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ISRUPTION OF ClC-2 EXPRESSION IS ASSOCIATED WITH

ROGRESSIVE NEURODEGENERATION IN AGING MICE
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bstract—Heterozygous mutations in ClC-2 have been asso-
iated in rare cases with increased susceptibility to general-

zed, idiopathic epilepsy. Initially, it was hypothesized that
utations in ClC-2 may be associated with epilepsy due to a

irect role for ClC-2 in the modification of hippocampal neu-
onal excitability. However, the absence of an overt seizure-
usceptibility phenotype in young ClC-2 knockout (KO) mice
endered this hypothesis- implausible. A recent study of
lder ClC-2 KO mice (>6 months) revealed abnormalities in
he myelin of central axons and a subtle defect in the neuro-
al function in the central auditory pathway. These findings
rompted us to re-examine hippocampal neuron morphology
nd excitability in older ClC-2 KO mice. Interestingly, electro-
orticographic recordings obtained in older mice revealed
pontaneous interictal spikes which are a marker of per-
urbed hippocampal neurotransmission with a resultant in-
rease in excitation. This electrophysiological defect was
ssociated with astrocyte activation and evidence of neuro-
al degeneration in the CA3 region of the hippocampus of
hese older mice. Together, these findings raise the possibil-
ty that ClC-2 expression plays a subtle neuroprotective role
n the aging hippocampus. © 2010 IBRO. Published by
lsevier Ltd. All rights reserved.

ey words: chloride channel, interictal spikes, hippocampus,
lectrocorticographic, astrocyte activation, inflammation.

diopathic, generalized epilepsies exhibit a heterogeneous
linical phenotype and genetic complexity (Lu and Wang,
009; Macdonald and Kang, 2009). Variants in ion chan-
els which mediate excitatory and inhibitory neurotrans-
ission, including the voltage gated sodium channel,
CN8A (Papale et al., 2009) and the GABAA receptor

Both of these authors are primary contributors to the study.
Corresponding author. Tel: �1-416-813-5981; fax: �1-416-813-
022.
-mail address: bear@sickkids.ca (C. E. Bear).
bbreviations: ECoG, electrocorticogram; GFAP, glial fibrillary acidic
rotein; H&E, Hematoxylin and Eosin; Hi, hippocampus; MGPY,
t
ethyl Green Pyronine Y; TdT, terminal deoxynucleotidyl transferase;
UNEL, TdT-mediated dUTP nick end labeling.

306-4522/10 $ - see front matter © 2010 IBRO. Published by Elsevier Ltd. All right
oi:10.1016/j.neuroscience.2010.01.042
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2subunit (Kang et al., 2009) have been previously asso-
iated with rare cases of generalized epilepsy. In addition,
ertain mutations in the chloride channel CLCN2 have
ecently been associated with idiopathic generalized epi-
epsy (Combi et al., 2009; Saint-Martin et al., 2009). Of
hese three novel missense mutations (R235Q, R577Q
nd S719L), the two arginine mutations lead to faster
hannel deactivation kinetics when studied in a heterolo-
ous expression system, consistent with loss of function
Saint-Martin et al., 2009). However, the authors of these
tudies highlight the complex inheritance of the above
ariants, pointing to incomplete segregation among af-
ected family members and transmission by unaffected
atients suggesting that CLCN2 mutations alone may not
e sufficient to confer disease.

Initially, a physiological role for ClC-2 in neurotrans-
ission was implicated on the basis of immunolocalization
nd transfection studies. For instance, electron micro-
copic studies of rodent hippocampal pyramidal neurons
howed that ClC-2 protein is localized to synaptic and
erisynaptic regions within GABAergic neurons, as well as
ub-synaptic vesicles proximal to the GABAergic synapse
Sik et al., 2000). On the basis of electrophysiological
tudies of transfected neurons several years ago, it was at
rst suggested that ClC-2 expression may act to regulate
ABAA-mediated currents through its effect on modifying

ransmembrane chloride gradients (Staley et al., 1996).
ence, this model would predict that mutations in ClC-2,
hich impair functional expression, may be associated
ith neuronal excitation and seizure activity because local
nion gradients and GABAA mediated currents are altered.
ence, disruption of ClC-2 could result in epilepsy due to
isruption of GABAA-mediated inhibition.

Clcn2 deficient mice were generated by the research
roups of Jentsch and Melvin and rather unexpectedly,
tudies of these mice failed to reveal any overt seizure
ctivity or enhanced susceptibility to the volatile seizure-

nducing drug, flurothyl (Bosl et al., 2001). Furthermore,
here was no morphological evidence of brain pathology in
oung adult mice. These findings failed to support a pri-
ary role for ClC-2 in GABAA mediated inhibitory neuro-

ransmission in mice although, the potential compensation
y a related chloride channel protein was not investigated.

Interestingly, more recent and detailed analyses of the
NS of Clcn2 knockout mice revealed a phenotype in older
ice (greater than 6 months). Blanz et al. (2007) detected
progressive spongiform vacuolation of the white matter

f the brain and spinal cord in mice of this age. Defective
onduction of central auditory neuronal pathways, consis-

ent with impaired oligodendrite function and the loss of
s reserved.

mailto:bear@sickkids.ca
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yelin integrity was also observed. In these older mice, the
uthors also detected upregulation of protein biomarkers
f inflammation, consistent with astrocyte and glial activa-

ion. ClC-2 protein has been shown to be localized to the
ndfeet of astrocytes, the subcellular site for interaction of
strocytes with other cell types. Given the physical asso-
iation of astrocytes and oligodendrites, the defect in my-
lin integrity observed in Clcn2 knockout mice could result

rom the detrimental effect of astrocyte-mediated inflam-
ation on oligodendrite function. These findings suggest

hat ClC-2 expression be protective with respect to oligo-
endrocyte viability in the aging brain.

Since the morphological and functional defects of the
erebellum of Clcn2�/� mice described by Blanz and
olleagues were progressive with age and subtle in nature,
e re-examined hippocampal morphology and neurotrans-
ission in older mice. We found that Clcn2�/� mice (�6
onths) exhibited neurodegeneration of the CA3 region
nd this lesion was associated with an abnormal electro-
orticographic signal, revealing an altered hippocampal
unction. Consistent with previous studies of the cerebel-
um (Blanz et al., 2007), these changes in hippocampal
unction were associated with astrocyte activation. These
ndings support a role for ClC-2 in maintaining hippocam-
al neuron viability.

EXPERIMENTAL PROCEDURES

ice

lcn2�/� breeding pairs were obtained from Dr. J.E. Melvin,
niversity of Rochester and Clcn2 (�/�) and Clcn2 (�/�) siblings
ere generated at the Hospital for Sick Children. Two age groups
ere compared including young adults (1–3 months of age) and
lder mice (6–10 months of age).

uantitative analysis of cell death and degeneration

ice (Wt, n�3; ClC-2 KO, n�3) were euthanized by lethal injec-
ion with sodium pentobarbital and transcardially perfused with 10
M phosphate buffered saline (PBS, 10 mM sodium phosphate,
54 mM NaCl) followed by 4% paraformaldehyde in PBS. For
istological analysis and immunofluorescence, brains were re-
oved and post-fixed for 24 h in 4% paraformaldehyde followed
y 48 h cryoprotection in 20% sucrose. Serial coronal sections (10
m) were cryostat-cut (Leica Microsystems Inc.) and stained with
ethyl Green Pyronine Y (MGPY) as described in (Moffitt, 1994),
ematoxylin and Eosin (H&E) or Cresyl Violet as described in

Bennett et al., 1995). In MGPY-stained sections, DNA is stained
lue and RNA is stained pink. Cells defined as viable exhibited a

ight blue nucleus, confirming nuclear integrity, and a pink cyto-
lasm, indicative of RNA transcription. Cells with hyperchromatic
ucleus and/or lack of cytoplasmic (RNA) staining were identified
s damaged cells (Al-Hazzaa and Bowen, 1998). In H&E-stained
ections, pyknotic, eosinophilic or hyperchromatic cells with amor-
hous or fragmented nuclei were defined as damaged cells. Cells
ith oval nuclei, prominent nucleoli lacking eosinophilic cytoplasm
nd homogenously stained by Hematoxylin or Cresyl Violet were
efined as healthy cells (Bennett et al., 1995; Bennett et al., 1998).
uantitative analyses were performed using the Advanced Mea-
urement Module of Openlab 3.1.7 software (Improvision). Four
easurements were taken from each area and averaged to yield
single value per animal. Data are expressed as the percentage

f damaged cells/0.1 mm2 Neuronal number was established by

mmunofluorescence using monoclonal anti-neuron-specific nu- o
lear antigen (NeuN) (1:100, Chemicon) detected with an anti-
ouse IgG tagged with a Cy-3 fluorophore (1:800, Jackson). Data
re expressed as number of cells/0.1 mm2 Neurons dying through
n apoptotic-like mechanism were identified by double-labeling for
nti-NeuN and terminal deoxynucleotidyl transferase (TdT)-medi-
ted dUTP nick end labeling (TUNEL). Coronal sections (bregma
2.06) were permeabilized by a 5 min incubation in 0.1% Triton-
/0.1% sodium citrate on ice and a 1.5 min incubation in ethanol:
cetic acid (2:1) on ice. Sections were rinsed for 2 min in 10 mM
BS and reacted for 1 h at 37 °C with FITC–labeled dUTP in TdT
uffer (Roche). Negative controls included sections incubated with
ITC–labeled dUTP in the absence of TdT. Degenerating neurons
ere identified by fluorojade B labeling. Slides were incubated in a
olution of 1% NaOH in 80% alcohol for 5 min, followed by 2 min
ashes in 70% alcohol and distilled water and a 10 min incubation in
0.06% potassium permanganate solution. Slides were rinsed in

istilled water and stained in a 0.0004% Fluorojade B staining solu-
ion for 20 min. Data are expressed as the percentage of NeuN�
eurons/0.1 mm2 exhibiting TUNEL or fluorojade reactivity.

lectrocorticography (ECoG)

ice were implanted with electrodes for recording of the Electrocor-
icogram (ECoG) under pentobarbital anaesthesia. Electrode im-
lants consisted of four electrodes over the frontal and parietal cor-
ices and two depth electrodes indwelled into the thalamus and
ippocampus. The electrodes were placed 1 mm deep, 2 mm ante-
ior to bregma and 2 mm lateral from midline. Recordings were made
, 24 and 48 h after recovery from anaesthesia. Each animal was
laced in an individual Plexiglass chamber (Harvard Apparatus, Hol-

iston, MA, USA) for a 20 min adaptation period prior to ECoG
ecordings in order to minimize movement artifact. ECoG recordings
ere made on paper using a Grass Polysomnograph machine

Grass Instruments, Quincy, MA, USA) ECoG recordings were ob-
ained between 10:00 and 14:00 h to minimize circadian variations
Loscher and Fiedler, 1996; Stewart et al., 2006).

mmunoblotting

hole brain or hippocampal tissues were obtained from anaes-
hetized and decapitated mice (Clcn2�/� or their wild type sib-
ings) of 6–10 months of age for comparative analysis by immu-
oblotting. The ClC-2 protein was detected in Westerns using a
olyclonal, peptide-purified, C-terminal directed antibody (Dhani
t al., 2003). The following commercially available antibodies were
sed to probe for the presence of the GABAA receptor subunits by

mmunoblotting: �1 (1:500, Upstate Biotechnology) �2/3 (1:1000,
pstate Biotechnology) and �2 (1:1000, Chemicon, Pittsburg, PA,
SA). The anti-ClC-3 antibody was obtained from Chemicon,
ittsburg, PA, USA. The antibody used to detect glial fibrillary
cidic protein (GFAP) was obtained from DAKO North America
nc. (LA, USA).

tatistics

ata are presented as the mean�standard error of measurement
SEM) and were analyzed using one-way analysis of variance
ANOVA) followed by Tukey’s post hoc tests. In each analysis, �
as set at P�0.05.

RESULTS

isruption of ClC-2 expression leads to
eurodegeneration in the CA3 region of the
ippocampus of older mice

he consequences of Clcn2 disruption on brain morphol-

gy and neuronal viability in various regions was deter-
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ined for young adult mice (1–3 months of age) and older
ice (6–10 months of age). As shown in Fig. 1,i (A–H), in

he younger age group, there was no obvious difference in
rain morphology nor in neuronal number between Clcn2
nockout mice and their wild type littermates. On the other
and, as shown in the Fig. 1,ii, there is a clear defect in the
A3 region of the hippocampus of the older Clcn2�/�
ice in comparison with their wild type siblings. Neuronal
umber was reduced in the CA3a/b but not CA1 or granule
ell layer of the dentate gyrus as determined by NeuN

ig. 1. (i) Normal hippocampal morphology in young adult mice (1–3
on). (A–D). NeuN� neuronal number is similar in ClC-2 KO mice and
t siblings. CA3a/b region is indicated with a white box in (A) and (B) and

etails are shown in (C) and (D). (E–H). Morphometry. H&E stain shows
hat overall cell number and histology is not affected by disruption of
lC-2. Scale bars, 100 �m (E, F). White box (CA3a/b region) expanded

n (G, H) with scale bars. Abbreviations: CA1, 2, 3a/b�CA pyramidal cell
elds; FJ�Fluorojabe B; GrDG�granule cell layer of the dentate gyrus.
mmunoreactivity (Fig. 1,ii, A–E). Quantitation of cell num- g
er in H&E-stained sections confirmed that this reduction
as not due to epitope masking (Fig. 1,ii, F–H). To assess
iability of remaining cells, sections were processed for
GPY, fluorojade B, and TUNEL. A significant increase in
egenerating morphology was detected in the CA3a/b of
GPY-stained (Fig. 1I–K) and fluorojade-stained sections

Fig. 1L–N). Cells were not TUNEL� (Fig. 1N, inset).

lC-2 knockout mice do not exhibit spontaneous
eizures but they do exhibit an abnormal
europhysiological phenotype with interical spikes

lC-2 knockout mice do not exhibit spontaneous, overt
yoclonic seizure activity regardless of their age (1–10
onths). Since profound neurodegeneration in the CA3

egion of the hippocampus was detected in older mice (Fig.
,ii), we sought to determine whether these older mice
xhibited a more subtle neurological phenotype. In con-
rast to young adult mice (1–3 months of age), the ECoG
ecordings made form monopolar differential recordings in
lder ClC-2 knockout mice (6–10 months) exhibited an
bnormal ECoG, revealing an interictal spike pattern (Fig.
). Although occasional interictal spikes were recorded
rom wild type controls, the interictal spike frequency was
ignificantly greater in the knockout animals than the wild
ype controls (Fig. 2, bar graph). This observation sug-
ested that disruption of ClC-2 expression leads to a pro-
ressive neurological pathology associated with enhanced
xcitability.

In order to identify the brain region most affected by the
isruption of ClC-2 expression, we compared the ECoG’s
etected when electrode pairs were inserted into the bilat-
ral frontal and parietal cortices and other subcortical such
s the thalamus and hippocampus (Fig. 3A, B). Only those
airs which included an electrode inserted in the hip-
ocampus led to recapitulation of the interictal spike pat-
ern observed when the electrodes were implanted over
he frontal and parietal simultaneously. These findings
uggest that the abnormal ECoG detected in the ClC-2
nockout mice originated from a specific perturbation in
ippocampal circuitry.

Localization of the electrophysiological defect to the
ippocampus is consistent with previous reports of ClC-2
xpression in this region of the brain. We confirmed these
revious experiments and compared the hippocampal ex-
ression of ClC-2 relative to the other regions of mouse
rain. Tissue lysates obtained from older Wt mice were
nalyzed by SDS-PAGE and immunoblotting conducted
sing an anti-ClC-2 antibody. In Fig. 3, panel C, it is clear
hat in the mouse and rat, ClC-2 protein is expressed in the
ippocampus, thalamus and cortex. These findings sug-
est that the altered ECoG activity and enhanced neuro-
egeneration observed in the hippocampus of ClC-2 KO
ice, may reflect a specific functional role for ClC-2 in this

issue. As previous studies reported an increase in astro-
yte activation in the cerebellum of older ClC-2 KO mice,
e were prompted to determine if astrocyte activation was
ssociated with the hippocampal phenotype discovered in
he current project. As shown in Fig. 3D, expression of the

lial fibrillary acidic protein (GFAP, an astrocyte specific
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ig. 1. (Continued.) (ii) Evidence of neuronal degeneration in ClC-2 KO mice. (A, B) NeuN� neuronal number is reduced in the CA3a/b of adult
lC-2KO mice. (C, D) Higher magnification of the outlined CA3a/b area. White arrows point to areas within the CA3a/b pyramidal cell layer devoid of
eurons. (E) NeuN� cell number is significantly reduced in the CA3a/b but not the CA1 or GrDG by ClC2 null-mutation. (F ,G) H&E assessment of
ell number. Arrows point regions of cell loss. (H) Cell survival is significantly reduced in the CA3a/b but not CA1 or GrDG of ClC2 KO mice. (I, J)
emaining neurons in KO mice are compromised as assessed by MGPY staining. Arrows point to representative cells with degenerating morphology
s described in Experimental Procedures. (K) Degeneration of remaining cells is significantly increased in the CA3a/b of ClC-2 KO mice. (L, M)
luorojade B� labelling of terminally damaged neurons is detected in the CA3a/b of ClC-2 KO mice. (N) A significant increase in fluorojade B labelling

s observed in the CA3a/b but not TUNEL labelling of apoptotic-like death (inset). Scale bars, 100 �m (A, B); 50 �m (C, D, F, G, I, J, L, M). * indicates

tatistical significance between Wt and ClC2 KO groups; P�0.05.
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arker) was upregulated in the whole brain (WB) and
ippocampus (Hi) of ClC-2 KO mice relative to their Wt
ontrols. These findings point to an association between

ig. 2. Neurodegeneration associated with abnormal electrocorticogra
anel), the baseline ECoG in older (�6 mon) ClC-2 KO mice exhibite
laced in the left and right frontal (F–F) or parietal (P–P) lobes. Time/vo
z; 60 Hz Filter ON; paper speed 15 mm/s; F–F (left frontal–right fronta
f bursting spikes per minute in Wt (black, n�7) or KO siblings (�grey,
Student’s t-test, P�0.05).

ig. 3. Abnormal ECoG localized to hippocampus of ClC-2 KO m
ippocampus (LHi–RHi) or left and right thalamus (LTh–RTh). (B) Bar
ice (�6 mon, n�7). Electrode pairs (left and right): Ctx–Th (cort
ippocampus). The numbers of bursting spikes per minute is significa
ay ANOVA, with post-hoc Bonneferroni analysis: * P�0.05). (C) Imm

Hi), thalamus (Th) and cortex (Ctx) in normal mice or rats. Actin expr
brillary acidic protein) a specific marker of astrocyte activation, exhibits

btained from KO mice (3, �6 mon) relative to Wt controls. The same blots w
enotype of these tissues and with an anti-actin antibody to confirm equal sam
nflammatory status, neuronal degeneration and abnormal
ctivity as revealed in ECoG of ClC-2 KO mice. While

nterictal spikes can have functional consequences since

G) in older ClC-2 KO mice. (A) Unlike their wild type (Wt) siblings (top
neous slow spike and wave discharges. Recording electrodes were
le indicates 100 �V/3 s. Sensitivity�20 �V/mm; HFF�100 Hz; LFF�1
eft parietal–right parietal). (B) Bars (mean�SEM) indicate the number
ndicates statistically significant difference between Wt and KO groups

epresentative ECoG traces when electrode pairs in left and right
SEM) indicate the number of bursting spikes per minute in older KO

halamus), Ctx–Hi (cortex and hippocampus), Th–Hi (thalamus and
er in electrode pairs recording from the hippocampus (grey bars, two
showing relative expression levels of ClC-2 protein in hippocampus
s probed to control for loading. (D) Immunoblot showing GFAP (glial
d expression in whole brain (WB) and hippocampal (Hi) homogenates
phy (ECo
d sponta

ltage sca
l), P–P (l
n�7). * i
ice. (A) R
s (mean�
ex and t
ntly great

unoblots
ession wa
enhance
ere stripped and reprobed with an anti-ClC-2 antibody to confirm the
ple loading in each lane.
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hey have the potential to affect learning and memory,
here is no evidence that interictal spikes result in neuronal
njury (Holmes and Lenck-Santini, 2006; Lee et al., 2001;
eung, 2009).

xpression of other hippocampal chloride channels/
ransporters unaffected in ClC-2 KO mice

isruption of the expression of ClC-3 (another member of
he ClC family of channels and transporters) has also been
ssociated with neuronal degeneration in the mouse hip-
ocampus (Dickerson et al., 2002; Stobrawa et al., 2001;
oshikawa et al., 2002). Further, disruption of the expres-
ion of the GABAA receptor subunit � 2 has been linked to
eurodegeneration (Karle et al., 2001). Similarly, KCC3
O mice, lacking expression of this potassium: chloride
o-transporter exhibited hippocampal degeneration and
educed seizure threshold upon exposure to flurothyl
Boettger et al., 2003). Therefore, in order to determine if
eduction in the expression of these chloride transporters
secondary to the disruption of ClC-2 expression) could
ccount for the hippocampal degeneration observed in
lC-2 knockout mice, we compared the expression of

hese proteins in four knockout mice (�6 months of age)
ith appropriate wild type sibling controls. The immuno-
lots of whole brain lysates in Fig. 4, confirm that ClC-2
rotein expression is completely disrupted in the ClC-2
nockout mice studied. Importantly, there was no signifi-
ant change in the expression of ClC-3, KCC3 or any of the
ABAA subunits. These findings support the conclusion

hat the hippocampal neurodegeneration and abnormal
CoG documented in the older ClC-2 KO mice (Figs. 1, 2
nd 3), is caused by the specific loss of ClC-2 expression
nd not due to secondary effects on the expression of
ther chloride channels/transporter implicated in hip-
ocampal neurotransmission.

lder mice exhibit overt seizure activity in response
o GABAA inhibitors: bicuculline and picrotoxin

nitially, it was suggested that ClC-2 may function to reg-
late neuronal excitability by facilitating GABAA mediated

ig. 4. Expression of other hippocampal chloride channels/transport-
rs unaffected in ClC-2 KO mice. Whole brain tissues obtained from
our ClC-2 KO and Wt siblings (�6 mon) analyzed by SDS-PAGE and
mmunoblotting, probing for expression of chloride channels (ClC-2
nd GABAA subunits commonly expressed in hippocampus) and
ransporters(ClC-3 and KCC3). Disruption of ClC-2 expression in
lC-2 KO does not appear to affect expression of other chloride
a
hannels/transporters implicated as important in hippocampal health
nd function.
eurotransmission (Staley et al., 1996). Further, loss of
lC-2 expression may convert GABA mediated neuro-

ransmission from inhibitory to excitatory. If the abnormal
CoG behaviour exhibited in older ClC-2 KO mice is related

o GABA mediated excitatory neurotransmission, one would
redict that treatment with the GABAA inhibitors, bicuculline
nd picrotoxin would reverse this phenotype. In Fig. 5 we
how that, in contrast to this prediction, these GABAA inhib-

tors caused enhanced seizure activity in the ClC-2 KO mice.
he latency of seizure onset was significantly reduced and

he frequency of seizures significantly increased in ClC-2 KO
nimals relatively to their Wt siblings. These findings argue

hat ClC-2 expression does not directly regulate GABAA me-
iated neurotransmission. Rather, seizure susceptibility may
e secondary to inflammation and neurodegeneration in the
A3 region of the hippocampus and the disruption of neural
etworks.

DISCUSSION

n the current study, we showed that disruption of ClC-2
xpression is associated with hippocampal neurodegen-
ration in aging mice and an abnormal ECoG with the
ccurrence of spontaneous interictal spikes. Together with
vidence for enhanced astrocyte activation in the hip-
ocampus of ClC-2 KO mice and specific neurodegenera-
ion in the CA3 region of the hippocampus, a region which
s particularly susceptible to age-related neuroinflamma-
ion (Rizzi et al., 2003), we suggest that ClC-2 function
ay normally modulate astrocyte: neuron interactions in

he hippocampus.

eurodegeneration observed in ClC-2 KO mice is
ifferent from that observed in ClC-3 and KCC
ransporter KO mice

lC-3 KO mice also exhibit neurodegeneration, however
he time course and the lesion location differs from that
bserved in ClC-2 KO mice. In the case of ClC-3 KO mice,
eurodegeneration has an early onset, starting at 2 weeks
fter birth and results in the complete loss of the hippocam-
us by 3 months (Stobrawa et al., 2001). A lesion first
ppears in the CA1 region as early as postnatal day 21
ith progression to CA3 and other regions of the hip-
ocampus at later times (Stobrawa et al., 2001). Similarly,
hotoreceptor degeneration in the retina is apparent at
12. The early onset of such a severe phenotype points to
primary role of ClC-3 in neuronal function. Although the

ellular mechanism underlying this severe phenotype re-
ains unclear, it has been speculated that it is related to
lutamate toxicity due to abnormal glutamate uptake by
ynaptic vesicles. In contrast to ClC-3, ClC-2 protein is not
xpressed on synaptic vesicles, but rather in the endo-
omes and plasma membrane of neurons (Sik et al.,
000), and hence is not expected to contribute directly to
lutamate uptake and release from synaptic vesicles. As
or the ClC-3 knockout mice, the neurodegeneration and
nhanced seizure susceptibility induced by disrupted ex-
ression of the potassium: chloride cotransporters, KCC3

nd KCC2 is also apparent in young mice (less than a
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onth of age) (Boettger et al., 2003; Hubner et al., 2001).
he acute and early onset of neuronal degeneration in
CC2 and KCC3 knockout mice is thought to reflect their

undamental role in regulating neuronal chloride concen-
ration and inhibitory neurotransmission (Boettger et al.,
003; Hubner et al., 2001). A similar mechanism is unlikely
o account for the slowly progressive hippocampal neuro-
egeneration observed in ClC-2 knockout mice.

strocyte activation and neurodegeneration caused
y disruption of ClC-2 expression

ithin the hippocampus, ClC-2 is localized to neuronal so-
ata, dendrites and axon initial segments associated with
ctive zones of symmetrical (presumed to be GABAergic)
ynapses (Sik et al., 2000). Interestingly, ClC-2 is also
ighly concentrated on astrocytic end feet that come into
lose contact with neighboring astrocytes, pyramidal neu-
ons and small blood vessels (Sik et al., 2000). The dis-
inctive expression pattern of ClC-2 lead to the hypothesis
hat ClC-2 has a functional role in modifying astrocyte:
euron interactions (Sik et al., 2000). The observed hip-
ocampal astrocyte activation and neurodegeneration
aused by the loss of ClC-2 supports this hypothesis and a
ole for ClC-2 in the maintenance of neuronal health (Rossi
nd Volterra, 2009). Although the molecular basis for the
unctional role of ClC-2 in astrocyte: neuron communica-

ig. 5. Inhibition of GABAA function induces seizures. Age matched
eceptor inhibitors, picrotoxin or bicucullin. ECoG were recorded with
umber of seizures associated with exacerbation of spike and wave di
nd the latencies prior until seizures for Wt and ClC-2 KO animals after
etween Wt and KO groups using the Students paired “t” test (P�0.0
ion is largely unknown, it may relate to a role in maintain- l
ng extracellular ion homeostasis (Sik et al., 2000). For
xample, ClC-2 is thought to contribute to male germ cell
evelopment in mice by maintaining the ionic and pH
nvironment that is critical to the functional interactions
etween male germ cells and Sertoli cells (Bosl et al.,
001).

Activation of astrocytes has been implicated in multiple
eurodegenerative diseases including acute traumatic
rain injury, Alzheimer’s disease and inflammatory demyeli-
ating diseases (Nair et al., 2008; Rossi and Volterra, 2009).
ecently, Gavilan et al. (2007) showed (in the aging rodent
rain) that neuroinflammation-related degeneration of soma-
ostatin-expressing GABAergic neurons was highly con-
entrated in the hilus of the dentate gyrus and the CA3
egion (Gavilan et al., 2007). Interestingly, both of these
egions are distinctive with respect to the relatively large
xtent of their vascularization (Cavaglia et al., 2001). Loss
f somatostatin-expressing GABAergic neurons has also
een reported to contribute to a reduced seizure threshold

n an experimental model of temporal lobe epilepsy, a
rocess which may also involve neuroinflammation (Cos-
art et al., 2001). This model of temporal lobe epilepsy
ears remarkable similarities with the morphological and
lectrophysiological phenotype described in the present
tudy of the older ClC-2 KO mice. Although speculative, it

s possible that the observed neurodegeneration due to

) Wt (n�7) and ClC-2 KO (n�7) mice were treated with the GABAA

t) electrode pairs: F–F (frontal–frontal), P–P (parietal–parietal). The
on the ECoG were recorded. The bar graphs show seizure frequency
n treatment, mean�SEM. * indicates statistically significant difference
(�6 mon
(left-righ

scharges
oss of ClC-2 is related to neuroinflammation and the loss
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f GABAergic neurons in the CA3 region, thereby account-
ng for the enhanced basal excitability and seizure suscep-
ibility. Future studies which reveal the basis for enhanced
euroinflammation and confirm the identity of specific neu-
ons lost in the CA3 region of the ClC-2 KO mouse will be
ritical to understanding the neuroprotective role that
lC-2 plays in the aging hippocampus.

bnormal electrical activity recorded in older ClC-2
O mice suggests a propensity for temporal lobe
pilepsy

he current studies of ClC-2 KO mice do not support a
rimary role for ClC-2 in the etiology of generalized epi-

epsy, as the morphological and electrophysiological phe-
otypes do not appear until the mice are relatively old.
ather, our findings suggest that the impact of additional
enetic and/or environmental factors conspire with the
onsequences of disrupting ClC-2 expression to promote a
roinflammatory state in the hippocampus which leads in

urn to neuroinflammation and neurodegeneration. Fur-
her, our data suggest that the search for linkage of CLCN2
utations to modification of seizure susceptibility should
xtend beyond idiopathic generalized epilepsies to include

ocalization related epilepsies such as the temporal lobe
pilepsies.
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