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Glycinergic tonic inhibition of hippocampal neurons with
depolarizing GABAergic transmission elicits
histopathological signs of temporal lobe epilepsy
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Abstract

An increasing number of epilepsy patients are afflicted with drug-resistant temporal lobe epilepsy (TLE) and require alternative therapeutic
approaches. High-affinity glycine receptors (haGlyRs) are functionally adapted to tonic inhibition due to their response to hippocampal
ambient glycine, and their synthesis is activity-dependent. Therefore, in our study, we scanned TLE hippocampectomies for expression of
haGlyRs and characterized the effects mediated by these receptors using primary hippocampal neurons. Increased haGlyR expression
occurred in TLE hippocampi obtained from patients with a severe course of disease. Furthermore, in TLE patients, haGlyR and potassium
chloride cotransporter 2 (KCC2) expressions were inversely regulated. To examine this potential causal relationship with respect to TLE
histopathology, we established a hippocampal cell culture system utilising tonic inhibition mediated by haGlyRs in response to hippocam-
pal ambient glycine and in the context of a high CI™ equilibrium potential, as is the case in TLE hippocampal neurons. We showed that
hypoactive neurons increase their ratio between glutamatergic and GABAergic synapses, reduce their dendrite length and finally undergo
excitotoxicity. Pharmacological dissection of the underlying processes revealed ionotropic glutamate and TrkB receptors as critical media-
tors between neuronal hypoactivity and the emergence of these TLE-characteristic histopathological signs. Moreover, our results indicate a
beneficial role for KCC2, because decreasing the Gl equilibrium potential by KCC2 expression also rescued hypoactive hippocampal neu-
rons. Thus, our data support a causal relationship between increased haGlyR expression and the emergence of histopathological TLE-char-
acteristic signs, and they establish a pathophysiological role for neuronal hypoactivity in the context of a high Gl equilibrium potential.
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Introduction

Information transfer in the brain requires a homeostatic control of ~ temporal lobe epilepsy (TLE) [1, 2]. Therefore in TLE, plasticity of
neuron excitability. A deregulation of the homeostatically balanced ~ GABAergic inhibitory signalling attracted much attention, and pre-
ratio between glutamatergic and GABAergic synapses (GIu/GABA  vious research identified several anticonvulsive substances that
ratio) is considered to elicit hyperexcitability, as is the case with  enhance tonic GABAergic inhibition to compensate for increased
GIu/GABA ratios of synaptic input (for review see [3]).

Glycine receptors (GlyRs) are homologous to GABAa receptors
(GABAARS), and transgenic mice expressing [-galactosidase
instead of GlyR a3 (strain: B6.129P2-Glra3™ P9y, stock:
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accentuated their contribution to tonic hippocampal inhibition in
response to hippocampal ambient glycine [4-10], and glycine and
taurine as well as glycine uptake inhibitors were found to be
anticonvulsive [7, 11, 12].

However, classical GlyRs have a rather low affinity for glycine
[13, 14], while the hippocampal ambient glycine concentration is
in the submicromolar range [15, 16]. A priori, this discrepancy
argues against a role for GlyRs in hippocampal tonic inhibition,
but a clarifying possibility is that activity-dependent up-regulation
of RNA-edited high-affinity GlyRs (haGlyRs) [17] occurs and
thereby approximates the responsiveness of hippocampal GlyRs
to the level of hippocampal ambient glycine.

To investigate this possibility, we scanned human TLE
hippocampi for haGlyR expression. Up-regulation of «p- and
a3-haGlyR expression indeed occurred in TLE hippocampi
obtained from patients with a severe course of disease.
Furthermore, an in vitro cell culture system was developed for
characterization of the potential consequences of haGlyR-mediated
tonic inhibition. Because down-regulation of the potassium chlo-
ride cotransporter 2 (KCC2) is a hallmark of TLE hippocampi
[18-20], primary rat hippocampal neurons were investigated at a
time-point when the CI™ equilibrium potential was still high. Tonic
activation of haGlyRs rendered these hippocampal neurons
hypoactive and elicited histopathological characteristics of TLE hip-
pocampi, in terms of elevated Glu/GABA ratios of synaptic input,
abnormal dendrite length growth and a pronounced susceptibility
of neurons to excitotoxic degeneration. Decreasing the Cl™ equilib-
rium potential by KCC2 expression restored hippocampal neurons.
On the basis of these results we propose that up-regulation of
haGlyRs enhances tonic inhibition of hippocampal neurons and
contributes to the pathogenesis of TLE, provided that the neuronal
Cl™ equilibrium potential is high.

Materials and methods

Detection of haGlyRs in hippocampi
from TLE patients

Analysis of resected human hippocampi was performed according to the
rules laid down by the Ethics Commission (Charité, EA1/142/05), and
informed consent was received from all patients. The relative amounts of
haGlyRs a2192|' and 043185L were determined in hippocampal specimen of
patients suffering from pharmacoresistant TLE. The degree of hippocam-
pal cell loss was categorized according to the Wyler classification [21].
Tissue samples from TLE patients obtained by removal of the rostral part
of the hippocampus were stored in liquid nitrogen immediately after resec-
tion. Total RNA was then isolated using TRIzol Reagent (Invitrogen Life
Technologies, Carlsbad, CA, USA). cDNA was obtained by reverse tran-
scription (Superscript 11, Invitrogen) of 2 wg RNA with equimolar mixtures
of 3’-anchored poly-T oligonucleotides (T1gV, T15V, T13V). The haGlyR
detection assay was performed as previously described [17], except that
BspEl was used instead of Hindlll. Due to mispriming of the oligonucleotides,
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polymerase chain reaction (PCR) amplification was set up as a touch-up
protocol (annealing: 5 x 52°C, 30 x 56°C for GlyR «2, and 5 X 54°C,
35 x 58°C for GlyR «3). Regions spanning exon 5 were amplified using
oligonucleotides 5'-GGAAGGATCCACGGCTGGCG-3’ and 5'-GTTC-
CTTCTCTTCTTTCAAAATAATCCGG-3’ (GIyR «2), and 5'-GAGACGACCATG-
GATCCCAGAGTG-3' and 5'-CGTAAATCTTTTTCTTCTTTCAACAGTATCCGG-3'
(GlyR «3). Note that in cases of 554T and 575T, the 3’-ends of the respec-
tive oligonucleotides (TCCGG) are elongated according to a full Bsp£l site.
The respective sense oligonucleotides introduced BamHi] restriction sites.
For subsequent cloning BamHl and BspEl (New England Biolabs,
Hertfordshire, UK) were used. Positive (a2575T and a3554T) and negative
(@2°"C and «3%%“C) control clones were always processed simultaneously.
Amplified control clones were digested with 10 units each of BamHI and
BspEl for 2 hrs at 37°C, and for amplified cDNA of TLE patients the amount
of restriction enzymes was adjusted proportionally to rule out any relaxed
enzyme activity. Equimolar amounts of double-digested cloning vector
(modified pBluescript SK Il vector, into which a Bsp£l site was introduced)
and of samples were ligated using the Rapid DNA Ligation Kit (Fermentas
GmbH, St. Leon-Rot, Germany). Following transformation of JM109 com-
petent bacteria (Promega, Madison, WI, USA), the number of true positive
colony forming units (cfu) was determined by PCR on cfu. The respective
oligonucleotides for PCR on cfu were T7 (5'-GTAATACGACTCAC-
TATAGGGC-3’) in combination with 5’-ACCCATCCATGCTAGACTCC-3’
(GlyR «2) or 5’-TCAAGAATTTTCCCATGGATGTA-3’ (GlyR «3). The amount
of haGlyRs in human hippocampi was expressed as a percentage fraction
of the number of true positive cfu obtained from human samples and the
number of true positive cfu obtained from the respective positive control
clone. At least three experiments per human hippocampus were per-
formed. For surveillance of the detection procedure a calibration curve
(Supplementary Fig. 1B) was obtained by amplifying control clone DNA
mixtures containing increasing amounts (%: 1, 2.5, 5, 10, 25, 50, 75) of
positive control clones. Again, 0% and 100% of positive control clones
served as negative and positive control reactions, respectively.

Detection of human GIlyR «2A and «2B transcripts
in hippocampi from TLE patients

The relative mRNA levels encoding alternatively spliced human GlyR «2A
and «2B subunits were determined by PCR using «2A- and «2B-specific
oligonucleotides  5'-ATCAACAGTTTTGGATCAGTCA-3’  («2A) and
5'-TCAACAGCTTTGGGTCAATAG-3" («2B), respectively, in combination with
5’-CCTTCAGCAACTTGCACTGG-3’, which binds downstream of the alterna-
tively spliced exon 3. Annealing was set to 58°C, 30 cycles were run. GlyR
«2A- and «2B-specific PCRs had to be performed in separate reactions
because o2A- and «2B-specific PCR products were of the same size.
Agarose gel-separated PCR products were quantified using ImageQuant
software (Molecular Dynamics, Sunnyvale, CA, USA) and expressed as mean
pixel intensity. Triplicate experiments were performed, and the ratio between
intensities of «a2A and «2B products was extracted from each experiment.
Average ratios below a value of 0.5 were designated ‘B’, between 0.5 and 1.5
were designated ‘AB’ and above 1.5 were denominated ‘A’ (Fig. 1D).

Semiquantitative analysis of KCC2 expression
in hippocampi from TLE patients

KCC2 and B-actin were always co-amplified in the same PCR reaction
tubes using oligonucleotides (10 wM each, 5'-CTGCTGGCTTACCTCTTCC-3’
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Fig. 1 Hippocampal damage and reduction of
KCC2 expression are associated with elevated
human haGlyR expression in TLE h|ppocampi.
(A, B‘? Relative amounts of haGlyRs a2 and

detected in hippocampi from epilepsy
patlents without (W01, cell loss <10%) and
with (W2-4, cell loss > 10%) hippocampal cell
loss (see Table 1 for anamnesis of TLE patients).
The latter includes patients with frequent SGTCS
(=1/month), but without hippocampal damage
(three patients). Individual patient scores are
shown as open (W0-1, n = 6), filled (W2-4,
n = 17) and dashed (SGTCS = 1/month, n = 3)
circles. Columns illustrate means = S.E.M.
(€) GlyR «2°™ fractions plotted against «3%%4T
fractions. Dashed lines indicate WO0-1 mean
a25T and «3%*T fractions, respectively.
(D) Percentages of patients with suprathreshold
(> mean of W0-1) «2%"T + «3%T (2 + 3),
«2%7T (2) and «3%*T (3) fractions, respectively.
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and 5'-CGTCTCATTTCCTTCCCAAG-3’, KCC2) and (5 wM each, 5'-
CGCTCGTTGCCAATAGTGATG-3" and 5'-TTGTAACAAACTGGGACGAT
ATGG-3', B-actin). Annealing was set to 58°C; 30 cycles were run. PCR
products were separated by agarose gel electrophoresis, quantified using
ImageQuant software (Molecular Dynamics) and expressed as mean pixel
intensity. The relative KCC2 expression level was expressed as the mean
pixel intensity of KCC2 divided by the mean pixel intensity of B-actin.

Hippocampal cell culture and transfection

All animals were killed according to the permit (LaGeSo, 0122/07) given
by the Office for Health Protection and Technical Safety of the regional
government of Berlin and in compliance with regulations laid down in the
European Community Council Directive. Hippocampal cultures from E19
Wistar rats were prepared as previously described [6] and maintained in
B27- and 1% FCS-supplemented Neurobasal medium [22]. The initial cell
density was 68,000/cm?. Transfection was carried out on day(s) in vitro
(d.i.v.) 6, as described [17], using plasmids encoding the short (K) splice
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Ratios between GlyR «2A and «2B mRNAs were
determined. Average ratios below a value of 0.5
were designated ‘B’, between 0.5 and 1.5 were
designated ‘AB’ and above 1.5 were denominat-
ed ‘A’. Note that prevailing expression of GlyR
«2B transcripts (‘B’) is associated with hip-
pocampal damage and a high SGTCS frequency
in W2-4 patients. (E) Inverse correlation
between KCC2 (normalized to p-actin) and
haGlyR expression levels in hippocampi from
TLE patients. Error bars indicate the S.E.M. of
the mean values obtained from at least three
independent experiments. Significance level is
P < 0.05 (%).

Ww2-4

variants of GlyR «3 [14]. GlyRs a3K'®" or «3K'®" will henceforth be
referred to as 3% or a3'%L. In part of the experiments, KCC2 (gener-
ous gifts from Claudio Rivera and Karl Kandler) was cotransfected with
GlyRs. The KCC2 expression construct provided by Karl Kandler uses a
pMES vector backbone, which was originally produced by Catherine Krull
[23]. This allowed the use of enhanced green fluorescent protein (EGFP)
as an indicator for KCC2 expression [24]. Caspase-3 sensor was used as
an indicator for apoptosis [25]. For transfection, coverslips were trans-
ferred to wells containing transfection medium (Neurobasal supplement-
ed with 0.25 mM glutamine) and were incubated with complexes formed
with 5 wl of effectene transfection reagent (Qiagen, Hilden, Germany) and
300 ng of DNA. The Qiagen transfection protocol was followed, except
that the incubation time was reduced to 1 hr. This protocol ensured mod-
erate expression levels of the transfected proteins within 3 days in ~1%
of hippocampal neurons. The coverslips were then transferred into new
dishes containing a culture medium with low glycine content. Glycine-
and serum-free minimal essential medium was supplemented with
D-glucose (25 mM), HEPES (10-20 mM), Na-pyruvate (230 wM), vitamin
Bi2 (0.2 wM), L-glutamine (250 wM), B-mercaptoethanol (25 M),
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B27-supplement and 5 wM glycine, which corresponds to the ECso of
GlyR «3" The concentration of 5 wM glycine was maintained through-
out all experiments, also during electrophysiological recordings.

Whole-cell and perforated patch clamp recording
of hippocampal neurons in culture

Whole-cell and perforated patch clamp recordings were made from neu-
rons expressing 3% or «3'8 GlyRs together with the EGFP, which
allowed selection of transfected cells by fluorescence microscopy.
Access resistance was monitored throughout the experiments. Serial
resistance compensation was not applied. Measurements were not cor-
rected for liquid junction potentials. Electrophysiological signals were
acquired using an EPC-7 amplifier (List, Darmstadt, Germany), a 16-bit
AD/DA board (ITC-16, HEKA Elektronik, Lambrecht, Germany), and TIDA
4.11 software (HEKA Elektronik). The signals were filtered at 3 kHz and
sampled at a rate of 10 kHz.

Whole-cell recordings were performed in the standard salt solution (SSS).
The intrapipette solution contained (in mM): potassium gluconate (100), KCI
(50), NaCl (5), CaCl2 (0.5), EGTA (5) and HEPES (25); pH was set to 7.2 with
KOH. Pipette resistance was 3-5 MQ when filled with the above saline.
Access resistance was monitored by applying hyperpolarizing pulses of 10
mV. Cell capacitance (Cm) and access resistance values were obtained by fit-
ting a monoexponential function to the capacitance artefacts. Only record-
ings with a series resistance below 40 MQ were accepted. Cells exhibiting
more than 20% changes in the access resistance during an experiment were
discarded. Miniature postsynaptic currents (PSCs) were recorded in the
presence of 1 wM tetrodotoxine at the holding potential of —70 mV. Action
potentials (APs) were recorded in the current clamp mode. Current injection
was used to hold cells at about —70 mV. Firing patterns were elicited by 500
ms, suprathreshold depolarizing pulses. AP threshold was determined as the
point where the first derivative started to increase. AP duration was meas-
ured at the level of AP threshold.

Perforated patch clamp experiments were performed in the SSS sup-
plemented with 1 M tetrodotoxin to block AP generation. SSS containing
glycine (100 wM) was applied locally via a glass pipette positioned in the
vicinity (about 100 wm) of a cell of interest. Recording electrodes
(3-5 MQ) were filled with gramicidin (25-50 wg/ml) and Fura-2-Ks (0.3
mM) in a solution containing (in mM): potassium gluconate (100), KCI
(50), NaCl (5), CaClz (0.5), EGTA (5) and HEPES (25); pH was set to 7.2
with KOH. Fura fluorescence was monitored at an excitation wavelength of
360 nm to confirm that the perforated patch configuration was maintained.
The access resistance was monitored throughout experiments. After
30-40 min it stabilized at 40-50 MQ. Cells exhibiting more than 20%
changes in the access resistance during an experiment were discarded.

Ca’* Imaging of hippocampal neurons in culture

For Ca®* imaging, cultures were placed into a recording chamber (~0.4 ml
volume) on the microscope stage (Axioscope FS, Zeiss, Oberkochen,
Germany) equipped with phase contrast optics. Cultures were submerged
with a constant flow of SSS (pH 7.4) containing (in mM): NaCl (140), KCI
(3), MgCl2 (1), CaClz (2), HEPES-NaOH (20) and glucose (30). Flow rate
was set to 0.5 ml/min using a gravity-driven, manually operated superfu-
sion system. A 40 water immersion objective (Zeiss) was used in all
experiments. Experiments were performed at room temperature
(23-25°C). Measurements of cytoplasmic Ca®* transients were performed
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using a Ca®*-sensitive fluorescent dye, Fura-2 (Molecular Probes, Eugene,
OR, USA). Cells were loaded through incubation in the SSS supplemented
with Fura-2 acetomethylester (Fura-2/AM, 5 M) and Pluronic F-127
(0.02%) for 20 min at 36°C. Subsequently, cultures were incubated for 30
min in the SSS at room temperature to ensure Fura-2/AM deesterification.
Excitation wavelength was controlled by a fast monochromator system,
and fluorescence signals were recorded by a CCD camera (TILL Photonics,
Munich, Germany). For cell selection, EGFP was excited using 490 nm
light. Fura-2 was excited alternatively at 360 and 380 nm. Excitation and
emission light were separated by a 510-nm dichroic mirror. The emitted
light was filtered using a 530-nm longpass filter. All measurements were
performed at 4 X 4 binning. Exposure time was set to 200 ms. Acquisition
rate for [Caz*] measurement was set to one pair of images per
1 sec. The background fluorescence was calculated from a region in the
immediate vicinity of the cell of interest and subtracted. Fluorescence sig-
nals were expressed as the ratio of fluorescence recorded at 360 and 380
nm excitation wavelengths (Fsso/F380).

Antibodies

GlyRs were recognized by the monoclonal antibody mAb4a [26] (1:200,
Synaptic Systems GmbH, Géttingen, Germany). The vesicular GABA trans-
porter (VGAT) and vesicular glutamate transporters (VGIuT) were visualized
with polyclonal antibodies from rabbit [27] (1:200, Synaptic Systems
GmbH) and guinea pig [28] (1:500, Chemicon, Temecula, CA, USA), respec-
tively. Endogenous KCC2 was visualized with a rabbit polyclonal antibody
[29] (Upstate, Charlottesville, VA, USA). EGFP indicated the presence of
KCC2 [23] in GlyR/KCC2 co-expression experiments. After methanol/glacial
acetic acid fixation, which cuts off YFP fluorescence, EYFP protein as part
of the caspase-3 sensor was detected with a polyclonal anti-GFP antibody
(Invitrogen Life Technologies) and a secondary fluorescein isothiocyanate
(FITC)-coupled antibody. For multiple labelling experiments, monoclonal
and polyclonal antibodies were combined. Secondary antibodies were cou-
pled to carboxymethyl-indocyanine (Cy3, Cy5), FITC or Alexa350 and pur-
chased from Jackson ImmunoResearch Laboratories (West Grove, PA,
USA) or Molecular Probes, respectively. Coverslips were mounted in
Vectashield medium (Vector Laboratories, Burlingame, CA, USA).

Immunofluorescence

Cells were immersed into a mixture (95/5) of methanol and glacial acetic
acid for 10 min at —20°C. Appropriate filters (XF22, XF32, XF110-2,
XF136-2; Omega Optical Inc., Brattleboro, VT, USA) allowed the detection
and separation of fluorescence signals. To ensure that labelling was specifi-
cally due to the primary antibodies, we replaced the latter with similarly
diluted normal serum from the same species. Our methods for evaluation
of presynaptic terminal number and dendrite morphology in dissociated
hippocampal cultures were previously described [30, 31]. Briefly, labelled
neurons were visualized by standard epifluorescence under a plan-neoflu-
ar 40 oil objective with a numerical aperture of 1.3 (Zeiss). Images were
acquired using a 14-bit cooled CCD camera (Spot PURSUIT, Visitron
Systems GmbH, Puchheim, Germany) and software Metamorph
(Universal Imaging Corp., Downingtown, PA, USA). Terminal counts and
analysis of dendrite morphology were performed manually. A circular
region of interest (ROI) with a diameter of 100 wm was projected onto
GlyR-expressing neurons, its centre roughly coinciding with the centre of
the soma. Suitable viewfields were photographed from triple-stained
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(VGIuT, VGAT, GlyR) preparations, and Glu/GABA ratios were extracted
from each transfected neuron. To avoid false positives in synaptic termi-
nal counts, we applied a size criterion. Assuming a round shape of the
contact, a synaptic terminal was requested to have a suprathreshold
intensity over an area with a diameter between 0.5 and 2 um, the thresh-
old intensity being equal to the average intensity of the ROl plus three
times its standard deviation. Dendritic length was characterized as the
number of dendrites that exceeded the limit of the ROI (abbreviated as
‘dendrites > 50 pm’). The fraction of apoptotic and degenerated neu-
rons, which expressed a3'%" or «3'%" was evaluated using caspase-3
sensor co-expression and morphological criteria, the latter according to
the presence of dendritic swellings and varicosities [32].

Statistics

Numerical data are reported as mean + standard error of means
(S.E.M.). In hippocampal cell culture experiments, neurons were sampled
from at least three different cultures, each including at least 20 viewfields
from two different coverslips. Molecular biology experiments conducted
on TLE patients were performed in triplicate. If not stated otherwise, sta-
tistical analysis (unpaired Student’s t-test, anova and Mann-Whitney) was
performed using the software Origin (Microcal, Northampton, MA, USA).
Significance levels are indicated in the figures as *P < 0.05, **P <
0.01, ***P < 0.001.

Reagents

In part of the experiments the medium was supplemented with iGIuR
antagonists DNQX (6,7-dinitroquinoxaline-2,3(1H,4H)-dione, 20 wM)
and/or MK801 (dizocilpine, 1 wM, both from Tocris, Bristol, UK) and/or the
tyrosine kinase inhibitor K252a (200 nM, Sigma-Aldrich, Deisenhofen,
Germany). The culture medium was supplemented with these drugs dur-
ing GlyR expression, i.e. from d.i.v. 6 to d.i.v. 9.

Results

Elevated haGlyR expression occurs in hippocampi
from TLE patients with a severe course of disease

Human TLE hippocampi resected for therapeutic reasons were
screened for elevated expression of haGlyRs. According to the
severity of their course of disease, TLE patients were divided in
two groups (Table 1, ‘internal grading’). Patients without remark-
able hippocampal cell loss (Wyler 0-1, cell loss <10%) and a low
frequency (<1/month) of secondarily generalized bilateral
tonic—clonic seizures (SGTCS) were designated W0-1 (Table 1).
Patients with remarkable hippocampal cell loss (Wyler 2—4, cell
loss > 10%) or a high SGTCS frequency (=1/month) were
termed W24 (Table 1). The experimental strategy [17] for detec-
tion of haGlyRs was adapted to human cDNA sequences and val-
idated by calibration (Supplementary Fig. 1A and B).
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In human TLE hippocampi haGlyR «2'%" (575T, Supplementary
Fig. 1A) and «3'%" (554T) were detected (Fig. 1A and B). Compared
with WO-1 TLE patients «2°”" and «3°**" haGlyR mRNA fractions
of a2 and o3 transcripts were elevated in W2—4 patients (W01 [%]:
a2’ 55 + 1.2:03%7:09 + 0.3, n = 6 patients; W2—4 [%]:
a2’®T: 128 + 25 a3 41 + 1.2, n = 17, thereof 14 Wyler
2—-4 patients and 3 Wyler 0—1 patients with a high SGTCS frequency).
Seven Wyler 2—4 patients and two Wyler 01 patients with frequent
SGTCS were characterized by congruent incidences of haGlyRs
a2 and a3554T, exceeding the respective W0-1 mean values (Fig.
1C and D; 9/17 ~ 53%). Twelve per cent (2/17) of Wyler 2-4 patients
expressed increased levels of haGlyR «257 only, and suprathresh-
old expression of haGlyR «3%°*" only was found in one Wyler 24
patient and one Wyler 0—1 patient with frequent SGTCS (2/17 ~ 12%).
Twenty-three per cent (4/17) of W2-4 patients did not differ from
WO0-1 patients with respect to «2°T and «3%*T MRNA levels. In
total, compared with WO-1 patients, 77% (13/17) of W2—4 patients
were characterized by increased expression of at least one type of
haGlyRs. The fact that increased expression of both GlyR a2?T
and «3%*" was detected in two out of three Wyler 0-1 cases with
frequent SGTCS emphasizes the activity dependency of haGlyR
expression [17] and accentuates their potential involvement in TLE.

Elevated haGlyR expression accompanies
elevated GlyR «2B expression and inversely
correlates with KCC2 expression in
hippocampi from TLE patients

GlyR «2 mRNA is alternatively spliced by insertion of either
exon3A or exon3B, and GlyR «2B was shown to be more sensitive
to glycine than GlyR «2A [13]. This differential agonist sensitivity
is conserved in the case of P192L amino acid substitution, which
renders GlyR «2B'%t 3 highly sensitive receptor variant
(Supplementary Fig. 1D; ECsoaly [uM]: a2A'%": 10.6; a2B'%H:
3.4). Notably, still ~15% of the maximal current amplitude pro-
duced by «2B'%" was obtained with submicromolar (0.1 M)
glycine. We therefore quantified the amount of alternatively
spliced Glra2transcripts in TLE hippocampi. Prevailing expression
of GlyR «2B transcripts was found in W2-4 patients (Fig. 1D;
41%, 7/17). Among these cases, 5/17 W2-4 patients expressed
WO0-1 suprathreshold amounts of both GlyR «2%"°" and «3%%4T
(thereof two Wyler 0—1 patients with frequent SGTCS). One Wyler
2—4 patient with prevailing GlyR «2B expression was character-
ized by elevated expression of GlyR a3 only, and another
Wyler 2—4 patient did not show elevated haGlyR expression. Thus,
prevailing GlyR «2B expression accompanies elevated expression
of haGlyRs «25"°" and «3%%*T in W2-4 patients.

Several studies have accentuated KCC2 down-regulation as a
critical step towards the pathophysiology of TLE [18-20, 33,
34]. We therefore analyzed KCG2 expression in hippocampi from
WO0-1 and W2-4 patients, related it to haGlyR mRNA fractions of
GlyR «2 and «3 transcripts and found an inverse correlation
between KCC2 and haGlyR expression (Fig. 1E).
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Fig. 2 Determination of the CI~ equilibrium potential in primary rat hippocampal neurons. (A, B) Hippocampal neurons at d.i.v. 9 have reduced

endogenous KCC2 expression, compared with mature neurons (B) at d.i.v. 21. (C) Uniform distribution of haGlyR «.

3"8L over the somatodendritic

compartment of a hippocampal neuron at d.i.v. 9. (D) Sample traces elicited with 100 M glycine at different holding potentials, recorded in the per-
forated patch clamp configuration from a hippocampal neuron expressing haGlyR a31i35L. (E, F) Cl equilibrium potentials (E) and resting membrane
potentials (F) in neurons expressing 38" or 3% Note the high and similar CI  equilibrium potentials in neurons expressing GlyR «3'%P or

0(3185L

Tonic inhibition by haGlyRs suppresses
spontaneous Ca* transients and AP
firing in hippocampal neurons with a
high CI” equilibrium potential

To investigate potential effects of inverse regulation of KCC2 and
haGlyR expression at a cellular, neuronal level, we developed an in
vitro cell culture system utilizing selective activation of haGlyRs in
hippocampal neurons with a high ClI™ equilibrium potential.
Therefore, hippocampal neurons were chosen for investigation at
d.i.v. 9, when the ClI™ equilibrium potential was still high (Fig. 2A,
B, D and E). Neurons were transfected with DNAs encoding either
haGIlyR «3'%t or low-affinity GlyR a3185P; the latter served as a
control throughout all experiments. The micrograph of Fig. 2C
illustrates the uniform distribution of GIyR 3" within the plas-

2854

, which is in agreement with reduced endogenous KCC2 expression. Scale bars: 10 wm, and 5 wm in high power views.

ma membrane of a transfected neuron at d.i.v. 9. From the inten-
sity of the immunolabel we estimated «3'8t expression to rough-
ly correspond to that of endogenous GlyRs, visible as clusters in
the vicinity of the transfected neuron (arrows). During GlyR a3t
expression, neurons were kept in the presence of 5 wM glycine,
which corresponds to the formerly determined ECso of haGlyR
3"t [17] and which approximates hippocampal ambient glycine
in TLE patients [16].

Gramicidin-perforated patch clamp recordings were performed
to estimate the driving force for ClI™ ions in these hippocampal
neurons (Fig. 2D and E). Neurons expressing 38 or o318t
exhibited eqsual CI™ reversal potentials (Eci [mV]: a3'85P: _46.4
+ 0.8; 3" —46.3 + 1.2; Fig. 2E). In both cases, the differ-
ence between Eci and the resting membrane potential (Vm) meas-
ured in the presence of 5 wM glycine amounted to 7-8 mV
(Vi [MV]: «3'8F: —53.6 + 1.3;a3'%" —54.5 + 3.1, Fig. 2F).
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levels are P < 0.05 (*), P < 0.01 (**)and P < 0.001 (***).

Furthermore, control and haGlyR «3 '8 -expressing neurons were
comparable with regard to Ca’* levels at rest, measured in the
presence of 5 wM glycine (F3so/F3go: a3'®P: 0272 + 0.004;
a3'®:0.278 + 0.005, P = 0.3).

To find out how glycine and GABA would affect spontaneous
activity of the transfected neurons, spontaneous Ca®* transients
were recorded (Fig. 3A and C). This approach ensured preserva-
tion of the internal cellular milieu. Control neurons expressing
low-affinity GlyR 3" were found to be spontaneously active
in the presence of 5 wM glycine. They displayed no change asso-
ciated with strychnine appllcatlon but were inhibited by 5 ELM
bicuculline methiodlde (Ca transients [per minute], 3!
0.87 = 0.13; «318P strychnine and bicuculline: 0.17 + 0.08,

© 2008 The Authors
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P < 0.001, paired Student’s t-test; Fig. 3A and B). These results
suggest that the controls lacked tonic glycinergic inhibition and
responded to GABA with depolarization. In contrast, neurons
expressing haGlyR 3" were not spontaneously active in the
presence of 5 wM glycme and responded to strychnine aepllca-
t|on with dISInthI'[IOﬂ (Ca transients [per minute], a3 0.05

+ 0.05; «3'®" strychnine: 0.65 = 0.17, P < 0.01, paired
Students t-test; Fig. 3C and D). Bicuculline was shown to
inhibit spontaneous activity, but, naturally in haGlyR a3k
expressing neurons, this suppressive effect could only be seen
against the background of strychnine-induced disinhibition

(Ca2+ transients [per minute], «3 L strychnine: 0.65 =+
0.17; «3'®" strychnine and bicuculline: 0.25 = 0.11,
2855



Table 2 AP characteristics in control and activity-deprived neurons

«3—185P «3—185L

(n=12) (n=9) P
Amplitude (mV) 66.8 =16 546+58 <005
Threshold (mV) 401 =14 39313 > 0.7
Duration (ms) 46 =0.2 6.1 =05 < 0.01
APs (n/500 ms) 8.7 +0.7 1.8+04 < 0.00001

P < 0.05, paired Student’s t-test; Fig. 3C and D). Therefore,
although both glycine and GABA open Gl channels, their effect
on network activity is different, with GABAARS eliciting sponta-
neous Ca®* transients and haGlyRs inhibiting their appearance.
Accordingly, whole-cell patch clamp recordings revealed that
haGlyR-expressing neurons fired 1-2 APs upon suprathreshold
depolarization, while control neurons answered adequate
depolarization with a train of APs (Fig. 3E and F, Table 2). Thus,
tonic activation of haGlyR by low glycine (in the range of
hippocampal ambient glycine) strongly attenuates neuronal
activity, even in hippocampal neurons with depolarizing
GABAergic currents.

haGlyR activation shunts excitatory inputs

To elucidate the mechanisms underlying the differential effects of
GABA and glycine on spontaneous neuronal activity, membrane
resistance (Rm) and Cm were measured in the whole-cell configu-
ration. Inhibited hippocampal neurons indeed displayed a
decreased Rm in the presence of 5 .M glycine, while Cm was sim-
ilar in both control and haGIlyR a3185L-expressing neurons (Rm
IMQ]: «3'%F: 493 + 79: «3'® 180 = 25, P < 0.01; Cm
[0F]: 0317 49 + 6;03'8%44 + 5 p = 0.56). In the whole-
cell mode the resting potential of haGlyR a3'® expressmg neu-
rons registered 10 min after break-through was significantly more
positive (Vm [mV]: =35 = 2 mV) than that of a3185p-expressing
cells (Vm [mV]: =52 = 1 mV, P < 0.001, unpaired Student’s t-
test). Because the intrapipette solution contained 50 mM Cl ™,
which sets the Nernst equilibrium potential for CI™ at about —20
mV, haGlyR activation by 5 wM glycine may underlie the observed
shift of the resting potential. Indeed, ap Pllcatlon of strychnine
shifted the resting potential in haGlyR a3'® -expressing cells to
more negative values (Vm [mV]: —49 = 3) but failed to affect
«3'%P_expressing cells (Vm [mV]: =53 = 3). Therefore, given
that hippocampal GABAARs are clustered at synaptic sites [35]
and that hippocampal GlyRs are apparently not involved in synap-
tic transmission [5, 6, 8], one can attribute the contrasting actions
of GABA and glycine to synaptic GABAaAR-mediated excitation and
tonic haGlyR-mediated shunt inhibition.

2856

haGlyR-mediated tonic inhibition increases
the Glu/GABA ratio of synaptic input through
activation of iGluRs and TrkB receptors

As the frequency of spontaneous Ca®* transients was slightly
decreased in disinhibited haGlyR a3185"-positive neurons (Ca2+
transients [per minute], «3'8P strychnine: 0.92 + 0.08; a3t
strychnine: 0.65 + 0.17, P = 0.17, Fig. 3B and D), while a
slight increase in the frequency of spontaneous Ca®* transients in
haGlyR 3'®-expressing neurons could be observed in case
both GABAARs and GlyRs were blocked (Cal2+ transients in the
presence of bicuculline and strychnine [per minute], a3'®P. 0,17
+ 0.08; a3' 025 + 11, P = 0.55; Fig. 3B and D), the
synaptic connectivity pattern of haGlyR a3135L-expressing neu-
rons may have changed in response to activity deEnvanon To
investigate this possibility, control and haGlyR s’ -expressing
neurons were immunolabelled with presynaptic markers for gluta-
matergic and GABAer |c synapses.

The haGlyR a3’ posmve neurons were |ndeed found to
receive more glutamatergic (VGIuT* terminals, «3'8P- 147 + 6;
a3'® 201 = 7) and less GABAergic terminals (VGAT* termi-
nals, a3'%": 83 + 3;a3'8:52 + 2), quantified within a circu-
lar ROI (diameter: 100 wm) projected on the somatodendritic
compartment (Fig. 4A-D). The number of glutamatergic and
GABAergic terminals was correlated (Fig. 4E), suggesting that the
Glu/GABA ratio is kept within a narrow range [36] irrespective of
the total number of presynaptic terminals a single neuron
receives. However, Glu/GABA ratios extracted from activity-
deprived, haGlyR a3185L-expressing neurons were increased
(Figs 4E, F and 5A).

To substantiate this morphological data, miniature postsynaptic
currents were recorded (Fig. 4G and H). As described previously
[30], glutamatergic and GABAergic miniature postsynaptic cur-
rents (MEPSC, mIPSC) were distinguished by their decay kinetics.
Both, mEPSC and mIPSC were detected in all control neurons
(n = 12). Based on their frequencies, the Glu/GABA ratio of synaptic
input was determined for each recorded cell (mEPSC/mIPSC,
«3'®P: 075 + 0.21). The discrepancy between the Glu/GABA
ratios obtained from morphological and electrophysiological
analysis suggests the presence of a fraction of morphologically
but not yet functionally established synapses, which is character-
istic for a developmsg network [37]. In contrast, only a few (three
of nine) haGlyR 3! -posmve neurons displayed mIPSCs, which
occurred at one out of three of the frequency of control neurons.
However, not any mEPSC could be extracted from these recordings,
most likely because neuronal membranes containing activated
haGlyR 3" channels filter out all fast mEPSCs.

We know from previous studies that activation of ionotropic
glutamate receptors (iGIuRs) and tyrosine kinase B (TrkB) recep-
tors contribute to the regulation of Glu/GABA ratios of synaptic
input [30]. Moreover, it was shown that brain-derived neurotroph-
ic factor (BDNF) expression increases in epileptic hippocampi
[34] and causes down-regulation of KCC2 [18-20, 34]. Therefore,
we applied DNQX/MK801 and K252a to block iGluRs and TrkB
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Fig. 4 Tonic GlyR «3'%" activation by 5 wM
glycine increases the Glu/GABA ratio of
synaptic input to hippocampal neurons with
a high ClI" equilibrium potential. (A, B)
Representative images of hippocampal neu-
rons expressing either o318 or o318t
(blue). VGAT and VGIuT immunoreactivities
are represented in red and green colours,
respectively. (C, D) Quantification of the

number of VGIuT and VGAT immunoreactive C
(+) terminals in contact with neurons
expressing 38 or 3180 (E) The number (—‘3 200
of VGIuT* and VGAT* terminals in contact c

: - 185 : 150
with neurons expressing o3 (open cir- §
cles) or 318t (filled circles) are correlated. 8 1001 |
(F) Histogram illustrating Glu/GABA ratio ,i &
distributions in neurons expressing «3'®% 2 50|
or a3'%t (G, H) Miniature glutamatergic g 3
and GABAergic postsynaptic currents 0

recorded from a neuron expressing a3 2

Error bars indicate the S.E.M. of the mean
values obtained from at least three independ-
ent experiments. Significance level is
P < 0.001 (***). Scale bar: 10 wm, high
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receptors, respectively, during haGlyR «3'%" expression in neu-

rons with a high ClI™ equilibrium potential. Indeed, Glu/GABA
ratios were rescued in the presence of iGIuR and TrkB receptor
antagonists (Fig. 5A, see Table 3 for values). When iGIuR activa-
tion was prohibited with DNQX and MK801 (Fig. 5B and C),
haGlyR «3'®-expressing neurons were still contacted by more
glutamatergic terminals (VGIuT* terminals [% of a3185P]: 149 =
7), but loss of GABAergic terminals was entirely prevented (VGAT*
terminals [% of a3185p]: 95 = 5). In control neurons, iGIuR
blockade had no effect on GABAergic terminals (VGAT" terminals
[% of a3185p]: 96 + 9) but, in agreement with the concept of

© 2008 The Authors
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homeostatic regulation [38], increased the number of glutamatergic
synapses (VGIUT" terminals [% of 3’ ] 125 = 8).

In line with previous data [30], TrkB receptor blockade (Fig. 5D
and E) was not onIy capable of rescuing GABAergic synapses in con-
tact with 3" -positive neurons but increased their number beyond
the control level (VGAT* terminals [% of cx3185P 120 = 4).Gainin
GABAergic terminals was also ewdent in a3’ -expressing control
neurons (VGAT" terminals [% of 3P ]: 118 = 4). As for the
experiments with DNQX/MK801, K252a up-regulated the number of
glutamaterglc terminals in both «3'® -expressing (VGIuT* terminals

[% of 3! ] 163 = 3) and control neurons (VGIUT* terminals

2857
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[% of «3'%P]: 143 = 2). Therefore, GIu/GABA ratios of synaptic
input to K252a-treated neurons were similar to those extracted from
DNQX/MK801-supplemented cultures (Fig. 5A, Table 3).

In conclusion, we propose that down-regulation of GABAergic
terminals in contact with inhibited, haGlyR a3185L-positive hip-
pocampal neurons occurs secondarily to up-regulation of gluta-
matergic terminals and is mediated by iGluRs and TrkB receptors.
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Fig. 5 Activity-dependent regulation of
GABAergic synapses in hippocampal neu-
rons with a high CI~ equilibrium potential.
(A) Glu/GABA ratios obtained from neurons
treated with iGIuR or TrkB receptor antago-
nists during «3'%F or «3"" receptor
expression. See Table 3 for values.
Blockade of iGluRs gB, C) or TrkB receptors
(D, E) rescues o3’ 5L—expressing neurons

**
N
\ from down-regulation of the number of
VGAT* terminals. Note that the TrkB recep-
I~ O
')
\ ©
i
™
3
DNQX

tor antagonist K252a increases the number
of VGAT* terminals beyond control levels.
Also note that the number of VGIUT* termi-
nals was up-regulated in case of iGIuR and
TrkB receptor blockade, irrespective of the
receptor variant expressed. Error bars
indicate the S.E.M. of the mean values
MK801 obtained from at least three independent
experiments. Significance levels are
*k %k P < 0.05 (*), P< 001 (**) and P <
0.001 (***).

a3-185P

iGluR and TrkB receptor activation reduces den-
drite length of inhibited hippocampal neurons

Quantification of the number of dendrites exceeding 50 wm (Fig.
6A) revealed reduced dendrite length of neurons with haGlyR
«3'8% (dendrites > 50 pm, «3'®": 102 = 0.4; 3" 7.0 =
0.6). Because previous studies showed that dendrite elongation is
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Table 3 Effects of iGIuR and TrkB receptor antagonists on Glu/GABA
ratios of synaptic input to neurons expressing «3'%P or 38"

= DNQX / MK801 K252a
e 2.08 = 0.05 2.72 =012 2.79 = 0.11
et 481 +0.24 3.17 = 0.15 3.13 £ 0.15

negatively regulated by glutamatergic input [30, 39], and consid-
ering our observation of increased Glu/GABA ratios of synaptic
input to haGlyR a3185L-expressing hippocampal neurons,
increased glutamatergic signalling may have been responsible for
reduction of dendrite length. The fact that we found the number of
glutamatergic terminals and the number of dendrites exceeding
50m length to be inversely correlated (Fig. 6B) further argues in
favour of this possibility. Furthermore, as it is known that TrkB
receptor activation is capable of reducing dendrite length [30], we
analyzed the ability of both iGIuR and TrkB receptor blockades to
reverse o3'®“-associated reduction of dendrite length (Fig. 6C
and D). Both iGIuR and TrkB receptor antagonists were indeed
effective in preventing reduction of dendrite length (dendrites >
50 wm [% of a3'8F): 3"l 45 + 4, 3% 4 DNQX/MKSO1:
105 = 5 a3'%29 + 3, o3 + K252a: 108 + 5). Actually,
iGIUR antagonists further increased the number of dendrites
exceeding 50 wm beyond the control level (dendrites > 50 wm [%
of «3'®]: «3'8P 4 DNQX/MK801: 117 = 6; a3'%F + K252a:

Fig. 6 Activity-dependent regulation of dendrite
length of hippocampal neurons with a high Cl™—
equilibrium potential. (A) The number of den-
drites longer than 50 wm is shown for control
and GlyR a3185L—expressing hippocampal neu-
rons. (B) Inverse correlation between the num-
ber of VGIUT* terminals and the number of den-

Dendrites > 50 ym
a3-185P

S N B OO 0 O

drites longer than 50 wm. (C, D) Effects of iGIuR
and TrkB receptor antagonists on dendrite
length. Note that dendrite length is restored
upon blockade of iGIuRs or TrkB receptors. Also
note that iGIuR blockade increased the number
of dendrites exceeding 50 wm beyond the con-
trol level. Error bars indicate the S.E.M. of the
mean values obtained from at least three inde-
pendent experiments. Significance levels are P
< 0.05(*)and P < 0.001 (***).

=

o

o
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50
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104 =+ 3), presumably revealing a steady control of dendrite
length by iGIuR activation in these cultures. Therefore, reduced
dendrite length in neurons with haGlyR a3 s interpreted to
occur as a consequence of elevated glutamatergic signalling.

haGlyR-mediated tonic inhibition increases
neuronal susceptibility to excitotoxicity

The fact that haGlyR a3185L-expressing hippocampal neurons
shifted their Glu/GABA ratios in favour of glutamatergic terminals
and that elevated glutamatergic signalling was involved in reduc-
tion of dendrite length suggested that these neurons were more
susceptible to cell death. To systematically investigate this possi-
bility, we first analysed caspase-3 activation in both control
(a3185p) and haGlyR a3185L-positive neurons. Neurons were
cotransfected with GlyRs and the reporter construct caspase-3
sensor, which utilizes the activated caspase-3 consensus cleavage
site DEVD for secession of a nuclear exclusion sequence (NES)
[25, 40]. Upon NES cleavage by activated caspase-3, the reporter
protein EYFP is translocated into the nucleus (Fig. 7A) with the aid
of the remaining nuclear localization sequence. Accordingly,
nuclear exclusion of the EYFP reporter protein indicates reduced
or absent caspase-3 activation (Fig. 7B). Using this reporter con-
struct, we found that both control and a31S5L-positive neurons
exhibited similar caspase-3 activation, expressed as percentages
of GlyR-expressing neurons with nuclear caspase-3 sensor
(Fig. 7C, days after transfection: dpt). Furthermore, in both control

B Linear fit: O Spearman
15 | P<0.01 rank:
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Fig. 7 Inhibited hippocampal neurons with
a high CI™ equilibrium potential undergo
excitotoxicity. (A, B) Images show apop-
totic (A, nuclear caspase-3 sensor enrich-
ment) and non-apoptotic (B, nuclear cas-
pase-3 sensor exclusion) control neu-
rons. (C) Quantification of the percent-
ages of apoptotic neurons at different
time-points after transfection (days after
transfection, dpt). (D) Quantification of
the percentages of morphologically identi-
fied degenerated neurons, according to
the presence of dendrite fragmentation
and dendritic swellings. Note that a signif-
icant fraction of degenerated neurons is
attributable to haGlyR a3'®t expression.
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or KCC2 cotransfection rescues inhibited
neurons, while blockade of TrkB receptors
is ineffective. D: DNQX, M: MK801. Error
bars indicate the S.E.M. of the mean values
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P < 005 (), P<0.01 (**) and
P < 0.001 (***). Scale bars: 10 pm.
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and a3185L-positive neurons nuclear enrichment with caspase-3
sensor delineated a similar time course after transfection (neurons
with nuclear caspase-3 sensor [%], «3'%": dpt1:5 = 1, dpt 2
12 = 6,dpt3:37 + 2,3 dpt1:7 = 3,dpt2:9 + 3, dpt
3: 28 = 10; Fig. 7C). Because the percentages of neurons with
activated caspase-3 were similar in both control and haGlyR
a3185L-positive neurons, we conclude that caspase-3 activation
occurred as a result of the transfection procedure.

However, according to the appearance of fragmented dendrites
and dendritic swellings, an additional fraction of degenerating
neurons was clearly attributable to haGlyR a3t expression
three days after transfection (Fig. 7D; fraction of neurons with
dendrite fragmentation and dendritic swellings g%], 318" dpt 1:
15 + 1,dpt2:17 = 1,dpt3:31 = 7;a3"® L dpt 1:12 = 1,
dpt2: 18 = 4, dpt 3: 56 =+ 1). Because our results so far point
to elevated %Iutamatergic signalling as an executive mechanism of
haGIlyR 3% mediated activity deprivation, we investigated the
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potential of iGIuR antagonists to rescue hippocampal neurons.
Indeed, blockade of iGluRs with DNQX or MK801 rescued inhibit-
ed hippocampal neurons from degeneration (fraction of neurons
with dendrite fragmentation and dendritic swellings at 3 dpt [% of
«3'8P): o3 4 DNAX: 111 + 7, «3'% 4+ MK801: 83 + 7).
However, a combined blockade of AMPA and NMDA receptors was
not additive, neither in haGlyR a3185L-positive nor in control neu-
rons (fraction of neurons with dendrite fragmentation and dendrit-
ic swellings at 3 dpt [% of a3'%"]: «3'®" + DNQX + MK801: 86
+ 20; 3% + DNQX + MK801: 103 = 18).

As iGIuR antagonists also restored GABAergic terminals, it
remained to be clarified whether recovery of GABAergic terminals
would rescue inhibited neurons. Because of their capacity to
restore GABAergic terminals, TrkB receptors were blocked during
haGlyR expression. Irrespective of the GlyR variant expressed,
K252a had no effect on neuron survival (fraction of neurons with
dendrite fragmentation and dendritic swellings at 3 dpt [% of
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a3'8P): 3" 4 K252a: 154 + 8, «3'%F 4+ K252a: 102 + 9).
Therefore, we can rule out the possibility that down-regulation of
GABAergic terminals contributed to haGIyR 3" -elicited neuron
degeneration. Altogether, we conclude that the enhanced suscep-
tibility of haGlyR a3185L-expressing neurons to degeneration
reflects excitotoxicity mediated by iGIuRs.

A decrease of CI~ equilibrium potential by KCC2
expression rescues hippocampal neurons and
Glu/GABA ratios

The results presented so far were obtained from hippocampal
neurons with a high CI~ equilibrium potential. Because KCC2
down-regulation is known to cause a high Cl™ equilibrium poten-
tial in TLE hippocampal neurons [18-20], we examined whether
decreasing the ClI™ equilibrium potential by KCC2 cotransfection
with haGlyRs would restore Glu/GABA ratios of synaptic input,
dendrite length and survival. KCC2 expression in cotransfection
experiments indeed had the capacity to rescue hippocampal neu-
rons from excitotoxicity (Fig. 7E; fraction of neurons with dendrite
fragmentation and dendritic swellings at 3 dpt [% of u3185p]:
a3'8P 1 KCC2: 96 = 7, o3'8 4+ KCC2: 106 + 13).

© 2008 The Authors

Decreasing the CI™ equilibrium potential by KCC2 cotransfec-
tion also restored GABAergic terminals in contact with haGlyR
a3185L-positive neurons (Fig. 8A; VGAT" terminals: a3t 4q +
3; 3" 1 KCC2: 103 + 4), even in the context of elevated glu-
tamatergic innervation (Fig. 8B; VGIuT* terminals: «3'%L 269 +
10; 3% + KCC2: 251 = 9). In fact, KCC2 expression increased
the number of GABAergic terminals in contact with inhibited neu-
rons beyond the control level. Furthermore and in agreement with
previous data [41], even control neurons that were cotransfected
with KCC2 received more GABAergic terminals (Fig. 8A; VGAT"
terminals: o3'%%P + KCC2: 96 = 3; a3'®" + KCC2: 103 = 4
versus o3'%F: 84 + 3). Therefore, decreasing the ClI™ equilibri-
um potential by KCG2 cotransfection was sufficient to also restore
GIu/GABA ratios of s¥naptic input (Fig. 8C; Glu/GABA ratio:
a3'®83 + 0.8; a3 +KCC2: 25 + 0.1 versus a3'®: 2.3
+ 0.08), again even in the context of elevated glutamatergic
innervation.

In conclusion, a decrease of the ClI™ equilibrium potential by
KCC2 expression reversed all adverse effects associated with
haGlyR a3t expression except dendrite length (Fig. 8D; den-
drites > 50 pm: a3'%" 45 + 0.4; 3" + KCC2: 4.9 = 0.4),
which remained reduced — most likely due to persistently increased
glutamatergic innervation (Figs. 6 and 8B).
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Discussion

The main findings of this study support the conclusion that sup-
pression of spontaneous activity of hippocampal neurons with
reduced KCC2 expression and a high G~ equilibrium potential
elicits TLE histopathological characteristics, in terms of elevated
Glu/GABA ratios of synaptic input, reduced dendrite length and
elevated susceptibility of hippocampal neurons to excitotoxicity
[1, 2, 42, 43]. Accordingly, our study revealed elevated expres-
sion of high-affinity type GIyR «2 and «3 in hippocampectomies
of TLE patients with a severe course of disease, according to the
Wyler classification [21] of hippocampal sclerosis or the fre-
quency of SGTCS. In addition, GlyR «2B [13] expression was
found to be elevated in these patients. Finally, in TLE patients,
increased haGlyR expression inversely correlated with KCGC2
expression. On the basis of these complementary results,
obtained from primary hippocampal neurons and from TLE
patients, we suggest a scenario that implicates elevated haGlyR
expression and consequently neuronal hypoactivity in the patho-
physiology of TLE, provided that the neuronal ClI™ equilibrium
potential is high (Fig. 9).

Human hippocampal neurons have the potential
to generate haGlyR variants

We adapted the previously described method for quantification
of haGlyR expression [17] to human Glra2 and Glra3 transcript
sequences (Supplementary Fig. 1A) and validated this modified
approach by calibration (Supplementary Fig. 1B). In addition,
sequencing of genomic DNA ruled out the possibility that haGlyR

-

Fig. 9 Proposed scenario involving inverse regulation of haGlyR and
KCC2 expression in the course of TLE. (A) Neuronal stressors, such as
epileptic seizures, provoke activity-dependent down-regulation of
KCC2, which raises the I equilibrium potential, and up-regulation of
haGlyRs, which are capable of translating hippocampal ambient glycine
into tonic inhibition. (B) Inhibited hippocampal neurons scale up their
number of glutamatergic terminals (green), which drives down-regula-
tion of KCC2 in a BDNF-dependent way. (C) In these neurons with high
Cl™ equilibrium potentials, down-regulation of GABAergic contacts
(red) involves iGluRs and TrkB receptor signalling. (D) Finally, still in
the context of a high cl equilibrium potential, hippocampal neurons
with upscaled glutamatergic and downscaled GABAergic synaptic
inputs become vulnerable to excitotoxicity. (E) Neuron degeneration
contributes to further decreasing seizure threshold. Importantly, a
decrease of the CI equilibrium potential by KCC2 expression rescued
inhibited hippocampal neurons from both iGIuR- and TrkB receptor-
dependent downscaling of GABAergic terminals and from excitotoxic
degeneration.

© 2008 The Authors

Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



a27°T (examples given in Supplementary Fig. 1C) and haGlyR
«3%4T (not shown) were of genomic origin. Thus, our results
obtained from TLE patients provide evidence that GlyR C-to-U
RNA editing is neither subunit nor species specific [17]. The
affinities for glycine of RNA-edited «2A'%- and «2B'%-GlyRs
are particularly high, allowing these receptors responding to
submicromolar glycine levels (Supplementary Fig. 1D). Notably,
haGlyR a2B'%t responds to 0.1 wM glycine with currents reach-
ing ~15% of maximal current amplitudes (Supplementary Fig.
1D). Our data identified increased expression of GlyR «2B in
W2-4 TLE patients, providing us with evidence to propose that
human hippocampal cells have the potential to generate haGlyRs
by alternative splicing of GlyR «2 transcripts and by C-to-U
editing of all types of hippocampal ligand binding GIyR «
subunit mRNAs.

The affinity of haGlyRs approximates the level of
hippocampal ambient glycine

Our hippocampal cell culture model system uses
5 M glycine for selective activation of haGlyR 38t [17]. We
have chosen this glycine concentration also because it corre-
sponds to the level of seizure-related hippocampal ambient
glycine measured in TLE patients [16]. However, considering the
GlyT-1  stoichiometry of substrate/ion cotransport (2
Na*/Cl™/glycine) and the bi-directional character of GlyT-1 glycine
transport, the level of hippocampal ambient glycine may actually
be kept within the sub-micromolar range, which is optimal for
functional modulation of NMDA-type glutamate receptors [44].
Nevertheless, given the voltage dependency of GlyT-1 glycine
transport, it is conceivable that neuronal activity raises hippocam-
pal ambient glycine to supramicromolar levels [15, 45], which
may become particularly relevant when considering that neuronal
high frequency activity is a precursor of recurrent epileptiform dis-
charges [46]. Therefore, we consider the affinity of haGlyRs well
suited for the translation of hippocampal ambient glycine into
tonic inhibition, especially under conditions of sustained hip-
pocampal network activity.

Thus, haGlyRs are functionally well adjusted for translation of
hippocampal ambient glycine into tonic glycinergic inhibition,
potentially providing a cellular basis for the recently uncovered
hypoactivity of hippocampal neurons in cases of TLE [47, 48].
Although the time course of disease progression was heteroge-
neous in the TLE patients investigated here (see Table 1), elevated
haGlyR expression occurred in a large fraction of patients with a
severe course of disease or frequent SGTCS. This suggests that
up-regulation of haGlyR expression may occur in response to neu-
ronal stressors, such as aberrant high frequency activity [46], and
that it persists in TLE patients beyond the initial insult. Altogether,
our results suggest that haGlyRs are candidate molecules poten-
tially contributing to the course of TLE by increasing tonic glycin-
ergic inhibition, even in neurons with a high ClI™ equilibrium
potential.

© 2008 The Authors
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A hippocampal cell culture system for determina-
tion of the consequences of neuronal hypoactivity
in the context of a high CI™ equilibrium potential

We established a hippocampal cell culture system to characterize
the potential consequences of elevated haGlyR expression in the
context of reduced KCC2 expression and a high Cl™ equilibrium
potential. For this purpose, we used hippocampal neurons at a
developmental state when their ClI™ equilibrium potential was
high, as is the case in TLE patients [20]. Furthermore, the glycine
concentration present during GlyR expression approximated hip-
pocampal ambient glycine measured in TLE patients [16] and
selectively activated haGlyR «3'%" [17]. Importantly, both the
suppression of spontaneous Ca’* transients and AP generation by
haGlyR activation renders our system suitable for elucidation of
potential consequences of neuronal hypoactivity in the context of
a high CI™ equilibrium potential, which is characteristic for TLE
[48]. Thereby, haGlyR activation likely shunts excitatory inputs
because similar resting membrane potentials were measured in
perforated patch clamp recordings, irrespective of the GlyR vari-
ant expressed. Furthermore, decreased membrane resistances
and more positive membrane potentials were determined in the
whole-cell configuration in neurons with activated haGlyRs.
Finally, this system allowed us to investigate whether decreasing
the CI™ equilibrium potential would be sufficient to reverse the
consequences of haGlyR 3" -¢licited neuronal hypoactivity.

Disequilibrated iGluR and TrkB receptor
signalling constitute executive mechanisms
of haGlyR «3'%'-mediated tonic inhibition

The fact that the resting membrane potential and resting Ca®* lev-
els were not affected by haGlyR «3'8t expression indicates that
the consequences of increased tonic glycinergic inhibition on hip-
pocampal neurons were indirect. Indeed, all effects associated
with haGlyR «3"®" activation were reversible upon application of
iGIuR antagonists. Because increased BDNF expression occurs in
epileptic hippocampi [34] and causes down-regulation of KCC2
[18-20, 34], we additionally evaluated the potential of TrkB receptor
blockade to rescue hippocampal haGlyR «3'®t-expressing
neurons, in the context of a high ClI™ equilibrium potential.
According to these data, we propose that disequilibrated TrkB
receptor [18, 34, 49] and iGIuR signalling [1] account for the
emergence of TLE-characteristic histopathological signs.
Although our results do not allow for distinction between presy-
naptic [50] and postsynaptic [30] BDNF-release from glutamatergic
synapses, they lend support to a convergent regulatory signalling
pathway within the postsynaptic neuron [51]. However, the fact
that TrkB receptor blockade was not sufficient to rescue hip-
pocampal neurons from degeneration, and considering that antag-
onists of iGIuRs or KCC2 expression were neuroprotective, accen-
tuates the involvement of excitotoxicity. Because spontaneous
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neuronal activity was mainly driven by GABAARS in these hip-
pocampal neurons, our results favour the possibility that excito-
toxicity relied on activation of extrasynaptic iGIuRs [52].

haGlyR «3'®_glicited effects are conditional
upon a high CI~ equilibrium potential

In the mature nervous system neuronal activity-deprivation is
compensated for by concomitant up-regulation of glutamatergic
and GABAergic synapses [53]. However, reducing neuronal activ-
ity within a developing, immature neuronal network is known to
cause loss of GABAergic synapses, which potentially reflects fail-
ure of synchronization of glutamatergic and GABAergic postsy-
naptic currents [54]. All the consequences of haGlyR 3%k
mediated tonic inhibition were obvious in neurons with a high CI™
equilibrium potential, which corresponds to an early developmen-
tal status of the neuronal network. Because the epileptic neuronal
network is characterized by KCC2 down-regulation and, hence,
depolarizing GABAergic currents [19], we analysed the potential
of KCC2 expression to rescue hippocampal neurons. Decreasing
the Gl equilibrium potential by KCC2 expression indeed rescued
Glu/GABA ratios in contact with inhibited neurons and, in addi-
tion, exerted neuroprotective effects. Although our data do not
permit drawing conclusions on the underlying mechanisms, they
highlight the deleterious aspect of enhanced tonic inhibition,
which is conditional according to the ClI™ equilibrium potential of
inhibited neurons.

The fact that dendrite length was not restored upon decreasing
the CI™ equilibrium potential by KCC2 expression may reflect per-
sistently increased glutamatergic signalling to inhibited neurons,
which is substantiated by the inverse correlation between the
number of glutamatergic terminals and dendrite length that we
and others [30] observed. In addition, this argumentation is in line
with the formerly established concept of negative regulation of
dendrite length by glutamatergic signalling [39]. Moreover, the
possibility that loss of depolarising GABAergic terminals was
responsible for reduced dendrite length was ruled out because
KCC2 expression decreased the Gl equilibrium potential, which
did not further reduce dendrite length of inhibited neurons.

Activity-deprivation results in homeostatic but
pathophysiological, structural reorganization
reminiscent of TLE histopathology

Recently it was shown that activity deprivation leads to seizures in
hippocampal slice cultures [55]. Our data are in agreement with
this observation because it establishes a coherency between
hypoactivity of hippocampal neurons with a high Gl equilibrium
potential and TLE-typical histopathological features. Moreover, we
found elevated levels of haGlyR expression to be associated with
hippocampal damage and the frequency of SGTCS. Furthermore,
we provide evidence for the involvement of homeostatic, but
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pathophysiological, recruitment of iGIuR and TrkB receptor
signalling in the emergence of TLE-reminiscent histopathological
features. In this regard, we would like to put forward a chain of
events implicating inverse regulation of haGlyR and KCC2 expres-
sion in the course of TLE. According to the proposed scenario
(Fig. 9), seizure activity triggers BDNF- and TrkB receptor-depend-
ent down-regulation of KCC2 [18, 34] together with up-regulation
of haGlyR expression (Fig. 9A). haGlyRs respond to hippocampal
ambient glycine with tonic inhibition, and inhibited neurons
upscale their number of presynaptic glutamatergic terminals (Fig.
9B). In the context of a high CI" equilibrium potential, down-reg-
ulation of the number of GABAergic contacts then develops sec-
ondarily from increased glutamate- and BDNF-dependent sig-
nalling (Fig. 9C). Neurons with upscaled glutamatergic and down-
scaled GABAergic inputs become vulnerable to excitotoxicity (Fig.
9D), which can be prevented by blockade of iGluRs or KCC2
expression. In the course of TLE, hippocampal neurons can there-
fore embark on the strategy of cellular hypoactivity only if their
Cl™ equilibrium potential is low.
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