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SUMMARY

Purpose: Temporal lobe epilepsy (TLE) is often

associated with Ammon’s horn sclerosis (AHS)

characterized by hippocampal cell death and den-

tate gyrus granule cell dispersion (GCD). Granule

cells survive AHS and have been proposed to be

hyperexcitable in TLE. Here we studied whether

the passive excitability of granule cells correlates

with the severity of AHS.

Methods: We analyzed the passive membrane

properties of identified granule cells using patch-

clamp recordings in acute tissue slices obtained

from TLE surgery. Independent Wyler grading

and GCD measurements were used to assess the

severity of AHS.

Results: The input resistances and membrane

time constants of granule cells were reduced in

high-grade versus low-grade AHS samples and

negatively correlated with the degree of GCD.

Granule cells possessed large Ba2+-sensitive,

inwardly rectifying K+ conductances.

Discussion: The increased leak conductance, likely

mediated by K+ channels, does not argue for an

increased excitability of granule cells but rather

points to a neuroprotective mechanism in the scle-

rotic focus in TLE.

KEY WORDS: Mesial temporal lobe epilepsy,

Brain slice preparations, Neuroprotective strate-

gies, Ion channel electrophysiology, Potassium

channels.

Mesial temporal lobe epilepsy (TLE), the most preva-
lent form of focal epilepsies, is often intractable, but sur-
gical resection of the hippocampus and adjacent medial
temporal structures leads to seizure cessation in most
cases (Zentner et al., 1995). Resected hippocampi often
show Ammon’s horn sclerosis (AHS) characterized by
selective cell death, gliosis, and network disorganization
(Margerison & Corsellis, 1966; Blumcke et al., 2002).
Closely linked with the progression of AHS is the granule
cell dispersion (GCD) in the dentate gyrus (Houser,

1990; Thom et al., 2002). Granule cells survive AHS and
have frequently been implicated in the generation of
seizure activity (Tauck & Nadler, 1985; Sloviter, 1991;
Heinemann et al., 1992; Remy et al., 2003). However,
whether granule cells become intrinsically hyperexcitable
and actively contribute to TLE seizures is not securely
established (Dudek et al., 1994; Sloviter, 1994; Jefferys,
1999; Liu et al., 2000; Harvey & Sloviter, 2005; Naegele,
2007). It is also an open question why granule cells
survive AHS and other excitotoxic conditions better than
neighboring neuronal populations (Olney et al., 1979;
Ben-Ari, 1985; Magloczky et al., 1997; Bouilleret et al.,
2000; Nagerl et al., 2000).

Upregulation of leak K+ conductances is a potentially
neuroprotective and anticonvulsive mechanism that
reduces cellular excitability (Leblond & Krnjevic, 1989;
Brickley et al., 2001; Wickenden, 2002), but it is
unknown whether such changes occur in granule cells
during TLE. In particular, no data exist on the relation of
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the electrophysiologic properties of granule cells and
progressive GCD. To address this question we studied
human granule cells using patch-clamp recordings in
acute hippocampal slices obtained from TLE surgery.
We found that with increasing GCD, granule cells dis-
played an increasing leak conductance, likely carried by
K+ ions. These results are relevant to the understanding
of seizure mechanisms in TLE, because they suggest that
the passive excitability of granule cells in the sclerotic
focus is decreased rather than increased.

Methods

Patient data
All procedures on human tissue were approved by the

ethics committee of the University of Freiburg. In all
cases, surgical removal of the hippocampus was indicated
clinically and written informed consent about electrophys-
iologic and histologic studies was obtained. Clinical char-

acteristics of patients are summarized in Table 1. One cell
of a 4-year-old patient was included, which did not induce
a bias toward early developmental stages. Patient data are
based on information available in discharge letters, and
consequently may be incomplete or based on estimates.
For some values of seizure frequency and duration a mean
was calculated from the available range.

Brain slice preparation
Immediately after resection, human hippocampi were

immersed in ice-cold artificial cerebrospinal fluid (ACSF)
containing (in mM): 87 NaCl, 25 NaHCO3, 2.5 KCl, 1.25
NaH2PO4, 0.5 CaCl2, 7 MgCl2, 75 sucrose, and 10 glucose
(equilibrated with 95% O2/5% CO2). For neuropathologic
analysis, slices of 1–3 mm thickness were cut and subse-
quently one of these was further cut into slices of 400 lm
with a vibratome (VT1000S or VT1200S, Leica,
Bensheim, Germany) for electrophysiologic experiments.
Slices were incubated in sucrose ACSF for 30 min at

Table 1. Patient data

Age

OP Sex

Age

onset

Seizure

H AED treatment Additional information/syndromes WyType Frequency

49 M 2.6 SP/CP/SG 10 R n.i. Organic brain syndrome, newborn

spasm, cyanosis

3

56 M 45.7 SP/CP/1SG 4 R LEV, VPA Alcohol misuse 3

28 F 0.4 CP/SG 6 L ZNS, OXC FD of cortex and amygdala 2.5

14 M 5.8 SP/CP/1SG 16 L LTG FCD type 2a 3

17 M 4.8 SP/CP 2 R LTG, ZNS, PB FCD 1b. Encephalitis, connatal

hydrocephalus

3

60 M 17.7 SP/CP/SG 4 L LEV, LTG Hypocalcemic tetany 3

49 F 7.8 SP/CP/SG 12 L LEV, CLB, SER Febrile seizure in childhood 3

51 F 6.3 SP/CP/SG 8 L CLB, LEV FCD 1b 2.5

28 F 6.4 SP/CP 30 R CLB, LEV, CLB FCD 2a, febrile seizures in childhood 3

4 M 0.7 SP/CP 2.5 R OXC, STM FCD 2a, intrauterine cerebral

hemorrhage

2

43 F 14.0 SP/CP/SG 15 R LTG, LEV FCD 1a 3

55 F 18.8 SP/CP/SG 7 L CLB, STM, CLO FCD 2a, meningitis in childhood 2

32 M 12.8 CP 40 R LEV, LTG FCD 1b 3.5

25 F 0.8 SP/CP/SG 3 L n.i. Encephalitis in childhood 3

27 M 21.7 SP/CP 1 L LEV FCD 2a 2

19 F 10.4 SP/CP 45 R OXC, TPM, VPA Ganglioglioma 2

51 F 44.6 SP/CP/SG 2 R LEV, ZNS Falx meningioma, 2003 TBE 3

26 F 1.3 SP/CP/SG 10 L OXC, LTG Peripartal hypoxia, preterm birth, febrile

seizures in childhood

4

56 M 1.0 SP/CP/SG 5 R PHT FCD 2a, eclampsia of mother, first

seizure after smallpox vaccination

4

35 M 0.1 SP/CP/SG 6 R OXC, LTG Pneumonia in fifth postnatal week with

artificial respiration, meningo-

encephalitis, spastic hemiparesis

4

48 M 34 SP/CP/1SG 20 L LTG Febrile seizures in childhood, head

injury, left parietooccipital atrophy

45 F 8.6 SP/CP/SG 4 L LEV, LTG, CLB Craniocerebral injury with 8 years 3

Age OP, age at resection of hippocampus; Age onset, age at epilepsy onset; CP, complex partial seizures; SP, simple partial sei-

zures; SG, secondary generalized seizures; H, hemisphere of resected hippocampus; AED, antiepileptic drug; CBZ, carbamazepine;

CLB, clobazam; LEV, levetiracetam; LTG, lamotrigine; OXC, oxcarbazepine; PB, phenobarbital; PHT, phenytoin; STM, sulthiame;

TPM, topiramate; VPA, valproate; ZNS, zonisamide; n.i., no information; FD/FCD, focal cortical dysplasia; TBE, tick-borne encepha-

litis; Wy, Wyler grade.

647

Granule Cells in Temporal Lobe Epilepsy

Epilepsia, 50(4):646–653, 2009
doi: 10.1111/j.1528-1167.2009.02025.x



35.5 € 1�C and subsequently kept at room temperature
(23 € 1�C) in oxygenated sucrose ACSF for >1 h until
they were transferred individually for electrophysiologic
experiments.

Electrophysiology
Patch-clamp methods were adopted from Schmidt-

Hieber et al. (2004). For patch-clamp recordings, tissue
slices were transferred to a recording chamber and con-
tinuously superfused at room temperature with glucose
ACSF containing (in mM): 125 NaCl, 25 NaHCO3, 2.5
KCl, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2, and 25 glucose
(equilibrated with 95% O2/5% CO2). Cells were visual-
ized by infrared differential interference contrast video
microscopy using a 63·/1.0 objective in an upright
microscope (Axioskop2 FS, Zeiss, Oberkochen,
Germany). Patch pipettes were pulled from borosilicate
glass using a DMZ-universal puller (Zeitz, Martinsried,
Germany). They were filled with a solution containing
(in mM): 135 Kgluconate, 20 KCl, 10 HEPES, 0.1
EGTA, 2 MgCl2, 2 Na2ATP and 0.2% biocytin
(pH = 7.28) and had tip resistances of 5.1 € 0.7 MX.
To obtain optimal biocytin-labeling, the whole-cell con-
figuration was maintained for at least 25 min and the
pipette was retrieved via the outside-out configuration.
Records were filtered at 10 kHz and 8 kHz using a
SEC05LX amplifier (NPI, Tamm, Germany) and digi-
tized at 20 kHz and 10 kHz (current and voltage clamp,
respectively) using a ITC18 D/A converter (Instrutech,
Port Washington, NY, U.S.A.) and the software Patch-
Master (Heka, Lambrecht, Germany). Series resistance
(7–16 MX) was compensated via bridge balance, and
pipette capacitance was compensated via fast capaci-
tance controls of the single electrode clamp (SEC)
amplifier. The ratio of seal resistance (>1 GX) to input
resistance (Rin) ranged between 2.3 and 39.3. The
liquid junction potential was determined to be 10 mV
(Neher, 1992) and voltages were appropriately cor-
rected offline. Most pharmacologic experiments were
conducted in the presence of tetrodotoxin (TTX) and
synaptic blockers, that is, D())-2-amino-5-phosphono-
pentanoic acid (D-AP5), 1,2,3,4-tetrahydro-7-nitro-2,3-
dioxoquinoxaline-6-carbonitrile disodium (CNQX), and
picrotoxin (PTX). In K+-replacement experiments, cells
were first recorded with normal intracellular solution
and (via the outside-out configuration) subsequently
repatched with K+-free intracellular solution. In these
cases K+ was replaced equimolar with tetraethylammo-
nium (TEA) in the ACSF and the pipette solution con-
tained (in mM): 135 TEACl, 20 CsCl, 0.1 EGTA, 2
MgCl2, 2 Na2ATP and 0.2% biocytin (pH 7.28 adjusted
with TEA hydroxide). CNQX, D-AP5, TEACl, and
TTX were kept in H2O stocks at )20�C and PTX was
kept in dimethylsulfoxide (DMSO) stocks at )20�C.
Final concentrations were diluted freshly in oxygenated

recording ACSF (DMSO 1:1,000) and subsequently
kept in glass syringes of an application system (Auto-
Mate Scientific, Berkeley, CA, U.S.A.) under carbogen
pressurized at 1.3–1.6 bar before bath application. We
obtained D-AP5, TTX, and CNQX disodium salt from
Ascent Scientific (Weston-Super-Mare, United Kingdom)
and KCl from Merck (Darmstadt, Germany). All
other substances were purchased from Sigma–Aldrich
(Taufkirchen, Germany).

Morphologic reconstructions and
immunocytochemistry

For localization and identification of patched granule
cells we used fluorescence labeling and immunocyto-
chemistry. Slices were fixed overnight with 4% parafor-
maldehyde in 0.1 M phosphate buffer (PB) pH 7.4. After
three washing steps with PB, slices were treated for
30 min with a blocking solution containing 0.3% Triton
X-100 and 10% NGS in 0.1 M PB at room temperature,
followed by incubation with a rabbit polyclonal anti-
Prox1 antibody (1:1000, Chemicon, Temecula, CA,
U.S.A.) in 0.1% Triton and 1% NGS either for >3 h at
room temperature or overnight at 4�C. After three washes,
slices were incubated with Alexa Fluor-546-Streptavidin
(1:500) and a secondary anti-rabbit antibody conjugated
with Alexa Fluor-488 (1:200, Invitrogen, Karlsruhe, Ger-
many), either for >3 h at room temperature or overnight at
4�C. After five washes, slices were mounted in fluores-
cence mounting medium (DAKO, Glastrup, Denmark) or
ProLong gold antifade reagent (Invitrogen). Immunofluo-
rescence was analyzed with an Axioplan 2 microscope
equipped with Apotome technology (Zeiss) using the
10·/0.45 objective and extended focal images.

GCD measurements and Wyler grading
As a measurement for the degree of AHS we used the

Wyler grading in which parameters such as hippocampal
cell loss and astrogliosis are judged by a neuropathologist
(Wyler et al., 1992). In this classification, low-grade
lesions (grades 1–2) correspond to mild and moderate hip-
pocampal damage, whereas high-grade lesions (grades
3–4) correspond to moderate (‘‘classical AHS’’) and
marked (‘‘total AHS’’) hippocampal damage (Wyler et al.,
1992). One patient had a presumed extrahippocampal epi-
leptogenic lesion (ganglioglioma), a situation sometimes
considered a control to AHS, but the pathology report also
determined moderate hippocampal damage. GCD was
quantified as width of granule cell layer measured at the
position and focal level of reconstructed neurons. For two
cells that could not be doubtlessly identified upon recon-
struction, GCD was measured at least at three positions in
the granule cell layer and averaged for each slice (Haas
et al., 2002). GCD was reasonably homogenous within
slices except for one case that was excluded from this
analysis. Neither the pathologist nor the experimenters
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performing the GCD measurements were aware of the
respective electrophysiologic results.

Data analysis
Electrophysiologic records were analyzed using Igor-

Pro (WaveMetrics, Portland, OR, U.S.A.) and FitMaster
(Heka). Only cells with resting membrane potentials nega-
tive to )60 mV and overshooting action potentials were
included in the analysis. The Rin was calculated from the
slope of the steady-state current–voltage (I/V) relation
from voltage responses of less than €10 mV from resting
membrane potential. The membrane time constant (sm)
was derived by the average of 4–6 single exponentials
fitted to voltage responses to 450-ms current steps. The
resting conductance was calculated as the reciprocal of the
slope of the fitted current voltage relation (four steps of
3 mV at holding potentials of )80 or )90 mV). Statistical
significance of group differences was calculated using the
software PRISM 3.0 (GraphPad, San Diego, CA, U.S.A.)
applying the following tests: Mann-Whitney test for two
groups not normally distributed, Student’s t-tests for two
groups normally distributed, and paired t-tests and Wilco-
xon signed rank test for paired comparisons. Significance
of correlation was determined according to a table of
Pearson’s r-values. All mean values are €SEM (standard
error of the mean). Numbers represent cells if not
mentioned otherwise. Figures were produced using
GraphPad, Adobe Illustrator, and Adobe Photoshop
(Adobe, M�nchen, Germany).

Results

The input resistance of granule cells correlates with
the degree of granule cell dispersion

We recorded from granule cells of hippocampi resected
from 22 TLE patients, whose clinical characteristics are
summarized in Table 1. To ensure that recorded cells were
granule cells, they were labeled with biocytin during
recordings for post hoc anatomic reconstructions and
immunocytochemical identification. All recovered cells
were positioned within the granule cell layer and had
spiny apical dendrites extending into the molecular layer
(Fig. 1A). In addition, cells were co-labeled with Prox1, a
granule cell marker (Fig. 1A) (Liu et al., 2000). Prox1-
negative cells were excluded from further analysis. Gran-
ule cells displayed resting membrane potentials (Vm) of
)74.5 € 0.81 mV, Rin of 222 € 18 MX, action potential
thresholds of )47.0 € 1.0 mV, and membrane time con-
stants (sm) of 27.4 € 1.6 ms (n = 46).

To relate the degree of AHS of hippocampal specimen
to our electrophysiologic recordings, AHS classification
according to Wyler was used (see Methods) (Wyler et al.,
1992). We grouped our data into low-grade lesions (Wyler
grade 2–2.5, Wy2) and high-grade lesions, that is, classical
and total AHS (Wyler grade 3–4, Wy3) (Fig. 1B). The

Vm was similar in these groups (Fig. 1C) (Wy2,
)73.2 € 1.1 mV, n = 14; Wy3, )75.1 € 1.1 mV, n = 32,
p = 0.23). However, the input resistance (Rin) was clearly
reduced in the Wy3 group (Fig. 1D,E) (Wy2,
290 € 41 MX, n = 14; Wy3, 192 € 16 MX, n = 32,
p < 0.05). Similarly, sm was reduced in the Wy3 group
(Fig. 1F) (Wy2, 34.6 € 3.1 ms, n = 14; Wy3, 24.3 €
1.6 ms, n = 32, p < 0.001).

As a second measure related to the degree of AHS
(Thom et al., 2002), we measured the width of granule cell
layer (GCD, see Methods) and divided the data into ‘‘weak
GCD’’ (DW, 54–116 lm, Fig. 1B left panel) and ‘‘strong
GCD’’ (DS, width of granule cell layer 131–315 lm,
Fig. 1B right panel). Similar to the results using the Wyler
grading, the Vm was similar in the GCD groups (Fig. 1G)
(DW, )72.1 € 1.4 mV, n = 10; DS, )75.2 € 0.9 mV,
n = 36, p = 0.15), but Rin and sm were significantly
reduced in the DS group (Fig. 1H,I) (DW, Rin,
299 € 53 MX, sm, 34.9 € 4.6 ms, n = 10; DS, Rin,
201 € 16 MX, sm, 25.4 € 1.5 ms, n = 36, respectively,
p < 0.05).

As a third form of analysis, parameters were plotted
directly against GCD. Both Rin and sm correlated with the
severity of GCD (Fig. 1J) (sm, r = 0.53, Rin not shown,
r = 0.50, n = 18 slices with 44 cells, respectively,
p < 0.05). Interestingly, Rin and sm also correlated with
the frequency of complex partial seizures per month (data
not shown) (sm, r = 0.48, Rin, r = 0.53, n = 18 slices with
44 cells, p < 0.05). However, this seizure frequency infor-
mation should be treated with caution because it was not
directly measured (see Methods).

Granule cells with low-input resistance display large
Ba2+-sensitive K+ leak conductances

To obtain more information about the mechanism
underlying the decreased Rin of dispersed granule cells, we
characterized the resting conductance (grest) defined here
as the conductance measured in voltage-clamp mode close
to the Vm (see Methods). When the intracellular and extra-
cellular K+ was replaced with TEA+ (‘‘zero K+’’) the cells
depolarized and their grest was strongly reduced (Fig. 2A)
(control, 5.6 € 0.9 nS, zero K+, 2.3 € 0.4, n = 4, p <
0.05). These results give an estimate of the K+ conductance
controlling the Vm of human granule cells (3.3 € 0.8 nS).
The amount of resting K+ conductance correlated with the
initial Rin of the respective cells (Fig. 2B) (r = 0.97,
p < 0.05). Consistent with flux through K+ channels these
currents reversed at )97 mV, close to the Nernst equilib-
rium potential of K+ ions (Fig. 2C) ()104 mV).

The K+ channel inhibitor Ba2+ (1 mM) depolarized
granule cells (from )73.9 € 1.5 mV to )52.4 € 3.1 mV,
n = 7, p < 0.001) and decreased the grest of granule cells
to less than half of its initial value (Fig. 2D) (from
6.1 € 0.6 nS to 2.6 € 0.3 nS, n = 7, p < 0.05; Ba2+-sensi-
tive grest, 3.5 € 1.1 nS). The amount of Ba2+-sensitive grest
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Figure 1.

(A) Examples of biocytin-labeled dentate gyrus cells of a patient with temporal lobe epilepsy (TLE). Cells were

colabeled with the granule cell marker Prox1. Scale bar, 100 lm. (B) Representative Prox1 stainings of the two

patient groups into which electrophysiologic data was divided (see below): low-grade lesions, that is, Wyler grade

2–2.5 (Wy2) with weak GCD (DW) and high-grade lesions (3–4, Wy3) with strong GCD (DS). Scale bar, 100 lm.

(C) No difference was detected in resting membrane potentials (Vrest) of granule cells grouped according to severity

of Ammon’s horn sclerosis (AHS). (D) The voltage responses of Wy3 granule cells were smaller than those of the

Wy2 granule cells (blue and green, respectively, with identical 10 pA step current stimulation). Vrel, voltage relative

to Vrest. Inset scale bars, 0.4 s and 5 mV. (E–F) Input resistances (E, Rin) calculated from current–voltage relations as

in D and membrane time constants (F, sm) were smaller in Wy3 than in Wy2 granule cells. (G–I) Analysis as in C–F,

with granule cells grouped depending on the degree of GCD (see B). DS granule cells had lower E, Rin (H) and sm

values (I) than DW granule cells. (J) The sm correlated with the degree of GCD of the respective samples. Numbers

in bars are cells and values represent mean ± SEM (standard error of the mean).
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also correlated with the Rin (Fig. 2E) (r = 0.90, n = 7,
p < 0.01). Ba2+-sensitive currents showed inward rectifi-
cation (Fig. 2F, circles), which became more obvious
when lower Ba2+ concentrations were used (Fig. 2F, trian-
gles) (100 lM, n = 3).

In summary, these results show that with increasing
GCD and severity of AHS, a leak conductance was
increased in granule cells of TLE patients. The unchanged
Vm and the pharmacologic profile indicate that K+ chan-
nels mediated most of this pathologic leak conductance.

Discussion

We investigated the functional membrane properties of
granule cells in relation to the severity of AHS and GCD,
neuropathologic hallmarks often associated with TLE.

Our main conclusion is that the passive properties of gran-
ule cells are fundamentally altered depending on the
severity of the sclerosis and disorganization of the granule
layer. With increasing GCD, these neurons displayed a
decreasing Rin and sm, both important parameters for post-
synaptic signal integration. No such dispersion-related
decrease in the Rin of granule cells had been shown in pre-
vious patch-clamp studies of hippocampi resected from
TLE patients with variable degrees of AHS (Williamson
et al., 1995; Isokawa, 1996; Selke et al., 2006), a disparity
possibly due to methodologic differences. Because true
controls of human granule cells are not available for
patch-clamp recordings it is difficult to estimate their
physiologic Rin. Whether or not the low-grade lesion
group is considered ‘‘control-like’’ does not appear to
affect our main conclusion. Most patch-clamp studies

Figure 2.

(A) Resting conductance (grest, see text) of a granule cell during the replacement of intracellular and extracellular K+

with TEA+ and Cs+ ([K+]i/o = 0). To replace the intracellular solution the cell was repatched. Note that most of the

resting conductance was abolished by blocking K+ conductances. Insets show representative current responses to

10 mV voltage steps (scale bars 10 ms, 20 pA). (B) The conductance inhibited by the K+ replacement (K+ grest)

correlated with the initial input resistance (Rin) of respective cells. (C) Voltage-dependence of whole-cell K+

currents (currents after K+ replacement subtracted from total currents). (D) grest as in A during application of 1 mM

Ba2+. Note reversible inhibition of the major component of grest. (E) The conductance inhibited by Ba2+ correlated

with the initial Rin of respective cells. (F) Voltage-dependence of whole-cell currents sensitive to 1 mM and 100 lM

Ba2+ (currents after Ba2+ replacement subtracted from total currents). Note inward rectification of currents

sensitive to 100 lM Ba2+ (orange triangles).
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using TLE animal models (e.g., kindling, systemic pilo-
carpine, or kainate injections) have described the Rin of
granule cells as unchanged (Mody et al., 1992; Okazaki
et al., 1999; Dietrich et al., 2005; Isokawa, 1996). How-
ever, most classical rat TLE models show only little GCD,
and granule cells may possess different properties in these
models. No comparable study has been completed so far
in the intrahippocampal kainate model that does display
GCD (Suzuki et al., 1995; Kralic et al., 2005; Heinrich
et al., 2006).

The measurements of AHS and GCD may be subject
to variability depending on factors such as patient het-
erogeneity and cutting angle of hippocampal specimen.
However, in order to compromise our conclusion the
cutting angle would have to be biased in a systematic
manner correlating with the Rin of the cells, which we
consider an unlikely scenario. The granule cell layer
has a natural variation in the width, and Rin or sm

could also correlate with this ‘‘physiologic GCD.’’
However, in mice we did not detect such a correlation
(data not shown, n = 21 slices with 29 cells, p > 0.6,
respectively), indicating that the increased leak is
indeed specific to the pathologic situation. Increased
neurogenesis has been reported in animal models with-
out GCD (Parent et al., 1997; Scharfman et al., 2000).
However, no increased neurogenesis has been detected
in TLE in humans (Mathern et al., 2002; Fahrner
et al., 2007) and immature neurons are easily discern-
able from mature granule cells (Schmidt-Hieber et al.,
2004). Therefore, it is unlikely that we accidentally
recorded from newborn granule cells.

Our results show that a major part of the membrane leak
conductance controlling the Vm and Rin of human granule
cells was due to a Ba2+-sensitive K+ conductance. We did
not yet identify a specific ion channel for this leak conduc-
tance. The fact that Vm values were not different in the
compared groups and our K+ replacement results points to
K+ channels. Especially, certain members of the inwardly
rectifying K+ channel and two-pore K+ channel families
are consistent with the Ba2+ sensitivity and inward rectifi-
cation in our experiments (Patel & Honore, 2001; Kubo
et al., 2005). However, at this stage neither a contribution
of voltage-gated or calcium-activated K+ channels (Beck
et al., 1997) nor of hyperpolarization-activated cation
channels (Bender et al., 2003) can be ruled out with cer-
tainty. To prevent misinterpretations, we stress that we do
not infer a causal relationship between GCD and the
increased K+ leak of granule cells.

In summary, we have shown that granule cells are
‘‘leaky’’ with increasing severity of TLE symptoms. This
leakiness is a property suitable to shunt synaptic input
(Staley & Mody, 1992) and thereby to protect granule
cells from excitotoxic effects of seizure activity. Thus our
results are compatible with a scenario in which seizures
trigger the expression of different neuroprotective reac-

tions, including the upregulation of K+-channel density,
which might constitute both a neuroprotective and anti-
convulsive strategy in TLE.
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