Respective
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regions were, therefore, not included in this analysis. The
mean horizontal width of a gap was 69.2 &+ 23.0 pm.

Granule cell dispersion (GCD)

Granule cell dispersion was herein defined by spreading of
granule cells into the molecular layer. The vertical as well
as horizontal continuity of the granule cell layer was not
disrupted but the upper boundary towards the molecular
layer was blurred (Fig. 1e). Compared to no-GCP, the mean
vertical width of the granule cell layer was enlarged
(404.3 £ 107.2 pm), corresponding to 16.4 + 2.8 rows of
granule cells (p<0.001). Furthermore, horizontal
(22.1 £ 4.5 pm) and vertical (22.8 & 3.2 um) distances
between granule cells were significantly increased
(» <0.001).

Ectopic granule cells within the molecular layer

In contrast to granule cell dispersion, the border between
the granule cell and molecular layers remained detectable
in specimens with ectopic displacement of granule cells in
the molecular layer (Fig. 1f). It is of note that occasional
granule cells occur also in the normal dentate gyrus molec-
ular layer (mean 123.5 4 25 per mm?). Statistical analysis
revealed, however, a significant increase in affected regions
(447.5 & 117.5 per mm>).

Clusters of ectopic granule cells within the molecular layer

Clusters of ectopic granule cells in the molecular layer were
detected in 18 patients. In respective specimens, noduli
were visible distinctly separated from the granule cell layer
by a cell free space (mean width 88.2 + 23.8 um; Fig. 1g).
The mean number of ectopic granule cells within a cluster
was 5.0 £ 2.2 in vertical and 5.1 £ 2.1 in horizontal direc-
tion. The underlying dentate gyrus was significantly
thinned with a mean width of 68.2 + 27.0 pm, correspond-
ing to 4.1 &£ 2.0 vertical cell layers.

Bilayered dentate gyrus

A bilaminar dentate gyrus was characterized by two paral-
lel layers of granule cells, the inner band considered as
remnant of the original dentate gyrus and an additional
ectopic outer band towards the molecular layer. This pat-
tern was recognized in 14 patients. Both layers are sepa-
rated by a cell free gap (mean width 97.3 £ 46.5 um;
Fig. 1h). Compared to the inner layer, the outer band was
broader (mean width 102.3 &+ 43.8 pm, corresponding to
6.3 £+ 1.4 cell rows). The mean width of the inner band
reached 74.2 & 35.7 pm, corresponding to 4.0 + 0.9 rows
of granule cells.
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Relationship between specific dentate gyrus pathologies

The most frequent pattern of dentate gyrus pathology was a
thinning of the dentate granule cell layer in 78 of all investi-
gated patients (81.3%). Another frequent finding was
granule cell dispersion, which occurs in half of our patient
cohort (n=49,51.0%). A bilaminar dentate gyrus and
ectopic clusters presented rare findings, which occurred
only in 14 (14.6%) or 19 (19.8%) patients, respectively.
Noteworthy, individual specimens demonstrated several
lesion patterns in parallel. There was a frequent association
between thinning of the granule cell layer and occurrence
of cell free gaps (p = 0.051). Both patterns were regarded to
represent granule cell loss (GCP Type 1). Granule cell dis-
persion, ectopic granule cells, ectopic clusters and a bilami-
nar dentate gyrus were significantly associated (GCP Type
2) and may thus represent variants of a compromised archi-
tectural organization of the dentate gyrus. While patterns of
granule cell loss occurred isolated, patters of architectural
abnormalities came always along with cell loss. We built,
therefore, three different categories. A dentate gyrus with-
out pathological changes was identified in 11 (11.5%) cases
(no-GCP). Granule cell loss either presenting with thinning
and/or cell free gaps was detected in 36 (37.5%) patients
(GCP Type 1). A combined dentate gyrus pathology with
cell loss and one or more architectural disturbances was
visible in a total of 49 cases (51.0%; GCP Type 2, respec-
tively). As a rule, we classified a given specimen into GCP
Type 2, if one or more of the features “granule cell disper-
sion, ectopic granule cells, ectopic clusters or bilaminar
dentate gyrus” was developed (irrespective of its extent).

There was no statistical difference between the occur-
rence of dentate gyrus pathologies along the three anatomi-
cal subfields, i.e., internal, medial and external limbs
(Table 2). However, thinning of the dentate gyrus occurred
more often at the internal or external limbs, whereas disper-
sion affected more often medial sites.

Table 2 Distribution of pathology patterns across the granule cell
layer

Pathology n Internal limb ~ Medial External limb
Thinning 78 62 (79.5%) 31(39.7%) 62 (79.5%)
Gaps 41 35(85.4%) 28 (68.3%) 34 (82.9%)
Dispersion 49 10 (20.4%) 19 (38.8%) 9 (18.4%)
Ectopic GC 45 31 (38.9%) 32(71.1%) 24 (53.3%)
Cluster 19 10 (52.6%) 7 (36.8%) 13 (68.4%)
Bilaminar 14 9(64.3%) 6 (42.9%) 6 (42.9%)

Dentate gyrus pathology patterns were equally distributed within
different anatomical localisations, i.e. internal, medial and external
limb. However, thinning of dentate gyrus occurred more frequently at
outer regions, whereas dispersion was more abundant at medial sites.
GC granule cells
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Dentate gyrus pathology in MTS

All hippocampal specimens were analyzed according to the
new MTS classification system [4]. In MTS type la and 1b,
combined dentate gyrus pathology (Type 2) with significant
loss of granule cells and granule cell dispersion was more
common (Table 3). In atypical MTS, especially in MTS
type 3, the majority of specimens presented with dentate
gyrus pathology Type I. All 11 patients without dentate
gyrus pathology showed an otherwise microscopically nor-
mal hippocampus (no MTS; Table 3).

Clinical correlations

The mean age at surgical resection was 38.2 £ 13.5 years
in our patient cohort. Patients without dentate gyrus pathol-
ogy were, however, significantly younger (28.9 +
13.8 years) than patients with isolated dentate gyrus cell
loss (Type 1). Dentate gyrus pathology with dispersion was
observed in older patients (41.7 & 10.7 years; p = 0.008).
The mean duration of seizures was 24.3 4 13.7 years in all
patients. It was shortest in patients without dentate gyrus
pathology (15.6 &= 12.6 years) and longest in patients with
GCP Type 2 (28.6 + 13.2 years), whereas patients with
granule cell loss had an intermediate epilepsy duration
(21.1 £ 13.2 years; p = 0.004). However, mean age at epi-
lepsy onset (13.6 £ 11.5 years) did not differ between these
groups.

Twenty-one out of 86 patients with sufficient clinical
data experienced febrile seizures in the early childhood
(<4 years). All of them displayed severe dentate gyrus
pathology (p = 0.034), eight with granule cell loss (Type 1)
and 13 with a combination of granule cell dispersion
(Type 2).

Six months after operation, seizure relief was achieved
in 74 patients (78.7%; Engel class 1). There was no statisti-

Table 3 Correlation between DG and MTS pathology patterns

No-GCP GCP Type 1 GCP Type 2 Total

N % N % N % N
No MTS 11 61.1 5 27.8 2 11.1 18
MTS type la - - 8 40.0 12 60.0 20
MTS type Ib - - 17 34.7 32 653 49
MTS type2 - - 3 60.0 2 40.0 5
MTS type3 - - 3 75.0 1 25.0
Total 11 115 36 37.5 49 510 96

All eleven patients without granule cell pathology (GCP) presented
with an intact hippocampus. In MTS type la and 1b (classical and
severe hippocampal sclerosis) granule cells dispersion was more
frequent than isolated granule cell loss. However, atypical MTS, espe-
cially MTS type 3, was more often associated with dentate granule cell
loss. DG Dentate gyrus, MTS mesial temporal sclerosis

cally significant correlation with pathology patterns of the
dentate gyrus. However, only one-third (33.3%) of patients
without dentate gyrus pathology became seizure-free
(Engel 1), whereas 70.4% with isolated granule cell loss
(Type 1) and 73.0% with combined granule cell dispersion
(Type 2) had no seizures 1 year after resection (Table 4).
The association between favorable postsurgical outcome
and granule cell pathology (Type 1 or Type 2) was statisti-
cally significant (p = 0.028).

Quantitative data from conscious, declarative memory
testing (i.e., semantic memory for facts and concepts, epi-
sodic memory and spatial memory) were available from 26
patients which underwent intracarotid amobarbital anesthe-
sia (WADA). There was a significant better memory perfor-
mance in patients without dentate granule cell loss or
dispersion (p < 0.05). However, no significant differences
were observed between Type 1 and Type 2 pathology pat-
terns, although patients with GCP Type 2 were likely to
suffer from worse memory scores (Fig. 2).

Discussion

Two major lesion patterns can be identified from our sys-
tematic neuropathological survey of the dentate gyrus
obtained from patients with temporal lobe epilepsies, either
characterized by granule cell loss or granule cell dispersion.
Although these pathologies were mutually associated with
mesial temporal sclerosis (MTS), similar disturbances also
occurred without microscopic evidence for hippocampal
sclerosis [22].

Mesial temporal sclerosis (MTS) is the most common
pathological finding in temporal lobe epilepsies and accom-
panied by architectural disturbances of the dentate gyrus
(DG) in approximately half of this patient cohort [16, 25,
34]. A hallmark of granule cell pathology (GCP) was previ-
ously described as granule cell dispersion [25], but remained
histopathologically unspecified so far [49]. Such a neuro-

Table 4 Correlation between DG pathology patterns and post-surgi-
cal seizure relief 12 month after surgery

Engel 1 Engel 2 Engel 3 Engel 4 Total

N % N % N % N % N
No-GCP 3 333% 1 11.1 4 444 1 111 9
GCP Type 1 22 733 2 66 4 133 2 66 30
GCP Type1 29 725 8 20 1 25 2 5 40
Total 54 684 11 139 9 114 5 64 179

Post-surgical outcome was assessed according to Engel [17]. Patients
without granule cell pathology (no-GCP) had a less favorable outcome
12 month after operation compared to patients with GC Loss (GCP
Type 1) and GCD (GCP Type 2). (¥) p = 0.028 (Pearson’s Chi-square
test). N number of patients, DG dentate gyrus
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Fig. 2 Correlation between granule cell pathology and memory per-
formance. WADA memory testing (IAT) was obtained in 26 epilepsy
patients. Declarative memory performance was examined from iso-
lated hemispheres and transferred into z-scores (0= normal;
—2 = severe deficits). “Ipsilateral” refers to the side of epileptogenic
area. All patients with granule cell pathology (either Type 1 or 2) re-
vealed severe loss of memory (p < 0.05)

pathological definition will be, however, an important pre-
requisite to further address its pathogenic origin and
functional impact on temporal lobe epilepsy and/or com-
promised memory acquisition [37]. Our neuropathological
definition of granule cell dispersion includes: (1) blurring
of the outer boundary towards the molecular layer (2)
increased distances between individual granule cells (3) a
dramatically increased vertical width of 400 pm (corre-
sponding to 16 rows of granule cells) compared to 120 pm
(8 rows of granule cells, respectively) in unaffected speci-
mens (4) granule cell loss (5) association with other lesion
patterns including single or clusters of ectopic neurons, or
bilamination. The latter is compatible with a broad spec-
trum of architectural abnormalities associated with migra-
tion and/or proliferation deficits in granule cells.

One hypothesis describes granule cell dispersion as a
developmental defect associated with early precipitating
injuries before the age of 4 years, i.e., febrile seizures [25,
31]. The latter can partially be confirmed in our patient
cohort. Moreover, granule cell dispersion has been dis-
cussed as a result of early seizure onset or status epilepticus
at an initial stage of the disease [26]. We and others did not
find a correlation between dentate granule cell dispersion
and early onset of chronic seizures [6, 34], but rather
observed an association between dentate gyrus pathology
with higher age of individual patients at epilepsy surgery
and longer epilepsy duration, respectively. The association
of (1) early precipitating events and (2) long seizure dura-
tion with granule cell dispersion would indeed support a
two-hit hypothesis. Whereas the early injury may induce
long-lasting network reorganization and increased seizure
susceptibility, granule cell loss and/or migration abnormali-
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ties may result rather from epilepsy-associated secondary
changes, i.e., degeneration or compromised regeneration
capacity. Recent experimental findings support this notion.
Granule cells are generated throughout life in the subgranu-
lar zone of dentate gyrus and functionally integrated into
the hippocampal circuitry [18, 47]. Animal studies suggest
that epileptic activity increases neurogenesis in the dentate
gyrus [36, 39]. Also, granule cell dispersion may thus
develop in adult epilepsy patients due to increased neuro-
genesis. Newly build granule cells may than aberrantly
migrate beyond the granule cell layer. Whether seizures
similarly induce neurogenesis in humans is a matter of
ongoing debate [42]. Granule cell proliferation cannot be
studied by bromodeoxyuridine application and available
markers of proliferation and immature neurons revealed
inconsistent results. Such newborn granule cells were not
detectable beyond the age of 2 years [5, 35], whereas other
studies report an increased number of proliferating cells
and neuronal precursors in granule cell dispersion [11, 45].
More recent findings further challenge this observation.
Neurogenesis in the subgranular zone of the dentate gyrus
seems to depend on the patient’s age and is down-regulated
during adulthood [19]. The latter findings lead to the
hypothesis, that rather abnormal migration of mature
granule cells result in granule cell dispersion. Local reelin
deficiency in the hippocampus of TLE patients, which
significantly correlates with the degree of granule cell dis-
persion, is likely to represent a major molecular patho-
mechanism [21]. Animal studies in the reeler mouse
revealed altered granule cell migration directing to aberrant
positioning of granule cells during development compatible
to human GCD [12, 20, 38]. Kainate-induced epilepsy in
adult mice was also associated with loss of reelin expres-
sion and concomitant granule cell dispersion [23]. Recent
evidence points also to an epilepsy-associated increase of
promoter methylation in human TLE specimens, which rep-
resent another important mechanism to down-regulate
reelin gene expression [29].

An association between the severity of hippocampal cell
loss, i.e., mesial temporal sclerosis, and favorable postsurgi-
cal seizure relief was already demonstrated in prior studies
[4, 13, 33]. The precise nature of this association remains
poorly understood considering the huge number of related
factors, including different approaches and extent of surgical
resections, presence/absence of extra-hippocampal patholo-
gies as well as cellular and molecular reorganization pat-
terns, which all likely to play arole [3, 4, 7, 8, 27]. Only few
studies have so far systematically studied dentate gyrus
pathology and compared these data with postsurgical out-
come [33, 34]. Similar to our present data, the correlation
between severe dentate gyrus pathology and a favorable
I-year postsurgical seizure relief was observed and most
likely associates with that of related hippocampal sclerosis.
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Similarly, one-third of patients without a lesion pattern
within the dentate gyrus became seizure-free and had also
no related pathology. It remains an intriguing observation
that dentate granule cell loss but not pyramidal cell loss
associates with deficient memory acquisition in TLE
patients [37, 44]. This further highlighted the impact of
granule cells within hippocampal circuitries and that the
anatomical integrity of the human dentate gyrus signifi-
cantly correlates with the capacity to acquire new memories.
Interestingly, professional training of spatial memory may
increase hippocampal volumes [32]. Also, functional imag-
ing has indicated the involvement of the hippocampal subre-
gions including dentate gyrus into the formation of new
memories [50], but structural resolution remains too coarse
to precisely differentiate between anatomical subregions in
the range of 2-5 mm. Animal studies most likely identified
the dentate gyrus to harbor molecular and physiological
mechanisms of memory formation pointing to the necessity
for the recruitment of new granule cells for learning. Our
data confirm this previous conclusion. Those patients with
large numbers of granule cells perform a high memory score
while those suffering from severe cell loss, i.e., depletion of
granule cells and/or the regenerative stem cell pool, as well
as architectural disturbances do not achieve sufficient mem-
ory scores (Fig. 2). Different time courses in the generation
of external and internal limbs neurons should substantially
add to this model suggesting higher vulnerability of the
ontogenetically newer dentate cells of the internal limb.
Whether disturbances in the late fetal period or early child-
hood also account to reduced cell numbers of the dentate
gyrus, thus aggravating memory deficits in further life
remains to be shown. Thus, a focus on pathogenic mecha-
nisms of granule cell loss or neurogenesis will be fundamen-
tal to gain therapeutic concepts against memory dysfunction
under physiological or pathophysiological conditions.

In conclusion, our clinico-pathological investigation
characterized two patterns of dentate gyrus pathology, i.e.,
granule cell loss (GCP Type 1) and granule cell dispersion
(GCP Type 2), which suggests a prevalent association with
MTS, although DG pathology also occurred in an otherwise
“normal” hippocampus. The latter observation points to
different pathomechanisms associated with architectural
abnormalities of the dentate gyrus in focal temporal lobe
epilepsies. In addition, compromised memory performance
was significantly associated with an altered granule cell
layer. These data were compatible with recent animal stud-
ies, proposing that memory formation critically depends on
the integrity of the dentate gyrus and its capability to main-
tain and recruit new neurons. A similar mechanism may
thus operate also in humans.
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