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Hippocampal specimens resected to cure medically intractable temporal lobe epilepsy (TLE) provide a unique possibility to study
functional consequences of morphological alterations. One intriguing alteration predominantly observed in cases of hippocampal scle-
rosis is an uncommon network of granule cells monosynaptically interconnected via aberrant supragranular mossy fibers. We investi-
gated whether granule cell populations in slices from sclerotic and nonsclerotic hippocampi would develop ictaform activity when
challenged by low-frequency hilar stimulation in the presence of elevated extracellular potassium concentration (10 and 12 mM) and
whether the experimental activity differs according to the presence of aberrant mossy fibers.

We found that ictaform activity could be evoked in slices from sclerotic and nonsclerotic hippocampi (27 of 40 slices, 14 of 20 patients;
and 11 of 22 slices, 6 of 12 patients, respectively). However, the two patient groups differed with respect to the pattern of ictaform
discharges and the potassium concentration mandatory for its induction. Seizure-like events were already induced with 10 mM K �. They
exclusively occurred in slices from sclerotic hippocampi, of which 80% displayed stimulus-induced oscillatory population responses
(250 –300 Hz). In slices from nonsclerotic hippocampi, atypical negative field potential shifts were predominantly evoked with 12 mM K �.
In both groups, the ictaform activity was sensitive to ionotropic glutamate receptor antagonists and lowering of [Ca 2�]o.

Our results show that, in granule cell populations of hippocampal slices from TLE patients, high K�-induced seizure-like activity and
ictal spiking coincide with basic electrophysiological abnormalities, hippocampal sclerosis, and mossy fiber sprouting, suggesting that
network reorganization could play a crucial role in determining type and threshold of such activity.
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ictaform events

Introduction
Temporal lobe epilepsies (TLEs) are frequently drug resistant but
can be remedied by partial resection of mesial temporal struc-
tures. Morphological investigation of the resected tissue revealed
that one group of TLEs is associated with hippocampal sclerosis
(HS) characterized by segmental or total cell loss, whereas an-
other group shows less segmental cell loss (non-HS) (Babb et al.,

1984; Kim et al., 1990; Mathern et al., 1997a). In specimens with
HS, the axons of granule cells [mossy fibers (MF)] send collaterals
into the dentate inner molecular layer (IML) (Scheibel et al.,
1974; Sutula et al., 1989; Houser et al., 1990; Masukawa et al.,
1992; Isokawa et al., 1993) and form multiple asymmetric syn-
apses with dendritic structures of granule cells (Babb et al., 1991;
Franck et al., 1995; Zhang and Houser, 1999). This rearrange-
ment is associated with increased immunoreactivity for gluta-
mate receptors in the IML (Babb et al., 1996; Ying et al., 1998),
suggesting that a recurrent excitatory network of granule cells
might be present in sclerotic tissue.

It is not yet clear whether such reorganization increases sei-
zure susceptibility. In the intact brain of animals, the dentate
gyrus (DG) is thought to be relatively resistant to seizures and to
control the spread of seizures from entorhinal cortex to the hip-
pocampus proper (Jones and Lambert, 1990; Dreier and Heine-
mann, 1991; Lothman et al., 1992; Pan and Stringer, 1997). Phys-
iological studies in slices from resected human tissue revealed
multiple, prolonged antidromic and orthodromic population re-
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sponses of dentate granule cells, indicating hyperexcitability
(Masukawa et al., 1989, 1992, 1996, 1997, 1999; Uruno et al.,
1994; Isokawa and Fried, 1996), but only the degree of anti-
dromic response abnormality was highly correlated with the de-
gree of aberrant MF sprouting. However, in none of the electro-
physiological in vitro investigations, spontaneous or evoked
ictaform activities could be recorded. Therefore, it remains un-
known whether or to what extent dentate reorganization contrib-
utes to seizure-like activity.

Studies on the rat kainate or pilocarpine model of HS con-
firmed the existence of synaptic contacts between granule cells in
chronic epileptic animals (Wenzel et al., 2000; Buckmaster et al.,
2002; Cavazos et al., 2003) and added evidence for monosynaptic
excitatory connectivity between distant granule cells (Molnar
and Nadler, 1999; Lynch and Sutula, 2000; Wuarin and Dudek,
2001; Scharfman et al., 2003). However, abnormal population
responses have been observed in the presence of bicuculline
and/or modestly elevated [K�]o (Cronin et al., 1992; Patrylo et
al., 1999a; Hardison et al., 2000; Lynch and Sutula, 2000) rather
than in normal perfusion media (Tauck and Nadler, 1985). As in
human epileptic tissue, there were no spontaneous seizure-like
events unless the slice had been exposed to a procedure that re-
duced inhibition and raised neuronal excitability, such as eleva-
tion of [K�]o (Wuarin and Dudek, 1996; Patrylo and Dudek,
1998).

Here, we have examined slices from human epileptic hip-
pocampus for the incidence of ictaform activity in the DG. We
now report that hilar stimulation in the presence of high K� does
induce self-sustained ictaform activity, including events that can
last as long as 1 min or more. It is also demonstrated that some
characteristics of this pathological activity are statistically coinci-
dent with hippocampal cell loss and mossy fiber sprouting.

Materials and Methods
Tissue preparation and maintenance. This study was performed on hip-
pocampal tissue of 62 patients suffering from pharmacoresistant tempo-
ral lobe epilepsy as determined by the Epilepsy Center of Berlin–Bran-
denburg according to the German and European Guidelines for
presurgical evaluation (Baumgartner et al., 2000; European Federation of
Neurological Societies Task Force, 2000). This study was approved by the
ethics committee of the University Hospital Charité (Humboldt, Univer-
sity of Berlin, Berlin, Germany), and a written informed consent for the
study was obtained from each patient. All operations were done by one of
the authors (T.-N.L.), guaranteeing the same dissection technique of the
hippocampus. For the present study, the tissue was taken from the ante-
rior half of the hippocampal body �20 mm posterior from the tip of the
inferior horn of the lateral ventricle.

HS was assessed in 36 patients (36.6 � 1.86 years of age); non-HS was
assessed in 26 patients (29.5 � 2.09 years of age). The mean duration of
epilepsy was 20.97 � 1.77 years in HS and 12.02 � 2.0 years in non-HS.
The duration of epilepsy was longer, and age at operation was older in HS
patients than in non-HS patients ( p � 0.05). There was no difference
between HS and non-HS with regard to the right or left side of the
resected hippocampus or the gender of the patients.

As described previously (Gabriel et al., 1998; Kivi et al., 2000; Lehmann
et al., 2000), a part of the coronally sectioned hippocampal specimens
(usually 5– 8 mm of the hippocampal body), often dissected into two
parts, was obtained in the operation theater and immediately immersed
in cold (4°C) carbogenated transport solution containing the following
(in mM): 3 KCl, 1.25 NaH2PO4, 10 glucose, 2 MgSO4, 2 MgCl2, 1.6 CaCl2,
21 NaHCO3, 200 sucrose, and 0.1 �-tocopherol, pH 7.4 (osmolality of
300 –305 mOsm/kg). Na � was reduced to prevent hypoxia-induced Na �

influx into neurons, and �-tocopherol was added as a scavenger of free
radicals. The tissue was transported in an airtight cooling receiver filled
with 1 l chilled carbogenated transport solution, guaranteeing a remain-
ing oxygen tension of at least 580 torr (repeatedly measured with the

ISO2 oxygen meter; World Precision Instruments, Sarasota, FL) and a
temperature of 3.5– 4.5°C at arrival in the laboratory 30 min later. All
specimens could be electrophysiologically investigated.

The tissue was coronally dissected into slices of 500 �m thickness using
a vibratome (Campden Instruments, Leicester, UK). Six to 10 slices could
be obtained per specimen, of which one to two slices were subjected to
Timm staining. The remaining slices were immediately transferred into
interface chambers and perfused at a rate of 1.7 ml/min with prewarmed
(34.5 � 0.5°C) carbogenated artificial CSF (ACSF) containing the fol-
lowing (in mM): 129 NaCl, 3 KCl, 1.25 NaH2PO4, 10 glucose, 2 MgSO4,
1.6 CaCl2, and 21 NaHCO3, adjusted to pH 7.4 (osmolality of 302
mOsm/kg). Recordings commenced 4 –5 hr after preparation of slices to
permit for maximal recovery after surgery and transport in Na �-free
solution. At onset of the experiments, the baseline of extracellular potas-
sium concentration ([K �]o) was 3 mM.

Dextran-amine-coupled fluorescence and cresyl violet. To visualize den-
dritic and axonal processes of granule cells by anterograde and retrograde
transport of dye, slices (two to four per specimen) were labeled with
fluorescein or tetramethylrhodamine conjugated with dextran-amines
(fluoro-emerald and fluoro-ruby; Molecular Probes, Leyden, The Neth-
erlands), as described previously (Lehmann et al., 2001). In brief, small
crystals of dye were inserted into a hilar lesion obtained after perpendic-
ular penetration of the slice with a 27 gauge injection needle. The slices
were kept in the interface chamber for up to 12 hr and finally transferred
into 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, for fixa-
tion. After impregnation with 30% sucrose, serial sections of 50 and 30
�m thickness were made using a freezing microtome (Leitz; Leica, Wet-
zlar, Germany). The 50-�m-thick sections were then mounted on
gelatin-coated slides, air dried, and coverslipped with a nonfluorescent
mounting media (Citifluor AF-1; W. Planet, Hamburg, Germany) for
subsequent analysis of dextran-amine fluorescence by epifluorescent mi-
croscopy (excitation wavelength, 495 nm, with filter set 09 for fluores-
cein; excitation wavelength, 550 nm, with filter set 15 for rhodamine)
(Axioscope; Zeiss, Oberkochen, Germany). After digital imaging with a
microscope-mounted camera (DX30; Kappa Optoelectronics, Gleichen,
Germany), the images were processed with the software Kappa Image-
Base Control (Kappa Optoelectronics). The remaining 30-�m-thick sec-
tions were stained with cresyl violet and used for Wyler grading.

Neo-Timm staining. One to two slices per specimen were used for
neo-Timm staining with a reduced concentration of silver nitrate (Babb
et al., 1991; Mello et al., 1993). The slices were transferred into the reac-
tive solution (0.238 gm of NaH2PO4 and 0.234 gm of Na2S in 20 ml of
distilled water) for 10 min, irrigated with phosphate buffer for another 10
min, and fixed overnight with alcohol (70%). After immersion with 30%
sucrose, cryostat frozen sections were mounted on slides purified with
chrome sulfur acid and coated with gelatin. The sections were then im-
mersed in the developing solution in darkness without using any metal
equipment (5.1 gm of citric acid, 4.7 gm of sodium citrate, and 3.4 gm of
hydroquinone were dissolved in 80 ml of water and added to 180 ml of
gum arabic, supplemented by 0.19 gm of silver nitrate in 1 ml of distilled
water, just before the developing process should start). The drop of silver
was estimated by visual control, and the development was stopped in
sodium thiosulfate (1 gm of Na2S2O3 in 100 ml of water). All sections
were counterstained with toluidin blue. After washing in distilled water,
the sections were dehydrated and coverslipped.

Assessment of degree of HS, granule cell dispersion, and aberrant sprout-
ing. Adjacent parts of the hippocampal body were analyzed by the De-
partment of Neuropathology at the Charité-University Medicine Berlin
for diagnostic purposes. Removed hippocampi were divided into differ-
ent groups according to the degree of nerve cell loss, using the Wyler
classification (Wyler et al., 1992). In this grading system, grade 0 corre-
sponds to normal hippocampus; grade 1 corresponds to mild mesial
temporal damage (MTD) with hippocampal neuronal loss of �10% in
areas CA1, CA3, and CA4; grade 2 corresponds to moderate MTD with
neuronal loss between 10 and 50%; grade 3 corresponds to marked MTD
or classical HS with neuronal loss of �50%; and grade 4 corresponds to
total MTD or HS with neuronal loss of �50% involving all sectors of the
hippocampal pyramidal cell layer, dentate gyrus, subiculum, and para-
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hippocampal gyrus. For additional analysis, grades 0 –2 were considered
to be non-HS, and grades 3 and 4 were considered to be HS.

Although adjacent parts of the hippocampal body were used for neu-
ropathological analysis and for studying aberrant sprouting, a difference
in sclerosis between the two parts had to be ruled out. For this reason,
representative sections from slices used for electrophysiology were
stained with cresyl violet. Together with the sections stained following
the Timm staining protocol and counterstained by toluidin blue, the
tissue was again checked for the Wyler score. In cases that were graded
differently, we used the Wyler score determined from the slices studied in
our laboratory. This discrepancy might account to variation of the degree
of sclerosis along the longitudinal axis of the hippocampus, as shown
previously for the dentate gyrus (Masukawa et al., 1995). In addition to
the HS score, the presence of granule cell dispersion was determined.
Cases of closely approximated granule cell somata forming a narrow
lamina with a distinct, regular border toward the IML were not consid-
ered to have granule cell dispersion. Cases showing widening of the gran-
ule cell layer with an irregular border to the IML and a less compact
granule cell packing were appraised to have granule cell dispersion.

All slices were studied for the appearance of an uncommon fiber net-
work in the IML of the dentate gyrus. Dextran-amine tracing technique
and Timm staining, two independent methods, were used to reveal net-
work rearrangement. Disclosing retrograde labeling of fibers presenting
with typical MF boutons and spreading horizontally and vertically in the
dentate molecular layer (ML) suggested mossy fiber sprouting. Only
slices with mossy fibers within the IML were assessed to have “aberrant
fibers.” Slices without any spread of recurrent mossy fibers into the IML
were classified to have “no aberrant fibers.”

The overall intensity of the Timm silver sulfide precipitation differed
from specimen to specimen. The relationship of silver precipitation in
the hilar and CA3 MF system as well as in the IML was the measure to
determine aberrant mossy fiber sprouting. The sections were assigned to
a subjective scale rating of 0 –3 (Tauck and Nadler, 1985). Grade 0 cor-
responds to no Timm staining, grade 1 to only spots, grade 2 to broad but
discontinuous staining, and grade 3 to strong continuous staining in the
IML of the DG. Only grades 2 and 3 were considered to represent aber-
rant sprouting into the IML. Two observers not aware of the electrophys-
iological results performed all morphological studies.

Recordings and stimulation. Extracellular recordings as well as hilar
(MF) and ML stimulation were performed in parallel in two or three
different setups. The recording electrodes were positioned 120 –150 �m
deep into the granule cell layer opposite to CA1 or the border between
CA1 and subiculum. We used double-barreled K �-selective–reference
microelectrodes filled with Fluka 60031 ionophore (Fluka Chemie,
Buchs, Switzerland) in the K �-selective barrel and 150 mM NaCl in the
reference barrel. They were prepared and tested as described previously
(Lux and Neher, 1973). Electrodes were accepted if they responded to a
10-fold increase in K � concentration with a potential shift of 59 � 1 mV.
Responses to single or paired stimuli as well as spontaneous field poten-
tials (FPs) and associated changes of the [K �]o were recorded using
interfaces and software from Axon Instruments (pClamp6; Axon Instru-
ments, Foster City, CA), Cambridge Electronics Design (SPIKE 2, SIG-
NAL; Cambridge Electronics Design, Cambridge, UK), and HEKA (Tida;
HEKA, Lamprecht, Germany), with sample rates of 8 –10 kHz (filter
cutoff, 3 kHz), 4 kHz (filter cutoff, 1 kHz), and 100 Hz (filter cutoff, 1.6
Hz), respectively. All data were stored on a chart recorder and on com-
puter disk.

Bipolar stimulation electrodes (platinum wires of 20 �m diameter; tip
separation, 80 –120 �m) were positioned into the MF tract (hilus/CA3)
and into the ML (outer and middle third, at least 300 �m apart from the
recording electrode). Paired stimuli (0.1 msec, 1–30 V, 50 msec interval)
were applied every 20 – 40 sec with intensities evoking population spike
(PS) amplitudes at threshold, 30, 60, 80, and 100% of the maximal re-
sponse, and with 125% of the maximal intensity for supramaximal stim-
ulation. To facilitate development of epileptiform events, paired hilar
stimulation was repeated every 15 sec at least up to occurrence of spon-
taneous epileptiform activity.

Experimental protocol and drug application. Each experiment was
started with determination of the input– output relationship for popula-

tion spike amplitudes in response to paired-pulse stimulation of the MF
(MF, full range) and perforant path fibers (ML, mainly 80 –125%) for the
following reasons: (1) to confirm that the slice was viable and synaptic
transmission intact, and (2) to use stimulation of similar efficacy with
respect to the level of neuronal activation throughout the experiments on
different slices. Subsequently, continuous paired stimulation of MF at
0.067 Hz was maintained up to appearance of spontaneous events using
stimulus intensities evoking population spike amplitudes of 80% of max-
imum response. If after 30 – 40 min of continuous MF stimulation no
epileptiform activities had developed, slices were perfused with ACSF
containing 10 mM K �, 10 mM K � with 5–10 �M bicuculline added, or 12
mM K �. After recording epileptiform activities, the K �-containing solu-
tion was replaced by control ACSF to test for recovery. Alternatively, we
tested for synaptic or nonsynaptic origin of the evoked activity by appli-
cation of glutamate receptor antagonists or lowering of [Ca 2�]o and
subsequent washout of blocking agents or restitution of [Ca 2�]o, respec-
tively. We added DL-2-amino-5-phosphonopentanoic-acid (2-APV)
(0.03– 0.06 mM) and 6-cyano-7-nitroquinoxaline 2,3-(1H, 4H)-dione
(CNQX) (0.03– 0.06 mM) to the perfusion solution or lowered the Ca 2�

concentration within the perfusion solution to 0.2 mM. All drugs were
from Biotrend (Cologne, Germany). At the end of the experiment, the
slices were fixed in 4% paraformaldehyde for subsequent histological
analysis.

Data analysis. All data were analyzed using the SPIKE 2 software and
two homemade analysis scripts (Dr. H. Siegmund, Johannes Mueller
Institute of Physiology, Charité-University Medicine Berlin, Berlin, Ger-
many). FPs (n � 5 stimuli) recorded in response to each of the different
stimulus intensities were averaged and then analyzed for the following
parameters: amplitude of the first PS in response to the first and second
stimulus of the stimulus pair (PS1, PS2; in millivolts), number of addi-
tional recurrent population spikes (RPS1, RPS2), and duration of n re-
current population spikes as measured from the peak of PS1 up to the
peak of the last recurrent population spike (in milliseconds). Addition-
ally, the paired-pulse index (PS2/PS1) and the frequency of additional
population spikes (number/duration; in Hertz) were determined. Stim-
ulus intensities were given as percentage of the maximal response ampli-
tude elicited, except for threshold stimulation (5%) and supramaximal
stimulation (125%). To detect modulation by continuous MF stimula-
tion in the absence and presence of high K �-ACSF, the 80% stimulus
responses were analyzed: 20 min after onset of continuous stimulation,
before onset of epileptiform activity or 30 min after start of perfusion
with high K �-ACSF, and 60 –90 min after changing the perfusion to
control ACSF.

Spontaneous FP shifts were analyzed for frequency of recurrence
(events per minute), amplitudes (the low-frequency component and
peak amplitude), duration (two-thirds recovery), number of superim-
posed transients (amplitude, �0.3 mV), and event-related rises in [K �]o.
Corresponding values were determined for at least six (maximal 20)
events per slice and averaged. Afterward, the mean values of single slices
were again averaged for slice groups showing similar types of events.
These types were differentiated according to event frequency (events per
minute), event duration, presence of superimposed FP transients, and
size of event-associated rises in [K �]o.

Statistics. Patients’ data were assigned to the histopathological diagno-
sis groups and then averaged and compared (Student’s t test for indepen-
dent samples). Histological findings were graded, and the proportion of
different grades found in the diagnosis groups were compared using the
� 2 homogeneity test. If this test revealed a significant difference of pro-
portions between groups, the contingency coefficient (C) was deter-
mined to characterize the degree of coherence. The same type of statisti-
cal processing was applied to determine a coherence of graded
morphological and graded or grouped electrophysiological findings.
Metric electrophysiological data were given as mean � SEM for different
histopathological groups of slices or patients, except when indicated oth-
erwise. Within-group and between-group comparisons of metric data
were performed using the Wilcoxon matched-pair signed rank test and
the Mann–Whitney U test, or the corresponding paired and independent
sample t tests, respectively. To determine whether and which clinical

10418 • J. Neurosci., November 17, 2004 • 24(46):10416 –10430 Gabriel et al. • Epileptiform Activity in the Human Dentate Gyrus



parameters could discriminate electrophysiologically different groups of
specimens, two discriminate analysis procedures (entering all variables
together and stepwise selection of variables, respectively) were per-
formed. Statistical analysis was performed using the SPSS software pack-
age (SPSS, Chicago, IL).

Results
Morphology
All 62 specimens used in the morphologi-
cal studies were viable for at least 20 hr
after arrival in the laboratory (constant
maximal field potential amplitudes of �1
mV). They were collected from September
1999 to October 2002. To determine
whether development of experimental ep-
ileptiform activity in the DG might be in-
fluenced by cell loss and mossy fiber reor-
ganization, we subjected the removed
tissue samples to an extended morpholog-
ical characterization, including Wyler
grading (cell loss), dextran-amine and
neo-Timm staining (presence of aberrant
MF terminals within the IML and Timm
staining score), and presence of granule
cell dispersion.

Wyler grading
Removed hippocampal tissue specimens
from patients with TLE showed different
degrees of mesiotemporal sclerosis (Fig.
1A,B). According to the Wyler classifica-
tion, we found no sclerosis in 4 specimens,
mild sclerosis in 14 specimens, moderate
sclerosis in 8 specimens, classical sclerosis
in 12 specimens, and total sclerosis in 24
specimens. Specimens with grades 3 (clas-
sical sclerosis) and 4 (total sclerosis) were
considered to show HS, whereas grades
0 –2 were classified as not having mesio-
temporal sclerosis (non-HS). HS was ac-
companied by a lesion in 5 of 36 patients,
whereas non-HS was associated with a le-
sion in the temporal lobe (tumor, caver-
noma, dysplasia, and cyst) in 17 of 26 pa-
tients. In 5 of the 62 patients, we found a
different Wyler grading between the tissue
used in the Department of Neuropathol-
ogy and the tissue used in our laboratory.
The assignment to HS or non-HS changed
with three upgrades and two downgrades.

Dextran-amine and neo-Timm staining
In 50 specimens, we used fluorescent
dextran-amine labeling to disclose aber-
rant mossy fiber sprouting into the IML of
the DG. Retrograde staining with fluoro-
emerald or fluoro-ruby within the hilus
revealed an extensive network of fluores-
cent mossy fibers in the IML of HS speci-
mens, whereas ordered apical dendrites of
granular cells dominated in the non-HS
specimens (Figs. 1, compare C, D; 2, com-
pare A, B). We found aberrant sprouting
in 96% (28 of 29) of HS specimens but
only in 9.5% (2 of 21) of non-HS speci-

mens (� 2 test; p � 0.001). By determining the proportion of
dextran-amine labeling with respect to the different Wyler grades
(Fig. 3A), a large increase in the number of aberrant fibers from
grade 2 to grade 3 became obvious. This suggests a difference

Figure 1. Coronal sections of a sclerotic (left) and a nonsclerotic hippocampus (right). A, A hippocampal formation with
classical sclerosis (HS) is shown. Selective nerve cell loss in the hilus, CA3 and CA1 area, and granule cell dispersion are obvious. The
granule cell dispersion led to a bilaminar pattern of granule cells (double layering). Most of the CA2 cells and few CA3 cells are still
discernible. In contrast to the CA1 with a complete neuron loss, a cell band is still present in the subiculum. Scale bar, 5 mm. B, In
the hippocampus of the non-HS case, all areas of the hippocampus can be recognized. The granule cell layer is compact without
fringing of granule cells into the molecular layer of the dentate gyrus (cresyl violet staining). Scale bar, 5 mm. C, After injection of
dextran-amine-coupled fluorescence (tetramethylrhodamine) into the hilus (bottom right corner; injection site not shown),
mossy fibers can be recognized by labeled mossy fiber boutons in the hilus as well as in the molecular layer (ml) of the dentate
gyrus. The labeled cells in the granule cell layer (grl) are dispersed and send their dendrites into the molecular layer (tetrameth-
ylrhodamine dextran-amine tracing). Scale bar, 50 �m. D, In a corresponding section of a non-HS case, the granule cells are
densely packed and not dispersed. They are labeled with dextran-amine-coupled fluorescence (fluorescein), which was injected
into the hilus. The granule cell dendrites form a regular dendritic field within the molecular layer. Mossy fiber boutons indicating
mossy fibers are only seen in the hilus (bottom right corner) and not in the IML. Some hilar neurons send their processes through
the granule cell layer into the molecular layer (fluorescein dextran-amine tracing). Scale bar, 50 �m. E, Timm stain indicates zinc
in the mossy fibers by precipitated silver granules. By this way, zinc is visible in the hilus, stratum lucidum (data not shown), and
in the IML of sclerotic hippocampi. A few Timm granules are also discernible in the granule cell layer, but most of the silver granules
are found in the IML. This suggests that mossy fibers sprout back into the IML, which corresponds to the finding in C. Scale bar, 100
�m. F, In the nonsclerotic hippocampus, Timm granules are only seen in the hilus (and the mossy fiber tract) and never in the IML.
As in the dentate gyrus of sclerotic hippocampi, some Timm granules can be seen within the granule cell layer (neo-Timm
staining). Scale bar, 100 �m.
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between grades 2 and 3 with respect to structural reorganization.
There was a high coherence of Wyler grades 0 –2 and negative
dextran-amine labeling and Wyler grades 3 and 4 and positive
dextran-amine labeling (� 2 test; p � 0.001; C � 0.661).

Timm staining for zinc usually present in mossy fiber termi-
nals was performed in 43 of 62 specimens. Supragranular Timm
staining in the IML was positive in 22 of 25 specimens with HS,
whereas the Timm staining was negative or weak in 17 of 18
specimens with non-HS. Typical staining pattern from HS and
non-HS specimens are shown in Figure 1, E and F. With 88% of
the HS specimens versus 5.6% of the non-HS specimens present-
ing with zinc staining in the IML, the difference between HS and
non-HS was statistically significant (� 2 test; p � 0.001). With
respect to the different Wyler grades, supragranular zinc was
present in Wyler grades 4 and 3 (84.6 and 91.7%, respectively), in
grade 2 (20%), and was never found in grades 0 and 1 (Fig. 3B).

To rule out that the zinc distribution could be biased by action
of zinc transporters and zinc-binding proteins, we concurrently
applied dextran-amine and Timm staining and tested for concor-
dance of the findings in 34 specimens (Fig. 3C). Fluorescent-
labeled supragranular mossy fibers were coincidentally found in
94.7% of Timm-positive specimens. Concordance of negative
supragranular labeling by dextran-amine was found in 80% of

Timm-negative specimens. Statistical analysis revealed a strong
coherence between labeling by dextran-amine and Timm stain-
ing (� 2 test; p � 0.001; C � 0.607). Based on these findings, we
classified the remaining 28 specimens as having aberrant sprout-
ing when either Timm staining or dextran-amine fluorescence
was clearly positive for supragranular staining.

In patients with HS, the granular cells were dispersed (Fig.
1A), whereas in patients without HS, the granule cell layer was
dense and compact (Fig. 1B). Figure 3D shows that granule cell

Figure 2. Mossy fibers in the DG of HS and non-HS patients. (Both images are composed of
two originals fused between the middle and right third of the figure. The color was converted
into gray scale and inverted.) A, Labeling (bottom right corner) of a non-HS case with fluorescein
dextran-amine in the dense mossy fiber network in the hilus. The mossy fibers are discernible by
showing the fluorescein-filled boutons. They spread only in the hilus. No mossy fibers are visible
in the IML. The granule cells are retrogradely stained and form a compact layer of cells. The
dendrites of the granule cells form a dense and uniform pattern, which is only interrupted by
fibers of hilar neurons. The latter cells are probable interneurons and send their dendrites
(processes covered with spines; data not shown) through the granule cell layer and the whole
molecular layer into its outer part, in which they end in meanders. Scale bar, 100 �m. B, An HS
case with a corresponding labeling site as in A. The number of labeled granule cells and their
dendrites is lower as a result of loss and dispersion of the cells. Nevertheless, the frequency of
mossy fiber boutons in the hilus is higher. Furthermore, aberrant longitudinal and transverse
mossy fibers are seen in the IML. Both findings point to a sprouting of mossy fibers within the
hilus and into the IML (fluorescein dextran-amine tracing). Scale bar, 100 �m.

Figure 3. Aberrant sprouting of mossy fibers and granule cell dispersion in different patient
groups. A, Proportion of cases presenting with dextran-amine-labeled mossy fibers in the IML
(aberrant fibers; black label) in patient groups assigned to Wyler grades 0 – 4. Cases with aber-
rant fibers predominated in the groups presenting with classical and strong sclerosis. B, Propor-
tion of cases displaying typical zinc precipitation in the IML (Timm scores 2 and 3 are labeled
black) in patient groups assigned to Wyler grades 0 – 4. Note a dramatic increase from Wyler
grade 2 to Wyler grade 3 (classical HS). C, Proportion of cases with positive dextran-amine
labeling (black label) in Timm-positive specimens (scores 2 and 3). There is a high coincidence of
positive as well as negative labeling provided by the two methods. D, Proportion of cases with
dispersion of granule cells (black) in the non-HS and HS groups. All specimens with HS presented
with dispersion of granule cells. Wyler grades: 0, no sclerosis; 1, mild sclerosis; 2, moderate
sclerosis; 3, classical sclerosis; 4, total sclerosis.
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dispersion was found in 100% of the HS cases and in 8% of the
non-HS cases (� 2 test; p � 0.001; C � 0.682).

Based on the morphological results, we divided the present
tissue sample into two groups: (1) the HS group characterized by
Wyler grades 3 and 4, presence of mossy fiber terminals within
the IML, and granule cell dispersion; and (2) the non-HS group
characterized by Wyler grades 0 –2, negligible signs of MF sprout-
ing, and rare granule cell dispersion.

Electrophysiology

Sample composition: main pathomorphological and clinical data
In the present study, field potential recordings from 62 slices of 32
specimens (February 2000 to December 2001) were analyzed,
whereas the remaining specimens were subjected to two other
projects. The sample comprised 40 slices from 20 hippocampi
with HS and 22 slices from 12 hippocampi without HS. Accord-
ing to the different Wyler grades, 50% of specimens used in the
electrophysiological experiments displayed grade 4, 12.5% dis-
played grade 3, 15.6% displayed grade 2, 18.8% displayed grade 1,
and 3.1% displayed grade 0. Mossy fiber sprouting was assessed in
95% of HS specimens and in 16.7% of the non-HS specimens,
whereas granule cell dispersion was observed in 100 and 16.7%,
respectively.

Clinical data (Table 1) revealed that, in the electrophysiolog-
ical sample, HS and non-HS groups of patients did not differ with

regard to gender, age at surgery, duration of epilepsy, age at onset
of epilepsy, history, approximated seizure frequencies, frequency
of secondary generalization, site of resection, and outcome of
surgery after 2 years of follow up according to the classification of
Engel (1987b). Compared with the non-HS group, seizures gen-
eralized more often in HS patients (95 vs 58.4%; p � 0.038;
Fisher’s exact test). Approximately two-thirds of patients were
treated with carbamazepine or oxcarbazepine either alone or in
combination with other anticonvulsants. Patients in the HS
group frequently received two different drugs (60%), whereas
one drug treatment predominated in the non-HS group (83.3%).
The corresponding proportional difference between the two
groups is statistically significant ( p � 0.028; Fisher’s exact test).

In vitro analysis of stimulus responses may reveal pathophys-
iological factors by which granule cell populations in HS and
non-HS slices might be predisposed to develop epileptiform ac-
tivity. Therefore, we first report stimulus-induced field potential
responses and their modulation during the induction protocol
and subsequently the experimentally induced epileptiform
activity.

Field potential responses to paired hilar stimulation in slices with
and without hippocampal sclerosis
Typical responses to paired hilar stimulation and stimulus de-
pendence of responses to the first stimulus of the pair are dis-
played in Figure 4. All data were obtained under control condi-
tions (3 mM [K�]o). As shown previously in the presence of 5 mM

[K �]o (Masukawa et al., 1992, 1997; Uruno et al., 1994), paired
antidromic stimulation of MF from the hilus/area CA3 border
elicited multiple population spike responses in HS slices, already
in control ACSF (Fig. 4A,C), originally reported in the kainate
model (Tauck and Nadler, 1985) .

In HS slices, responses to the first stimulus consisted of one to
eight population spikes, one regular population spike (PS1), and
up to seven recurrent population spikes (RPS1). Referring to the
80% stimulus response, no recurrent population spike was ob-
served in 20% of HS slices, one in 35%, and at least two in 45%.
Mean number and duration of recurrent population spikes, as
well as frequency of recurrence (150 –520 Hz), are given in Table
2. The proportion of slices displaying multiple responses in-
creased with stimulus intensity (Fig. 4C). Number and duration
of recurrent population spikes did not display significant stimu-
lus dependence (data not shown). After the second stimulus, the
number of recurrent population spikes was lower, and duration
of the responses was shorter than after the first one ( p � 0.011,
p � 0.01, respectively; Wilcoxon test), whereas the paired-pulse
index only revealed minor depression. As reported previously
(Isokawa and Fried, 1996; Masukawa et al., 1996), we also found
negative field potential shifts �0.5 mV after the first and second
stimulus in 42.5 and 55% of HS slices, respectively.

In contrast, single population spike responses (Fig. 4B) pre-
dominated in non-HS slices. At 30 –125% stimulus intensity,
only one recurrent population spike occurred in 30 –35% of the
slices (Fig. 4C). The amplitude of the first population spike was
not different from that of HS slices (Fig. 4D), whereas the minor
paired-pulse facilitation in non-HS slices was significantly differ-
ent from the minor depression in HS slices (Table 2). Negative
field potential shifts were seen after the first and second stimulus
in 9.1 and 18% of non-HS slices. The corresponding differences
between HS and non-HS slices are significant (� 2 test; p � 0.017
and p � 0.012, respectively).

Table 1. Clinical data of patients in the electrophysiological study

Variables and categories HS (n � 20) Non-HS (n � 12) Total (n � 32) p value

Sex
Female 50% 33.3% 43.8% 0.471
Male 50% 66.7% 56.3%

Age at surgery 35.4(2.48) 31.2 (2.61) 33.8 (1.84) 0.279
Duration of epilepsy (years) 21.7 (2.12) 15.3 (3.17) 19.3 (1.84) 0.089
Age at onset 13.7 (2.43) 15.9 (3.90) 14.5 (2.08) 0.606
History

Yes 65% 58.3% 62.5% 0.724
No 35% 41.7% 37.5%

Approximated seizure frequencies
�5 per month 65% 58% 62.5% 0.470
5–15 per month 20% 33.3% 25%
�15 per month 15% 8.3% 12.5%

Generalization
No 5% 41.7% 18.8% 0.038
�1 SGS per year 50% 41.7% 46.9%
�1 SGS per year 45% 16.6% 34.4%

AEDs at surgery
(a) OXC/CBZ 20% 66.7% 37.4% 0.051
(b) LEV/LTG/VPA, 20% 16.7% 18.8%
(c) (a) � LEV/TPX/ DZ 45% 8.3% 31.3%
(d) LTG � LEV/VPA/PB 15% 8.3% 12.5%

Site of resection
Left 65% 41.7% 56.3% 0.277
Right 35% 58.3% 43.8%

Outcome after 2 yearsa

Seizure free 65% 72.7% 67.7% 1.000
Rare seizures 25% 18.2% 22.6%
Worthwhile improved 5% 0% 3.2%
Not improved 5% 9.1% 6.5%

Numbers represent mean values (SEM) or proportion of patients within groups (percentage). HS, Patients present-
ing with hippocampal sclerosis; non-HS, patients not presenting with hippocampal sclerosis; n, number of patients
in the group; p, error probability of intergroup differences (Student’s t test, �2 test); SGS, secondary generalized
seizure; AED, antiepileptic drug; a, b, one of the drugs is given; c, d, the first drug is given in combination with one of
the other drugs; OXC, oxcarbazepine; CBZ, carbamazepine; LEV, levetiracetam; LTG, lamotrigine; VPA, valproic acid;
TPX, topiramate; DZ, diazepam; PB, phenobarbital.
aEngel (1987b).
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Field potential responses to paired ML stimulation in slices with
and without hippocampal sclerosis
Again, in agreement with previous reports (Masukawa et al.,
1989, 1996, 1997, 1999; Uruno et al., 1994), recurrent population
spike responses could be evoked by orthodromic stimulation
within the ML (Table 2). They appeared in 36% of HS slices and
in 25% of the non-HS slices. Considering the number of such
recurrent population spikes, the HS slices displayed two or more,
whereas non-HS slices displayed a maximum of one (� 2 test; p �
0.011). Unlike responses to hilar stimulation, the amplitude of
the first population spike and the paired-pulse depression were
smaller in HS slices than in non-HS slices. The orthodromically
evoked paired-pulse depression was in the same order as de-
scribed previously (Swanson et al., 1998). We also compared

orthodromic responses with responses elicited by hilar stimula-
tion (Table 2) and found that orthodromically evoked paired-
pulse depression was clearly stronger than that evoked by hilar
stimulation ( p � 0.001; Wilcoxon test).

Modulation of field potential responses to hilar stimulation during
elevation of [K�]o

Next, we analyzed whether the FP responses (80% of the maximal
amplitude) to hilar stimulation undergo modulation by contin-
uous low-frequency stimulation in control ACSF or in the pres-
ence of 10 –12 mM K�-containing ACSF (Fig. 5). In both HS and
non-HS slices, paired low-frequency hilar stimulation at 80%
stimulus intensity for 20 min was not associated with significant
modulation of the first response (Fig. 5A–F, stim).

When elevating [K �]o in HS slices, the amplitude of the first
population spike and the proportion of slices displaying recur-
rent population spikes remained constant (Fig. 5A,C, stim hK�).
The paired-pulse depression became reversibly stronger (Fig. 5B)
( p � 0.000; Wilcoxon test), but the number of recurrent popu-
lation spikes increased (Fig. 5D) ( p � 0.001). Furthermore, the
duration of recurrent responses was prolonged (Fig. 5E) ( p �
0.000), whereas frequency of recurrence declined (Fig. 5F) ( p �
0.007). In contrast, non-HS slices showed a stable, minor paired-
pulse facilitation, whereas the proportion of multiple responses
reversibly increased (Fig. 5C). Because only a small number of
non-HS slices responded with recurrent population spikes in
control ACSF, paired sample statistics of RPS parameters was not
performed in this subgroup.

At the end of the experiment, after the slices had been bathed
in control ACSF for at least 1 hr (recovery), all parameters mod-
ulated by perfusion with high K�-containing ACSF were no
longer significantly different from control values.

The presence of 5–10 �M bicuculline had no significant effect
on the above-mentioned changes of responses to MF stimulation
by perfusion with 10 mM K�-containing ACSF.

Induction of epileptiform activities
In orienting experiments, we used solutions containing 5–20 �M

bicuculline, 0 mM Mg 2�, or 0.1 mM 4-aminopyridine to induce
seizure-like events in human hippocampal slices but usually
without success. With 5–10 �M bicuculline, single short-FP tran-
sients occurred occasionally.

When challenged by hilar stimulation in the absence of high
K�-containing ACSF (n � 62), only two HS slices (two speci-
mens) developed spontaneous transients of epileptiform activity,
which lasted up to 90 sec (see Fig. 8A). Additionally, in a third HS
slice from another specimen, stimulus-evoked short seizure-like
events became self-sustained and prolonged (data not shown). In
all other slices, continuous low-frequency hilar stimulation for
30 – 40 min did not induce epileptiform activity.

Subsequently, we perfused the slices with ACSF containing 10
mM K�, 10 mM K� and 5–10 �M bicuculline, or 12 mM K�, and
then recurrent epileptiform events developed. These events were
first associated with stimulation but became independent of
stimulation and self-sustained when stimulation was stopped.
Defining negative field potential shifts with duration �5 sec as
well as recurrent short discharges with frequencies of 0.8 –1.9 Hz
as ictal-like events and short-lasting field potential transients
with frequencies �0.7 Hz as interictal-like events, 61.2% of the
slices showed ictaform activity and 22.6% interictal-like activity.
When slices were perfused with 10 mM K�-containing ACSF,
ictaform activity was observed in 58.3% of 24 HS slices but only in
20% of 10 non-HS slices (� 2 test; p � 0.05). Using 12 mM K�,

Figure 4. Field potential responses to paired electrical stimulation at the hilus/CA3 border
(MF stimulation): differences between HS and non-HS slices. Extracellular recordings from the
granule cell layer of the dentate gyrus; hilar stimulation (paired pulses, interval 50 msec, ap-
plied every 20 sec) with intensities eliciting a first population spike (PS1) of 5, 30, 60, 80, and
100% of the maximal amplitude and with supramaximal intensity (125%). A, Averaged sample
traces (n � 5) of RPS responses after stimuli of 30, 60, and 80% intensity in an HS slice. B, Single
population spike responses after similar stimulation in a non-HS slice. In A and B, the calibration
bar for the size of field potential transients is to the right. In B, the calibration bar for the time is
below. C, D, Stimulus dependence of responses to the first stimulus of the pair. Categories of
increasing stimulus intensities are given on the abscissa. C, Proportion of slices displaying re-
current population spikes in response to the first stimulus of the pair in the HS group (black
columns) and in the non-HS group (white columns). The total number of slices analyzed for each
stimulus intensity and group is given below the category axis (HS, top; non-HS, bottom). Re-
current population spikes predominated in the HS group and are less numerous at threshold
intensity. D, Stimulus dependence of the first population spike (PS1). Marker and error bar
represent mean value and SEM, respectively. Lines and markers for HS and non-HS groups are
given below the x-axis. There are no differences between HS slices (total, n � 34 –39) and
non-HS slices (total, n � 19 –21). Asterisks indicate a significant difference (p � 0.05).
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ictaform activity appeared in 81.3% of 16 HS slices and in 75% of
12 non-HS slices (� 2 test; p � 0.15). This indicates that HS slices
need a lower potassium concentration to develop ictaform activ-
ity than non-HS slices. The addition of bicuculline to 10 mM

K�-containing ACSF did not have any significant effect (� 2 test;
p � 0.53).

Patterns of self-sustained epileptiform activity
We differentiated four types of epileptiform events (Fig. 6, Table
3) according to event frequency, event duration, size of the “low
frequency”-component and of the peak potential shift (Fig. 6E,
indicated as a and b), additional appearance of FP transients
within a single event (Fig. 6E), and event-associated rises in
[K�]o. Table 3 displays the corresponding mean values and SEM
for each type of activity. As illustrated in Figure 6A, type 1 was
considered as short-lasting (0.21–2.6 sec) negative field potential
transient with event frequency �0.7 Hz. This activity seems to
mimic interictal spiking. Type 2 comprised a heterogeneous
group of recurrent long-lasting (15–162 sec) negative field poten-
tial shifts, altogether characterized by the absence of “tonic–
clonic-” and “clonic”-like discharges. Features of this activity var-
ied from specimen to specimen, displaying either “tonic seizure-
like events” (Fig. 6B) (n � 5 slices, 3 specimens) (also see Fig.
10A) with amplitudes �3 mV, spreading depression-like events
(Fig. 6C) (n � 6 slices, 3 specimens) (also see Fig. 9A) with am-
plitudes of 3–12 mV, and real spreading depressions with ampli-
tudes �15 mV (n � 2 slices, 2 specimens; not considered in Table
2, data not shown). Type 3 appeared as ongoing recurrent short
discharges with frequencies of 0.8 –1.9 Hz (Fig. 6D), mimicking
periodic ictal spiking seen in depth-electrode recordings from the
sclerotic hippocampus (Engel, 1990; Williamson et al., 1995) or
late recurrent discharges in acute status epilepticus models
(Dreier and Heinemann, 1991). Although this type was some-
times observed after a period of seizure like-events (see Fig.
8C,D), only slices displaying it from onset throughout the whole
course of epileptiform activity were assigned to type 3. Type 4
were “seizure-like events” (Fig. 6E) (also see Fig. 8B,C) charac-
terized by an initial burst with subsequent high-frequency fluc-
tuations of field potentials and then by a prolonged period of
tonic– clonic and/or clonic discharges superimposed on a nega-

tive FP shift and accompanied by eleva-
tions in [K�]o. To evaluate influences of
different K�-concentrations, different ex-
citability, cell loss, mossy fiber reorganiza-
tion, and clinical factors on the incidence
of activities of types 1– 4, we performed
comparisons between corresponding slice
groups.

Statistical relations to K � treatment,
stimulus responses, hippocampal
sclerosis, mossy fiber rearrangement,
and clinical data
Bath application of 10 and 12 mM K� re-
sulted in different proportions of epilepti-
form activities of types 1– 4 (Table 4), in
both HS slices ( p � 0.01; Fisher’s exact
test) and non-HS slices ( p � 0.049). When
HS slices were treated with 10 mM K�,
seizure-like events (type 4) had the highest
incidence. In the case of 12 mM K�, ictal
spiking (type 3) appeared with similar in-
cidence as seizure-like events. In non-HS

slices bathed in 10 mM K�, interictal-like activity (type 1) pre-
dominated, and elevated K� to 12 mM induced tonic seizure-like
activity or spreading depression-like events (type 2) in a high
proportion of slices. With regard to K� treatment, there was no
significant difference between HS slices and non-HS slices.

With reference to recurrent population spike responses
evoked by hilar stimulation, we asked whether certain types of
epileptiform activities coincidentally occurred with this response
type. As shown in Figure 6F, left column, the majority of slices
presenting with at least two recurrent population spikes devel-
oped types 3 and 4 ictaform activity. In contrast, slices respond-
ing with only one or no recurrent population spike mainly devel-
oped type 2 and 1 activity (Fig. 6F, middle and right columns).
Statistical analysis revealed a significant coincidence of types 3
and 4 activity with hilar RPS of higher degree and of types 2 and 1
with near normal stimulus responses (� 2 test; p � 0.001; C �
0.55). If HS and non-HS slices were separately tested, the coinci-
dence of ictaform events with RPS of higher degree is significant
in HS slices ( p � 0.017) but not in non-HS slices ( p � 0.364),
even when recurrent population spike responses of higher degree
had developed in the presence of high K� ( p � 0.19).

We also studied the occurrence of epileptiform activity in HS
and non-HS slices. As shown in Figure 6G, there is a clear differ-
ence between both groups of slices. Ictaform activity of type 3 or
4 was exclusively observed in HS slices, which showed these ac-
tivities in 65% of the slices (13 of 20 respective specimens). In
contrast, ictaform activity of type 2 predominantly appeared in
non-HS slices (50% of slices; 6 of 12 specimens). Statistically, the
occurrence of ictaform activity of types 3 and 4 was significantly
associated with the presence of classical and total sclerosis (� 2

test; p � 0.002; C � 0.589).
Based on the criteria used to assess MF sprouting, we analyzed

the coincidence of MF sprouting and the ictaform activities of
types 3 and 4. If aberrant supragranular MF sprouting was
present, we recorded ictaform activity of types 3 and 4 in 58% (11
of 19) of the specimens. No activity was found in 26% (5 of 19) of
the cases, most of them presenting with severe cell loss in the
granule cell layer. In slices from specimens without MF sprout-
ing, we never saw ictaform activity of types 3 and 4 but type 2 in
50% (5 of 10) of the respective cases. The proportional difference

Table 2. Field potential properties of slices grouped according to the histopathological diagnosis: HS (Wyler
grades 3 and 4) and non-HS (Wyler grades 0 –2)

Parameter analyzed HS Non-HS p value

Paired hilar stimulation, first response (80%)
Amplitude of PS1 (mV) 4.3 � 0.4 (40) 4.3 � 0.5 (22)
PPI 0.9 � 0.04 (40) 1.1 � 0.03 (22) 0.003
Number of RPS (n) 2.4 � 0.3 (32) 1.1 � 0.14 (7) 0.028
Duration of RPS (n) (msec) 9.3 � 1.3 (32) 4.8 � 0.69 (7) 0.037
Frequency of RPS (Hz) 267 � 12 (32) 249 � 23 (7)

Paired hilar stimulation, second response (80%)
Amplitude of PS2 (mV) 4.0 � 0.3 (40) 4.5 � 0.5 (22)
Number of RPS (n) 1.8 � 0.2 (29) 1.0 � 0.0 (6) 0.028
Duration of RPS (n) (msec) 7.9 � 1.2 (29) 3.6 � 0.2 (6) 0.003
Frequency of RPS (Hz) 256 � 11 (29) 282 � 18 (6)

Paired ML-stimulation, first response (80%)
Amplitude of PS1 (mV) 2.7 � 0.3 (31) 3.7 � 0.4 (20) 0.033
PPI 0.66 � 0.06 (31) 0.45 � 0.06 (20) 0.023
Number of RPS (n) 3.4 � 0.9 (11) 1 � 0.0 (5) 0.015
Duration of RPS (n) (msec) 12.4 � 4.0 (11) 3.7 � 0.2 (5)
Frequency of RPS (Hz) 300 � 18 (11) 273 � 21 (5)

Numbers in the table represent mean � SEM (n slices). p, Error probability of intergroup differences (Mann–Whitney test); 80%, stimulus intensity evoking
first population spikes with 80% of maximal size; amplitudes are given in millivolts, duration is given in milliseconds, and frequency is given in Hertz. PS1
(PS2), First population spike of the first (second) response; PPI (PS2/PS1), paired-pulse index; RPS, recurrent population spikes of the first (second) response.
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in the expression of types 1– 4 epileptiform activities between
cases with and without MF sprouting is significant (� 2 test; p �
0.004), and the coherence of MF sprouting with occurrence of
types 3 and 4 ictaform activity is statistically strong (C � 0.59).

Finally, we tested whether the incidence of types 1– 4 epilep-
tiform could be influenced by clinical factors such as age at sur-
gery, duration of epilepsy, age at onset of epilepsy, history, ap-
proximated seizure frequency, frequency of generalization, and
particularly the anticonvulsive treatment. Using one-way
ANOVA and � 2 test, we found that no single variable was statis-
tically related to the incidence of experimentally induced epilep-
tiform activities. Discriminant analysis and classification statis-
tics revealed that neither the combination of all parameters (71%

of the patients correctly classified) nor any combination of vari-
ables was qualified to discriminate the groups of experimentally
induced epileptiform activity.

Synaptic nature of ictaform events
Ictaform activities of types 3 and 4 were sensitive to lowering the
extracellular Ca 2� concentration to 0.2 mM (Fig. 7D,E). This was
tested in 7 of the 26 slices in which these discharge patterns oc-
curred. They were insensitive to 2-APV but were always blocked
by application of CNQX (6 of 26 slices tested) (Fig. 8D). The
effects of low Ca 2� and of CNQX were partly reversible (Figs. 7F,
8F, respectively).

Spreading depression-like events (type 2) were sensitive to
2-APV (Fig. 9C), but recurring shorter and much smaller tonic
seizure-like events could then appear or were maintained (three
of the six slices were tested). As illustrated in Figure 9D, the
original activity reappeared after washout of 2-APV. Lowering of
[Ca 2�]o reversibly blocked small type 2 events, such as tonic
seizure-like events (Fig. 10B,C), from non-HS patients (two of
the five slices were tested).

Discussion
The present study shows for the first time experimentally induced
self-sustained and synaptically mediated epileptiform activities
in the dentate gyrus of slices prepared from surgically removed
sclerotic and nonsclerotic hippocampal specimens of TLE
patients.

Our morphological data confirm previous results (Babb et al.,
1991; Mathern et al., 1997a) notifying that mossy fiber rearrange-
ment is characteristic for patients with hippocampal sclerosis. We
found a high coherence of Timm scores 2 and 3 and presence of
fluorescent mossy fibers, indicating that the Timm staining pro-
vides evidence for aberrant MF sprouting. This is in line with a
previous report showing coincidence of intracellularly labeled
aberrant mossy fiber arborization and positive staining for zinc
or dynorphin in the inner molecular layer (Isokawa et al., 1993).
However, the fluorescent-labeled axons in the inner molecular
layer may also identify GABAergic or peptidergic axonal systems,
involved in reorganization (de Lanerolle et al., 1989, 2003;
Furtinger et al., 2001; Wittner et al., 2001). In addition, we ob-
served a striking concordance of granule cell dispersion with
Wyler grades 3 and 4, as described previously (Lurton et al., 1998;
El Bahh et al., 1999). Together, our morphological results were
used to compare experimentally induced epileptiform activities
between sclerotic tissue (Wyler grades 3 and 4) characterized by
dentate network reorganization (remarkable cell loss, aberrant
mossy fiber sprouting, and granule cell dispersion) and nonscle-
rotic tissue (Wyler grades 0 –2) characterized by absence of reor-
ganization (less cell loss and negligible signs of both MF sprout-
ing and granule cell dispersion).

Despite the general notion that ictaform activity was evoked in
both sclerotic and nonsclerotic tissue, we found remarkable dif-
ferences between the two groups. (1) Seizure-like events in scle-
rotic tissue developed in the presence of 10 mM K�, whereas their
equivalents in nonsclerotic tissue preferentially appeared in the
presence of 12 mM K�, suggesting that the K�-induced depolar-
ization necessary to evoke synchronized discharges of granule
cells might be lower when network reorganization is present.
Because granule cells of both groups display similar resting mem-
brane properties (Urban et al., 1993; Williamson et al., 1999), we
suggest that synaptically coupled granule cells, when depolarized
by high [K�]o, could sum convergent synchronous input from
other granule cells and reach threshold for seizure generation at

Figure 5. Modulation of responses to paired hilar stimulation during the induction of epi-
leptiform activity by continuous low-frequency stimulation (stim) and stimulation in the pres-
ence of high K �-containing ACSF (stim hK �). Stimuli (50 msec interval; 80% intensity) were
applied every 15 sec. All graphs except C display mean values and SEM (error bars). A and B show
data analyzed listwise from 19 HS slices (black columns) and 16 non-HS slices (white columns),
whereas in C, the proportions of slices responding with recurrent population spikes refer to the
number of slices tested under the different conditions (numbers below the category axis). The
parameters analyzed are defined at the top right of each ordinate, and categories of conditions
are given below the abscissa. A, Amplitude of the first population spike (PS1). There is no
modulation at all, in either HS slices or non-HS slices. B, Paired-pulse index [PPI (PS2/PS1); PS2
and PS1 are the first population spikes in response to the second/first stimulus of the pair]. The
index reversibly decreased during stimulation in the presence of high K �-containing ACSF in HS
slices but not in non-HS slices. C, Proportion of slices displaying recurrent population spikes
(RPS1). The proportion of HS slices did not change, but that of non-HS slices reversibly increased
during stimulation in the presence of high K �-containing ACSF. D–F display data from 19 HS
slices. D, Number; E, duration; F, frequency of recurrent population spikes. Note an increase in
the number, a prolongation of the duration, and a decline of the frequency under conditions of
stimulation in the presence of high K �-containing ACSF, which had only partly recovered
60 –90 min after washout of high K �-containing ACSF. Asterisks indicate a significant differ-
ence (p � 0.05).

10424 • J. Neurosci., November 17, 2004 • 24(46):10416 –10430 Gabriel et al. • Epileptiform Activity in the Human Dentate Gyrus



lower [K�]o than their nonconnected counterparts. Moreover,
the finding that antidromically evoked paired-pulse depression
of HS slices increased in the presence of high [K�]o points to the
involvement of inhibitory network reorganization (de Lanerolle
et al., 1989, 1992; Patrylo et al., 1999b; Furtinger et al., 2001;
Wittner et al., 2001). Alternatively, a recently suggested reduction
of the glial K�-buffer capacity in the hilus (Bordey and Spencer,
2004), not recognized in our previous study on a smaller number
of patients with classical sclerosis (Gabriel et al., 1998), could
contribute to lowering the K� threshold in sclerotic tissue. Ad-
ditionally, it has to be taken into account that, in sclerotic tissue,
the altered steady-state voltage dependence of the delayed recti-
fier potassium current could support hyperexcitability (Beck et
al., 1996). (2) Our results also show that different types of epilep-
tiform activities were induced in the two groups. Long-lasting
field potential shifts superimposed by tonic– clonic transients like
those seen in the model with robust mossy fiber sprouting (Wua-
rin and Dudek, 1996; Patrylo and Dudek, 1998) were exclusively
induced in reorganized tissue, whereas long-lasting field poten-
tial shifts without superimposed transients were preferentially
observed in tissue with little evidence for reorganization. Inter-

estingly, Wuarin and Dudek (1996) pre-
sented evidence that, in chronic epileptic
rats, the reorganized granule cell network
accounts for prolongation and pattern of
such events by showing that action poten-
tial firing of granule cells was highly syn-
chronized with field potential transients,
that the EPSPs underlying action potential
firing became progressively synchronized,
and that, with increasing event duration, a
higher percentage of cells responded to
microdrop application of glutamate 400
�m apart from the recording site. Our ex-
periments did not directly address the spe-
cific contribution of the network, but we
recognized that characteristic seizure pat-
tern and periodic spiking only appeared in
tissue with dentate network reorganiza-
tion, particularly mossy fiber sprouting.
This suggests that the recurrent excitatory
network of granule cells, likely in conjunc-
tion with inhibitory network reorganiza-
tion and other neuronal and glial alter-
ations, provides for hyperexcitability and
synchronization.

The fact that self-sustained synaptically
mediated ictaform activity can be induced
in granule cell populations of slices from
specimens without reorganization in the
presence of 12 mM [K�]o may or may not
reflect a propensity to develop ictaform
activity. In experiments on normal rat tis-
sue, lowering of [Ca 2�]o and increasing
[K�]o induced nonsynaptically mediated
prolonged field bursts (Schweitzer et al.,
1992; Schweitzer and Williamson, 1995),
whereas 12 mM [K�]o in otherwise nor-
mally composed ACSF were insufficient to
made the dentate gyrus “ictogenic” (Pat-
rylo et al., 1994; Pan and Stringer, 1997;

Table 3. Characteristics of types 1– 4 spontaneous epileptiform events induced by
hilar stimulation in the presence of high K�-containing ACSF

Type 1 Type 2 Type 3 Type 4

Analysis time
(min) 11 � 2 22 � 4 4 � 0.9 18 � 2

Slices analyzed (n) 7 11 10 16
Events per minute

(n/min) 24 � 5.4 0.5 � 0.12 69.6 � 7.2 1.3 � 0.3
Field potential

shift (mV) �0.7 � 0.2 �4.5 � 1.1 �0.9 � 0.14 �1.8 � 0.4
Peak amplitude

(mV) �1.3 � 0.3 �5.0 � 1.1 �1.3 � 0.17 �3.2 � 0.4
Duration (sec) 1.0 � 0.4 44.2 � 13.8 0.2 � 0.05 30.1 � 6.8
FP transients per

event (n) 1 � 0 1 � 0 1 � 0 87.6 � 22.4
Rise of �K�	o

(mM) (n) 0.4 � 0.05 (6) 5.4 � 0.9 (8) 0.2 � 0.05 (10) 3.5 � 0.9 (10)

The characteristics listed in the left column were separately determined and averaged for each slice analyzed.
Numbers in the table represent mean � SEM for subgroups of slices displaying similarities of epileptiform events,
particularly with respect to frequency of recurrence and duration. The different treatment conditions (10 mM K�,
10 mM K� with 5–10 �M bicuculline added, or 12 mM K�) were not considered. Nevertheless, type 4 events
recorded in the presence of 10 mM K� and 10 mM K� with 5–10 �M bicuculline did not differ with regard to their
characteristics (data not shown).

Figure 6. Types and occurrence of self-sustained epileptiform activity. The activity was induced by paired hilar stimulation and
subsequent stimulation in the presence of 10 –12 mM [K �]o for at least 20 min. In A–E, the calibration bars for the size of potential
shifts are at the left of each trace, and the calibration bar for time is below the traces. A, Type 1, Short-lasting field potential
transients from three different slices. B, C, Type 2, Long-lasting field potential shifts mimicking tonic seizure-like events ( B) or
spreading depression-like events ( C), always characterized by absence of clonic-like discharges. D, Type 3, Recurrent short dis-
charges (1 Hz) mimicking ictal spiking. E, Type 4, Seizure-like events. F, G, Proportion of slices displaying types 1– 4 epileptiform
activity in slice groups responding with different numbers of RPSs ( F) and in slice groups from HS and non-HS specimens ( G).
Ordinates in F and G are similar, with definition at top right of the axis in F. Sample size is given below each column. Note that types
4 and 3 activity dominated in slices that displayed two or more recurrent population spikes and exclusively occurred in HS slices.
Type 2 preferentially developed in non-HS slices displaying one or no recurrent population spikes. Hilar stimulation (50 msec
interval, 80% intensity, every 15 sec) lasted for 30 – 40 min to test whether epileptiform activity would develop in the absence of
high K �.
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Xiong and Stringer, 2001). At least 13–15 mM [K�]o was neces-
sary to cause extracellularly detectable ictaform activity (Patrylo
et al., 1994). Cautiously, because human hippocampus differs
from that of rodents (de Lanerolle et al., 1989), we cannot simply
conclude that 12 mM K� would not be able to induce epilepti-
form activity. However, we could demonstrate recently that the

antiepileptic drug carbamazepine suppressed long-lasting field
potential shifts in slices from carbamazepine-sensitive patients,
whereas it was without effect in slices of resistant patients (Remy
et al., 2003), thereby supporting the view that this activity reflects
at least the degree of pharmacosensitivity.

The aforementioned suggestion that the reorganized network
of granule cells provides for hyperexcitability is further supported
by studies notifying that, in tissue with highly scored Timm stain-
ing, recurrent population spikes were elicited by hilar stimulation
in the presence of moderately elevated [K�]o in human slices
(Masukawa et al., 1992, 1997; Uruno et al., 1994) and in slices
from the rat kainate and pilocarpine model of HS (Wuarin and
Dudek, 1996; Patrylo and Dudek, 1998; Hardison et al., 2000;
Okazaki and Nadler, 2001). Here, we showed that such popula-
tion spikes occur already in the presence of 3 mM [K�]o and recur
with mean frequencies between 153 and 521 Hz. Moreover, we

Figure 7. Seizure-like events (type 4): time course and effect of low Ca 2�-containing ACSF
in an HS slice. The calibration bars for size of field potential shifts (to the right of A) and for time
(below F ) apply to all traces. Numbers at the right display the time course of the experiment. A,
Seizure-like events associated with paired hilar stimulation (50 msec interval, 80% intensity,
every 15 sec; here, already 30 sec). B, Transition to self-sustained activity. C, Self-sustained
seizure-like events. D, Effect of lowering the [Ca 2�]o to 0.2 mM. The events are blocked after 20
min of perfusion, but some slow field potential shifts remained. E, Complete suppression of
ictaform activity. F, Reappearance of stimulus-associated events 20 min after solution change to
normal Ca 2� in 10 mM K �-containing ACSF.

Table 4. Incidence of epileptiform activity induced by 10 and 12 mM K�-containing
ACSF in slices from sclerotic and nonsclerotic specimens

K� No activity

Interictal-like Ictal-like

Number of slicesType 1 Type 2 Type 3 Type 4

HS
10 mM 16.7% 25% 4.1% 0% 54.2% 24
12 mM 12.5% 6.3% 0% 37.4% 43.8% 16
All 15% 17.5% 2.5% 15% 50% 40

Non-HS
10 mM 30% 50% 20% 0% 0% 10
12 mM 8.3% 16.7% 75% 0% 0% 12
All 18.2% 31.8% 50% 0% 0% 22

Total 16.1% 22.6% 19.4% 9.7% 32.2% 62

Numbers represent proportions of slices within groups, indicated in the left two columns.

Figure 8. Seizure-like events (type 4) followed by recurrent short discharges: time course
and effect of 30 �M CNQX in an HS slice. Calibration bars for size of field potential shifts (to the
right of A) and for time (below F ) apply to all traces. A, Transient period of spontaneous epilep-
tiform activity that occurred in the absence of high K � after testing the stimulus dependence of
responses to hilar stimulation during the control period. B, Reappearance of short stimulus-
associated events after 15 min of stimulation in the presence of 10 mM K �-containing ACSF and
transition to typical self-sustaining seizure-like events. C, After another 10 min. Note the very
long-lasting seizure-like event at the end of the trace that changed into 1 Hz activity. D, Appli-
cation of 30 �M 2-APV 20 min before and during the trace had no effect on the activity. E,
Additional application of 30 �M CNQX at start of this trace led to fast suppression of the activity.
F, Reappearance of short stimulus-associated events after 1 hr washout of 2-APV and CNQX
(with hilar stimulation throughout the last 15 min). Hilar stimulation: 50 msec interval, 80%
intensity, every 15 sec.
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add the following point: development of seizure-like events and
ictal spiking coincided with the generation of antidromically elic-
ited multiple population spike responses, thereby confirming
that these responses reflect epileptogenic conditions in reorga-
nized tissue. Stimulus-induced population oscillations display
similar frequencies as spontaneous high-frequency oscillations
(fast ripples) seen in depth-electrode recordings in epileptogenic
zones (Bragin et al., 1999; Staba et al., 2002). Whether such
stimulus-induced oscillations also reflect hypersynchronous ac-
tion potential firing in pathologically interconnected neuron
clusters as hypothesized for fast ripples (Bragin et al., 2000) is not
yet known. In tissue without reorganization, we found that anti-
dromic stimulation in the presence of high K� increased the
proportion of slices showing more than one population spike,
but this effect was without any statistical relation to the develop-
ment of epileptiform behavior in such slices. In conclusion, our
data from human epileptic hippocampus support the view that
reorganization of the granule cell network might add to a general
propensity for fast stimulus-induced population oscillations, to a

lower threshold of epileptiform activity, and to expression of
seizure-like events.

Our findings demonstrate that the different ictaform activities
were synaptic in origin. This is substantiated by the fact that
lowering of extracellular Ca 2�, known to block evoked synaptic
transmission (Jones and Heinemann, 1987), could suppress epi-
leptiform activity in both groups of tissue. The observation that
seizure-like events and ictal spiking disappeared in the presence
of the AMPA receptor antagonist CNQX is in line with previous
results showing that, in reorganized human and animal tissue, the
antidromically activated synaptic transmission is mainly medi-
ated by AMPA receptors (Uruno et al., 1994; Masukawa et al.,
1997; Okazaki and Nadler, 2001). However, other studies in an-
imal models and human epilepsy have provided evidence that
certain NMDA receptors are overexpressed (Mathern et al.,
1997b, 1999; Mikuni et al., 2000) and contribute to synaptic
transmission (Isokawa et al., 1997; Patrylo and Dudek, 1998;
Okazaki et al., 1999). Our finding that the NMDA receptor an-
tagonist 2-APV blocked only large negative field potential shifts
in nonsclerotic tissue suggests that the NMDA receptor is less
efficiently implicated in the generation of experimentally in-
duced ictal activity in slices from reorganized tissue. The obser-
vation that the GABAA receptor antagonist bicuculline had no
additional effect on the development of epileptiform activity in

Figure 9. Spreading depression-like events (type 2): time course and effect of 2-APV in a
non-HS slice. Pairs of synchronous traces of [K �]o and field potential are displayed. Changes of
[K �]o measured in millivolts were transferred into millimolar changes according to the Nernst
equation. Calibration bars for size of changes in [K �]o and field potential shifts (to the right of
A) and for time (below D) apply to all traces. A, Last stimulation-associated and subsequent
self-sustaining events. The trace started after 50 min of hilar stimulation and after 20 min of
perfusion with 12 mM K �-containing ACSF. B, Twenty minutes later. C, Blocking effect of 2-APV
after 20 min of application. D, Reappearance of less frequently occurring events, 40 min after
washout of 2-APV. Numbers at the start of the traces indicate time of perfusion with high
K �-containing ACSF. Hilar stimulation: 50 msec interval, 80% intensity, every 15 sec.

Figure 10. Tonic seizure-like events (type 2) in a non-HS slice: effect of lowering [Ca 2�] in
the perfusion solution to 0.2 mM. Pairs of synchronous traces of [K �]o and field potential are
shown. Denotation for changes in [K �]o and field potential are like that in Figure 9. A, Transi-
tion from stimulation-associated events to self-sustaining activity. B, Disappearance of sponta-
neous events after perfusion with 0.2 mM Ca 2�-containing and 12 mM K �-containing ACSF. C,
Reappearance of spontaneous events 30 min after solution change to normal Ca 2� and 12 mM

K �-containing ACSF. Hilar stimulation: 50 msec interval, 80% intensity, every 15 sec.
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the presence of high [K�]o would imply that GABAA receptor-
mediated inhibition is not present or less effective. This might
have two reasons: (1) loss and plasticity of hilar interneurons (de
Lanerolle et al., 1992) and/or (2) effects of elevating K� on the
chloride reversal potential (Misgeld et al., 1986; Jarolimek et al.,
1999).

Finally, it is worth noting that spontaneous epileptiform ac-
tivity could not be recorded from the dentate gyrus, whereas
equivalents of in vivo interictal activity were observed in the sub-
iculum (Cohen et al., 2002), even in slices from specimens in-
cluded in the present study (Wozny et al., 2003). In vivo depth
recordings indicate interictal events and onset of seizure activity
at more than one electrode site in one patient (Engel, 1987a; King
et al., 1997), but the dentate gyrus in the human hippocampal
slice is not a place in which in vitro spontaneous interictal activity
emerges. Granule cells that are disconnected from their possible
ictogenic input need to be depolarized to generate ictaform ac-
tivity. The relative silence of the DG has not been addressed in our
study. Because granule cells in epileptic tissue show a high resting
membrane potential (Urban et al., 1993; Williamson et al., 1993;
Franck et al., 1995), display reduced calcium influx (Nägerl et al.,
2000), and still receive inhibitory input (Mathern et al., 1995;
Patrylo et al., 1999b; Maglóczky et al., 2000; Wittner et al., 2001)
evident as strong orthodromically evoked paired-pulse depres-
sion (present investigation; Swanson et al., 1998; Wilson et al.,
1998), it might be understandable that we had to depolarize the
granule cells and to increase synaptic cooperation by high K� to
evoke epileptiform activity.

Concluding remarks
We showed that self-sustained ictaform activity of synaptic origin
can be induced in the dentate gyrus of both sclerotic and nonscle-
rotic human epileptic tissue. However, we also demonstrated that
the extracellular potassium concentration necessary to induce
such activity as well as the expression of certain patterns of activ-
ity varied with cell loss and mossy fiber reorganization. We want
to stress that statistical “correlation” or “coincidence” does not
provide evidence for causal relations. Therefore, suggestions
made concerning the influence of granule cell coupling have to be
addressed to specifically designed experiments for confirmation.
The fact that it is possible to induce epileptiform activity in slices
from human tissue permits testing mechanisms of drug resis-
tance (Remy et al., 2003) and analyzing whether newly developed
drugs are superior to presently available anticonvulsants in treat-
ment of pharmacoresistant epilepsies.
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