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A ltered GABAergic function accompanies hippocampal degeneration
in mice lacking ClC-3 voltage-gated chloride channels
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Abstract

Mice lacking ClC-3 chloride channels, encoded by theClcn3 gene, undergo neurodegeneration of the hippocampal formation and retina
[Neuron, 29 (2001) 185–196;Genes Cells, 7 (2002) 597–605]. We independently created a mouse lacking theClcn3 gene which
demonstrated similar central nervous system abnormalities, including early postnatal degeneration of retinal photoreceptors. However, we
observed a characteristic spatial–temporal sequence of hippocampal neurodegeneration that differs from the pattern previously reported.
Anterior-to-posterior degeneration and astrogliosis of the dentate gyrus and hippocampus progressed over months. Sequential loss of
hippocampal neuronal subpopulations began in the dentate gyrus and progressed to CA3, followed by CA1 neurons. Projection neurons of
the entorhinal cortex degenerated, secondary to the loss of their synaptic targets within the hippocampal formation. Other characteristics

2 /2of the Clcn3 mice included an abnormal gait, kyphosis, and absence of hindlimb escape extension upon tail elevation. Spontaneous
2 /2seizures were observed in four adultClcn3 mice, and one mouse died during the event. We hypothesized that neuronal injury may be

2 /2related to recurrent seizures.Clcn3 mice had normal serum electrolytes and pH, and exhibited neither hyperglycemia nor rebound
hypoglycemia following a glucose load. They displayed a greatly reduced susceptibility to pentylenetetrazole-induced seizures and an
abnormally prolonged sedation to benzodiazepines. There was no change in vulnerability to kainic acid-induced seizures. Immunostaining
revealed a progressive loss of GABA synthesizing cells in the dentate gyrus. The death of these cells was preceded by increased GABAA

2 /2receptor immunoreactivity. These data suggest that GABA inhibitory neurotransmission is altered inClcn3 mice. The increase inA

GABA receptor density may represent a compensatory response either to chronic excessive excitatory stimuli or reduced inhibitory inputA

from local GABAergic interneurons within the dentate gyrus.
   2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction stasis. The concentration gradient for chloride across the
cell membrane is determined by the balance of chloride

Neuronal excitability is modified by chloride ion homeo- importation (Na–K–2Cl co-transporter, NKCC1) and ex-
portation (KCl co-transporter, KCC2) [52,61], and by the
activity of a variety of chloride conductances, including
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among neuronal populations. In adult hippocampal pyrami- membrane regulator (CFTR) [38]. Alternatively, ClC-3 has
2dal neurons, under normal conditions, net outward Cl been proposed to function as an intracellular channel that

transport makes the equilibrium potential for chloride more regulates acidification of synaptic vesicles [58] or endo-
negative than resting membrane potential. Thus, short-term somes [72].
activation of pyramidal GABA receptors produces repo- Neuronal excitability could be most directly affected byA

larization or hyperpolarization [42]. In contrast, chloride ClC-3 if the channel is present at the cell surface and
conductance activation in dorsal root ganglion neurons can active at physiological voltages. What is the evidence that
yield depolarizing potentials [53]. Developmental changes ClC-3 functions in the plasma membrane? When ClC-3
during the first weeks of life also affect the net result of was initially expressed inXenopus oocytes [27] or in
activating hippocampal chloride channels. GABA recep- Chinese hamster ovary cells (CHO-K1) [34], outwardly-A

tors are excitatory in the neonatal period and become rectifying chloride currents were observed that were
inhibitory with maturation [11]. This transition is related to blocked by activation of protein kinase C (PKC) [27].
postnatal upregulation of KCC2 expression [20,46]. While Subsequent expression of cloned ClC-3 in NIH 3T3
much is known about the functional contribution of ligand- fibroblasts resulted in similar outwardly rectifying currents
gated chloride channels and chloride transporters to neuro- that were activated by cell swelling and inhibited by PKC
nal excitability, little is known about the role of specific at a specific site [18]. In contrast, human epithelial cells
ClC chloride channels. A lack of pharmacological agents stably transfected with the full-length human CLCN3 gene
specific for these channels has compelled the use of a displayed a CaMKII-regulated Cl current that was not
variety of genetic and molecular strategies to study the activated by changes in cell volume [24]. Finally, two
function of these proteins. different groups have demonstrated that at least a propor-

ClC-3 is a member of the ClC family of voltage-gated tion of ClC-3 is present in the plasma membrane because
chloride ion channels. ClC channels play diverse roles in ClC-3 protein can be labeled using the membrane-im-
various tissues, including: regulation of muscle excitability permeant thiol-reactive reagent, biotin-maleimide [24,66].

2 /2and repolarization (ClC-1) [28], cell–cell interactions in The initial report onClcn3 gene ‘knockout’ mice
the blood–testes and blood–retina barriers (ClC-2) [8], demonstrated that lack of the ClC-3 protein in did not
renal proximal tubular endocytosis (ClC-5) [43], and bone eliminate normal volume-regulated chloride conductances
metabolism (ClC-7) [29]. ClC-3 is highly expressed in in hepatocytes or pancreatic acinar cells. Most strikingly,
neurons, renal and gastrointestinal epithelial cells [48] and these mice displayed rapid degeneration of the hippocam-
in the media and intima of blood vessels [31]. Within the pus and retina [58]. Electrophysiologic examination of
central nervous system, the highest density of expression is CA1 pyramidal cells in mouse pups prior to neuronal loss
in the hippocampal formation and cerebellum [7,27]. The revealed no major abnormalities, other than slightly in-
only member of the ClC family with an identified function creased glutamate-mediated miniature post-synaptic ex-
in mammalian neurons is ClC-2, which produces an citatory potentials, and diminished synaptic plasticity as
inwardly-rectifying chloride conductance in selected neu- indicated by decreased post-synaptic potentiation. ClC-3
ronal populations, depending on the state of brain matura- co-localized with synaptic vesicle proteins isolated from
tion [12,50,53]. Over-expression of ClC-2 in dorsal root normal mouse brain, and acidification was slowed in

2 /2ganglion cells resulted in a large negative shift in the Cl2 Clcn3 synaptic vesicles. These authors concluded that
equilibrium potential that attenuated GABA-mediated ClC-3 is an intracellular anion channel involved in the
membrane depolarization and prevented GABA receptor- regulation of synaptic vesicular pH, and they hypothesizedA

mediated action potentials. However, ClC-2 ‘knockout’ that neuronal degeneration might be due to excitotoxicity
mice show no alteration in seizure threshold and have a secondary to enhanced glutamate packaging within synap-
structurally normal central nervous system (CNS), aside tic vesicles.

2 /2from retinal degeneration due to a defect in the retinal A second, independently-generatedClcn3 mouse
blood–tissue barrier [8]. ClC-4 is expressed in hippocam- was recently reported to display a similar neurodegenera-
pus and cerebellum [1], and lesser amounts of ClC-5 are tive process, that reportedly resembles human ceroid
expressed diffusely in brain [55], but no abnormal CNS lipofuscinosis [72]. Subunit c of mitochondrial F1F10
phenotype accompanies the ‘knockout’ of either ClC-4 ATPase was shown to have accumulated in lysosomes of

2 /2[41] or ClC-5 in mice [43,65]. theClcn3 mouse, and an elevation of hepatic endo-
Very little information regarding ClC-3 has been derived somal pH was detected. Localization of ClC-3 to lyso-

from studies of neuronal function. Most ClC-3 data has somes has also been demonstrated in a heterologous
been gleaned from artificial expression systems. The expression system [35]. However, lipofuscin is not appar-
subcellular localization and biophysical nature of ClC-3 ent in the electron microscope photographs presented in
channels are topics of considerable debate. ClC-3 has been the study of Stobrawa et al. [58].
proposed to be a cell surface channel regulated by (1) Clearly, significant debate remains regarding the regula-
swelling [19], (2) calcium-calmodulin-dependent protein tion and localization of ClC-3 channels in general, and
kinase II (CamKII) [24] or (3) the cystic fibrosis trans- their function in neurons in particular. We also indepen-



L.W. Dickerson et al. / Brain Research 958 (2002) 227–250 229

2 /2dently created a mouse lacking ClC-3, as reported in 2 .2. Generation of Clcn3 mice
preliminary form [49]. The major CNS defects (hippocam-
pal degeneration, retinal blindness, behavioral excitability) The parental ES cell line R1 was derived from mouse

2 /2 win our Clcn3 mice confirm the basic features described strain 129/SvJ, which carries an Agouti (A ) coat color
by the other groups [58,72]. marker. ES cells heterozygous for the mutantClcn3 alleles

The objectives of the present study were to: (1) create a were injected into C57Bl /6J blastocysts. Chimeric animals
2 /2Clcn3 ‘knockout’ mouse model, (2) characterize its were bred and the DNA of their progeny assayed for

phenotype, particularly with regard to the brain and presence of the mutant allele. Both lines (derived from the
behavior, (3) investigate in detail the time course and two colonies isolated above) of chimeras transmitted the
anatomical sequence of neurodegeneration and gliosis in ES cell genome to the next generation when chimeric
the dentate gyrus and hippocampus, and (4) test the males were bred to C57Bl /6J females. Heterozygous F1
hypothesis that hippocampal degeneration is related to hybrids were intercrossed to generate homozygotes. Thus,
recurrent seizures by measuring the susceptibility of the the genetic background of animals used in this study is a
mice to drug-induced seizures. Results of these studies led mixture of 129/Sv and C57Bl /6J.
us to examine GABAergic function more closely. We Progeny were genotyped using PCRs. Primers specific
present pharmacological and immunohistochemical evi- for the wild type allele were derived from exon 7 and
dence that alterations in GABAergic function precede and intron 7 (forward, 59-TACATGTTGCCTGCTGCTGT-39;
accompany hippocampal degeneration. Our data support reverse, 59-CTGCAGCACTCAACTCCAGA-39) and prim-
the hypothesis that lack of a functional ClC-3 chloride ers specific for the knockout allele were derived from the
channel disturbs the balance of inhibition and excitation neomycin gene (forward, 59-TGAATGAACTGCAGGAC-
within the hippocampus and contributes to neurotoxicity in GAG-39; reverse, 59-ATACTTTCTCGGCAGGAGCA-39).

2 /2the Clcn3 mouse. PCRs contained 1ml of cDNA or 40 ng of total mouse
]

DNA added to 0.25 U BIO-X-ACT DNA polymerase
(Bioline, Kenilworth, NJ, USA) in the buffer with 1.5 mM
MgCl , 200mM dNTPs, and 1mM primers. Conditions for2

2 . Materials and methods the PCR experiments were: 948C denaturation for 2 min,
57 8C annealing for 30 s, 688C extension for 1 min, 35

2 .1. Construction of replacement vector and gene cycles.
targeting

2 .3. Western blot of CLC-3 protein
A Clcn3 replacement vector, pBYClc3, was constructed

in two cloning steps. For the 39 homology, a 3.6 kb Bgl II Mouse brain homogenates were used to identify native
fragment, including part of intron 7, exons 8 and 9, and ClC-3 protein. Tissues were prepared as previously de-
part of intron 9, was subcloned into the BamHI site of scribed [62]. Mouse brains were homogenized twice by
pOSdupdel (a gift of O. Smithies, University of North 10-s strokes at power level 5 with a Polytron homogenizer
Carolina at Chapel Hill, NC, USA). The BclI site located (Brinkmann Instruments, Westbury, NY, USA) in 5 ml /g
within intron 7 was removed by digestion withBclI and tissue of homogenization solution [10 mM HEPES ad-
Klenow filling-in. For the 59 homology, a 2.1 kb poly- justed to pH 7.4 with Tris, 10% sucrose, 1 mM EDTA, 1
merase chain reaction (PCR) fragment, containing part of mM phenylmethylsulfonyl fluoride (PMSF), with one
intron 5 and part of exon 6, was subcloned into the BclI tablet of COMPLETE protease inhibitor (Roche Applied
and XhoI sites of pOSdupdel. This targeting vector deletes Science, Indianapolis, IN, USA) per 50 ml]. Homogenates
part of transmembrane domain 2, located in exon 6, and all were centrifuged at 2,500g for 15 min at 48C and the
of transmembrane domains 3 and 4, located in exon 7. The supernatants were saved. The pellets were resuspended in 5
targeting construct was linearized and introduced into R1 ml of homogenization buffer per gram of starting tissue,
embryonic (ES) cells (129X1/SvJ3129S1/Sv) via elec- then homogenized and recentrifuged as above. The super-
troporation. The ES cells were then cultured for 24 h in natants were combined and crude membrane proteins were
regular medium [DMEM-H115% fetal calf serum (FCS)] precipitated by centrifugation at 22,000g for 20 min at
and 10 to 14 days in selection medium (regular medium1 4 8C. The supernatants from this step were discarded and
G418 at 200mg/ml1gancyclovir at 2mM). Surviving the pellets were resuspended in phosphate-buffered saline
colonies were picked and expanded for screening. The (PBS) containing 1 mM EDTA, 1 mM PMSF, and
colonies were analyzed by Southern blot analysis using ‘COMPLETE’ protease inhibitor (one tablet per 50 ml)
NdeI restriction digestion and hybridization with a 1 kb then passed once through a 25-gauge needle and once
PCR product amplified from intron 9. Of the 69 colonies through a 30-gauge needle. Aliquots were quickly frozen
picked, two showed the distinct targeted allele and were in liquid N and stored at285 8C until use.2

used for generation of chimeras via blastocyst microinjec- Approximately 100mg of crude membrane protein was
tion. separated by two-phase Tricine–polyacrylamide gel elec-
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trophoresis (10% T/6% C resolving layer, 4% T/3% C was administered intraperitoneally to unsedated mice.
stacking layer), and transferred onto nitrocellulose mem- Blood samples were taken from a nick in the tail vein and
brane (Hybond ECL, Amersham Pharmacia Biotech, Pis- drawn by capillary action into microcuvettes (B-glucose
cataway, NJ, USA) in buffer containing: 10 mM CAPS HemoCue Microcuvettes, Angelholm, Sweden), and placed
adjusted to pH 11 and 10% methanol. The blot was into a B-Glucose Analyzer (HemoCue). Time points for
blocked overnight at room temperature in blocking buffer measurement included: baseline, 30, 60, 90, and 120 min.
[PBS containing 1% Tween-20, 4% bovine serum albumin To minimize total blood volume taken from each mouse, a
(BSA), and 1% normal goat serum]. After blocking, the separate group of mice was fasted overnight and serum
blot was incubated for 2 h at room temperature in blocking insulin levels were measured using an enzyme-linked
buffer containing a 1:250 dilution of rabbit anti-ClC3 immunosorbent assay (ELISA) kit ([90060, Crystal Chem
polyclonal antibody (Alomone Laboratories, Jerusalem, Inc., Chicago, IL, USA).
Israel), washed 33 with PBS-T (PBS containing 1% To quantify spinal conformation and assess kyphosis,
Tween-20), incubated for 1 h at room temperature in mice were sedated with midazolam HCl, (10 mg/kg s.c.,
blocking buffer containing a 1:5000 dilution of horseradish Roche) and suspended by the tail in front of an X-ray film
peroxidase (HRP)-conjugated goat anti-rabbit IgG (Jack- cassette for both lateral and frontal position X-rays of
son ImmunoResearch Laboratories, West Grove, PA, USA), skeletal structure. The force applied to straighten the spine
and again washed 33 with PBS-T. Immune complexes therefore consisted of the body weight of each individual
were detected on film using Enhanced ChemiLumines- mouse. This sedated, suspension method controlled for
cence (Amersham Pharmacia Biotech). variations in muscle tone and avoided artifactual curva-

tures associated with positioning of an unconscious mouse.
2 .4. Mouse phenotyping: growth, survival, general Thoraco–lumbar and cervico–thoracic angles were mea-
appearance, and behavior sured with a protractor from lateral view X-rays. Knock-

outs were gender-matched to heterozygote littermates, and
All mice were fed standard mouse chow and water, ad when an appropriate littermate was not available, an age

libitum, and maintained on a 12:12 h light:dark schedule. and gender-matched control was used.
Care of mice in these experiments met or exceeded
standards set forth by the National Institutes of Health in 2 .5. Histology
their guidelines for care and use of experimental animals.
All procedures were approved by the University of Iowa For neuropathological studies, wild type, heterozygous
Animal Care and Use Committee. and knockout mice were sacrificed at a series of ages

Mice were weighed at the time of tail tissue collection ranging from postnatal day (PD) 23 to PD678. Three
for genotyping, at weaning and periodically thereafter. The animals of each genotype were included for each age
mouse colony was checked for animal deaths daily and range. Following a lethal injection of pentobarbital (.50
fully inventoried at least once each month in order to mg/kg, i.p., to effect), the mice were perfused via the left
assess survival of the different groups of mice. General and ventricle with ice cold 0.1 M phosphate buffer, followed
specific behaviors of the mice were observed. The escape by a fixative containing 4% paraformaldehyde in 0.1 M
extension response to tail elevation was evaluated by phosphate buffer. The brains were removed and stored in
measuring the time to onset of rear-leg folding in unse- cold fixative for a minimum of 1 week. Some of the brains
dated mice held by the tail, 30 cm above a flat surface for were dehydrated through a graded series of alcohol, prior
1 min. to paraffin embedment. The paraffin-embedded tissue was

21Blood tests were performed for pH, electrolytes, Ca , cut on a rotary microtome in the coronal plane at a
21Mg , and glucose metabolism, to assess for abnormalities thickness of 5mm. Sections throughout the rostral–caudal

that could affect neuronal function. Blood gas measure- axis of the brain were mounted onto glass slides and a 1:4
ments were performed using an IL 1620 blood gas series of sections was Nissl-stained with cresyl violet. The
analyzer (Instrumentation Laboratories, Lexington, MA, remaining fixed brains were placed in 30% sucrose in 0.1
USA) on venous retro-orbital blood samples drawn with M sodium phosphate until they sank. Forty-micrometer-
capillary tubes from sedated mice (midazolam HCl, Roche, thick frozen sections were cut horizontally on a sliding
10 mg/kg s.c.). Hematocrits were measured from separate microtome and either Nissl-stained or used for immuno-
retro-orbital blood samples in 70ml capillary tubes that staining.
were permitted to stand vertically for 1 h before being To determine whether the neuronal loss observed in the
spun (5 min) in a capillary microcentrifuge. Serum chemis- knockout mice was accompanied by astrogliosis, sections
try tests were performed by the University of Iowa Clinical were stained immunohistochemically for glial fibrillary
Laboratories. acidic protein (GFAP), a specific marker for astrocytes

For glucose tolerance tests, mice were fasted overnight within the CNS. These sections were first incubated with
but permitted access to water. A dose of 2 g glucose/kg 3% hydrogen peroxide for 30 min, followed by goat serum
(200 ml /20 g of body weight of a 20% glucose solution) blocking solution for 60 min, then incubated with a
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monoclonal guinea pig anti-mouse GFAP antibody (Sigma, obtained from the same deeply anesthetized, perfused
St. Louis, MO, USA). Detection was performed using animals as above. Tissues were dissected postmortem and
biotinylated goat anti-guinea pig secondary antibody (Vec- examined at the macroscopic level before additional
tor Laboratories, Burlingame, CA, USA), followed by fixation in 4% paraformaldehyde in PBS. Fixed tissue was
ABC Elite (Vector) and diaminobenzidine (Vector). PBS embedded in paraffin, sectioned (8mm), stained by hema-
was used for all dilutions and rinses. toxylin and eosin (H&E) according to standard protocols

In addition to GFAP, brain sections from animals at and examined by light microscopy.
PD23 and PD73 were stained immunohistochemically for
glutamic acid decarboxylase (GAD-67), the enzyme re- 2 .6. Behavioral responses to drugs
sponsible for the synthesis of GABA, or for the GABAA

receptor. The immunohistochemical technique for the Drug experiments were conducted in a quiet daytime
GAD-67 and GABA receptor staining was identical to laboratory setting, and behavioral responses were assessedA

that used for GFAP staining except that the secondary in terms of type, time of onset, duration, severity, and
antibodies were produced in horses, so that the blocking lethality (if any). There was a minimum 1-week washout
solution employed was horse serum. The primary anti- period after midazolam before any other studies were
bodies were goat anti-mouse GAD-67 (catalog No. SC- conducted. Midazolam (10 mg/kg i.p.) was administered
7512) and goat anti-mouse GABA R alpha5 (catalog No. to mice aged 3–4 months which were observed for up to 2A

sc-7356) obtained from Santa Cruz Biotechnology (Santa h, or until the mouse recovered and was ambulating
Cruz, CA, USA). The secondary antibody was horse anti- spontaneously and with normal locomotion. Because of the

2 /2goat IgG (Vector Laboratories, catalog No. BA9500). For loss of the righting reflex in theClcn3 mice, and the
the diaminobenzidine reaction, all sections were allowed to association of this behavior with anesthetic indices, reflex
react for 7 min. withdrawal responses were assessed every 10 min in all

GAD-67 and GABA receptor immunolabeling was mice by light toe pinch using forceps.A

quantitatively assessed through the use of an image The pro-convulsant, pentylenetetrazole (PTZ), was dis-
analysis system. Single representative horizontal sections solved at 7 mg/ml in sterile 0.9% NaCl and administered
at the level of the mid septo–temporal hippocampus were to 4–5-week-old mice (70 mg/kg i.p.). To determine
analyzed for each mouse (n53 wild type, heterozygote, whether resistance to PTZ-seizure induction persisted into
and knockout at each of two ages, PD23 and PD73, for a adulthood, the drug was given to a separate group of mice
total n of 18 for both GAD-67 and GABA receptor). In aged 3–4 months (52.5 mg/kg i.p.). The lower dose ofA

each analyzed section, the hippocampal formation was PTZ was selected for the adult mice because 70 mg/kg i.p.
digitally photographed utilizing uniform levels of contrast proved lethal to adult mice of all three genotypes, and the
and brightness, generating an eight-bit gray-scale image. dose of 35 mg/kg was not consistently effective in

The relative densities of GABA receptor and GAD-67 producing seizure activity in the control mice. ParametersA

immunolabeling in hippocampal stratum granulosum and measured during the 60-min observation period included
stratum pyramidale of CA3 and CA1 were measured time to onset of behavioral arrest, myoclonic jerks,
through the use of the NIH public domain Image J image generalized tonic-clonic seizures or full tonic extension,
analysis software. For both GABA receptor and GAD-67, and duration of the first generalized seizure, if oneA

regions of lightly-stained and of darkly-stained tissue were occurred. Lethality was assessed 60 min post-injection
first identified among the entire set of analyzed images, [36].
and the density of pixels within those regions were Kainic acid (KA, 30 mg/kg i.p) was administered to
measured. A linear calibration function was then estab- 4–6-week-old mice. The dose of KA was selected based
lished by assigning a gray value of 1 to the pixel value of on dose–response studies conducted in the C57/black
the lightly stained region and a gray value of 100 to the strain of mice [23]. Seizure-related and complex
pixel value of the darkly stained region. stereotypical activity was observed for up to 2 h. KA-

For each of the analyzed sections, stratum granulosum induced seizure related behaviors were graded using a
of the dentate gyrus, and stratum pyramidale of the CA3 scale derived from those of Levkovitz et al. [32] and Hu et
and CA1 regions of the hippocampus were traced, and the al. [23]. We defined KA-induced seizure activity as fol-
mean gray values within those regions were determined by lows: grade 1: behavioral arrest, staring; grade 2: myo-
the Image J software. In order to account for possible clonic jerks of limbs, head, neck, or thorax, or head
differences in background levels of staining in each nodding/swaying; grade 3: unilateral clonic activity, front
section, mean gray values were also determined over or hindlimb pawing, may result in circling; grade 4:
regions of white matter within the same tissue sections. bilateral forelimb tonic or clonic activity (pawing the air,
The density of staining at each of the analyzed regions was rearing, jumping, wobbling, falling); grade 5: generalized
expressed as the ratio of mean gray value within each tonic /clonic activity with loss of postural tone, with or
hippocampal region to mean gray value of background. without death. We measured the latency to onset of the first

For studies of eye and muscle histology, tissues were occurrence of each grade of seizure-related activity. The
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durations of generalized seizures were noted, where practi- was used for non-parametric comparisons. When only two
cal, but in most cases individual behavioral abnormalities, groups (i.e., males versus females) were compared non-
once expressed, recurred over extended periods (1–2 h). parametrically, the proportions of mice in each group
We did not use this scale for PTZ-induced seizures because exhibiting a characteristic (e.g., survival to a time point)
PTZ has qualitatively different effects, and only grades 1, were compared usingz-tests. The numbers of mice born
2 and 5 would apply. with each genotype were compared to the expected Men-

To avoid any kindling effects, each mouse was tested delian ratios using the Chi-square test.P,0.05 was
with only one of the two seizure-inducing drugs, in a interpreted as statistically significant. Values were ex-
single experiment. To avoid confounding the data in other pressed as the mean6S.E.M.
projects, mice that had received either KA or PTZ were
excluded from all subsequent behavioral tests and from
brain histologic analysis. 3 . Results

2 .7. Statistical analysis 3 .1. Disruption of the Clcn3 gene and generation of
2 /2Clcn3 mice

Unless otherwise stated, numbers of males and females
were balanced within each genotype, and animals were A null mutation in theClcn3 gene was generated by
age-matched as closely as possible when a littermate was replacing part of exon 6 and all of exon 7 with a cassette
not available. Comparisons between groups of animals containing the neomycin resistance gene (Fig. 1A). Appro-
were performed by one-way analysis of variance priate gene targeting was detected by Southern blot
(ANOVA). Dunnett’s test for multiple comparisons (seizure analysis (Fig. 1B) in two of 69 colonies surviving double
data) or Newman–Keuls post-hoc analysis (immunostain- selection. Both lines of chimeras transmitted the ES cell
ing) were employed when theF statistic of the ANOVA genome to the next generation when bred to C57BL/6J
was significant (P,0.05). t-Tests were used when only females. Heterozygous F1 hybrids from chimera breeding
two groups were compared. The Wilcoxon rank sum test were intercrossed to generate homozygotes. The knockout

Fig. 1. Targeted inactivation of theClcn3 gene. (A) The structure of theClcn3 gene for exons 5 through 10, the replacement vector and the targeted allele.
The knockout allele replaces 13 bp of exon 6 and all of exon 7 with vector sequence including the neomycin resistance gene (NeoR). (B) Embryonic stem
cells were genotyped by Southern blot analysis. When genomic DNA was digested with the restriction enzymeNheI (N), the probe (open rectangle at top)
detected a 6.6 kb fragment representing the wild type allele and a 5.8 kb fragment for the knockout allele. (C) Genotyping of mice by PCR. Mice
homozygous for the knockout allele (2 /2), heterozygous (1 /2) and homozygous for the wild type (1 /1) were identified by PCR amplified from mouse
genomic DNA using primers specific for the wild typeClcn3 gene (exon 7) and the neomycin resistance gene (Neo), respectively. A 100 bp ladder is
included as a size standard (M). (D) Western blot analysis shows that the ClC-3 protein is present in mice that are homozygous for the wild type (1 /1)
allele and absent in mice that are homozygous for the knockout (2 /2) allele. Migration of molecular weight standards (kDa) is indicated at left.
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and wild type alleles were detected by PCR using primers 3 .2. General appearance, growth, survival, and behavior
specific for the neomycin resistance gene and exon 7,

2 /2respectively (Fig. 1C). Western blotting of brain membrane Both the growth and survival ofClcn3 mice were
proteins revealed a complete absence of ClC-3 protein in impaired substantially compared to age- and gender-

2 /2 1 /2 1 /1the Clcn3 mouse (Fig. 1D). matchedClcn3 and Clcn3 mice (Fig. 2). There
When 578 intercross progeny from 79 litters were were no major differences in the growth (Fig. 2A, B) or

1 /1 1 /2 2 /2 1 /2 1 /1genotyped, the ratio ofClcn3 , Clcn3 andClcn3 survival for Clcn3 mice compared toClcn3 mice
1 /2 1 /2mice (127, 330, 121) resulting fromClcn3 3Clcn3 (survival data for wild types not shown). Male and female

1 /2 1 /1breedings was not statistically different than expected from Clcn3 and Clcn3 mice continued to gain weight
2 /2predicted Mendelian ratios, demonstrating that theClcn3 throughout the first 6 months of life. Adult maleClcn3
2 /2gene is not required for viability at birth. Some, but not all, mice rarely exceeded 30 g (Fig. 2A), and femaleClcn3

2 /2male Clcn3 mice successfully fathered litters that mice rarely exceeded 25 g (Fig. 2B). The weight differ-
2 /2contained normal numbers of healthy pups. Only one litter ence betweenClcn3 mice and their littermates was

2 /2was ever observed from numerous pairings ofClcn3 significant as early as PD9–PD11 for both males: knock-
]]1 /2females andClcn3 males. That litter of four pups died outs 4.560.2 g, (n523); heterozygotes 6.760.3 g, (n525);

shortly after birth. wild type 6.160.2 g, (n525) and females: knockouts
]]

2 /2 2 /2Fig. 2. Growth and survival ofClcn3 mice. At all time points from 1 month and onwards in panels A–D,Clcn3 mice show statistically significant
2 /2 1 /2differences from their gender-matched littermates. (Asterisks omitted for simplicity). (A) Growth of maleClcn3 mice is less than that of maleClcn3

1 /1 2 /2 1 /2 1 /1andClcn3 mice. (B) Similarly, growth of femaleClcn3 mice is impaired compared to femaleClcn3 andClcn3 mice. (C) Survival curves
2 /2 1 /2 1 /2indicate high mortality rate in the first 10 months of life in maleClcn3 mice compared to maleClcn3 mice. Survival ofClcn3 mice was not

1 /1 2 /2different from that ofClcn3 mice (data not shown). (D) Survival curves demonstrate that femaleClcn3 mice have greater mortality than female
1 /2 2 /2Clcn3 mice. Comparison with (C) shows there are no differences in mortality rates between male and femaleClcn3 mice at any time point in the

first 10 months of life.
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4.560.3 g (n522); heterozygotes 6.260.4 g (n523); wild in serum Na, Cl, HCO , pH, Ca, Mg, osmolality or3
2 /2 1 /2hematocrit were detected betweenClcn3 , Clcn3type 5.960.3 g (n523).

1 /1 2 /2andClcn3 mice.Clcn3 mice showed no significantKnockout mice died prematurely and unexpectedly (Fig.
elevation of creatine kinase, a non-specific indicator of2C, D), without any obvious prodrome of illness. The
muscle damage. Glucose tolerance tests (Table 1) weredeath rate was fairly constant throughout the first 10

1 /2 1 /1 2 /2months of life, with the exception of a peak in deaths performed on fastingClcn3 , Clcn3 and Clcn3
associated with weaning, and otherwise was not increased mice challenged with a glucose load. Fasting blood

2 /2significantly during the first 2 months of life when rapid glucose was significantly lower inClcn3 mice (13267
degenerative changes were occurring in the hippocampus mg/dl,n56, P,0.05) than in the other two groups

1 /2 1 /1and retina. By 3 months, one-third of all knockout mice (Clcn3 , 170613 mg/dl,n56; Clcn3 , 170613 mg/
2 /2had died, and by 6 months half were dead. No gender- dl,n56). The Clcn3 animals also had a lower peak

related differences in survival were seen at any time point glucose (21268 mg/dl, P,0.05) compared to either
1 /2 1 /1during the first 10 months of life. Post-mortem exams did control group (Clcn3 , 358648 mg/dl; Clcn3 ,

not reveal any obvious pathology that could account for 364654 mg/dl), after being challenged with an intra-
cause of death. However, one striking post-mortem feature peritoneal glucose load. These results are not consistent
was a relative absence of fat in the abdominal and other with an abnormality of either insulin secretion or cellular

2 /2body cavities in adultClcn3 mice compared to similar- uptake of glucose. To further confirm this point, fasting
1 /2 1 /1agedClcn3 and Clcn3 mice. In mice aged 5–10 insulin levels were measured from a separate group of

months, femur lengths were not statistically different mice, and there was no significant difference between
1 /2 1 /1 2 /2 1 /1among maleClcn3 mice (15.860.26 mm, n513), Clcn3 and Clcn3 mice (Clcn3 , 1.2760.38 ng/

2 /2 2 /2male Clcn3 mice (15.660.21 mm, n59), female ml,n56; Clcn3 , 0.6760.46 ng/ml,n55).
1 /2 2 /2Clcn3 mice (15.960.14 mm, n512) and female In general,Clcn3 mice were ‘jittery’ and excitable,
2 /2Clcn3 mice (16.260.82 mm,n53). If femur length is and walked with a slightly waddling gait. These abnor-

taken as a proxy for overall skeletal size, these data malities were observed at very early ages (2–3 weeks),
support the conclusion that the weight differences between prior to the onset of histologically evident hippocampal

2 /2 1 /2 2 /2Clcn3 and Clcn3 mice are due to differences in and retinal degeneration. We observed that adultClcn3
soft tissue mass (including fat) rather than differences in mice exhibited a prolonged recovery time from benzo-
overall development of the skeleton. diazepines and barbiturates during preparation for noninva-

We performed a series of general screening blood tests sive studies (midazolam) or surgical instrumentation (pen-
(Table 1) in order to detect any gross abnormalities in tobarbital). Pentobarbital doses (20–25 mg/kg, i.p.) ap-
major organ function that could affect survival, brain proximately half of normal were sufficient to induce a
function, arousal, or excitability. No significant differences surgical plane of anesthesia, but often produced death in

Table 1
1 /2 1 /1Blood tests inClcn3 , and Clcn3 mice

(1 /1) n (1 /2) n (2 /2) n

Electrolytes
Sodium (mequiv. / l) 15163.6 6 15262.2 10 14963.0 10
Chloride (mequiv. / l) 11461.8 5 11963.1 7 11964.2 6
Calcium (mg/dl) 8.460.4 6 9.560.68 7 9.860.17* 5
Albumin (g/dl) 2.760.3 5 2.960.4 5 3.060.2 5
Magnesium (mg/dl) 2.360.3 5 3.460.55 5 2.6260.10 5

Blood gases
pH 7.2260.02 8 7.2360.03 9 7.2360.02 8
pCO (Torr) 47.363.1 8 45.564.0 9 46.863.5 82

HCO (mequiv. / l) 19.861.6 8 19.762.2 9 20.061.5 83

Glucose tolerance
Fasting (mg/dl) 170613 6 170613 6 13267.0* 6

[30 min 342635 6 344655 6 208611* 6
[60 min 309660 6 327649 6 179611* 6
[90 min 267663 6 292637 6 1711 7.0 6

[120 min 235656 6 240624 6 147610 6

Hematocrit 54.361.4 20 56.062.3 8 56.562.9 8

* IndicatesP,0.05 comparing (1 /1) to (2 /2).
[ IndicatesP,0.05 comparing (1 /2) to (2 /2).
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2 /2Clcn3 mice, compared to the well-tolerated effects of significantly different compared to age- and gender-
1 /2 1 /1 1 /2 2 /2the usual dose (50 mg/kg, i.p.) inClcn3 or Clcn3 matched controls.Clcn3 and Clcn3 mice selected

mice. for Fig. 4A and B, respectively, represented individuals
As part of a screen for abnormal vestibulocerebellar with anterior–posterior curvatures close to their group

function [30,60] or altered neuromuscular function [13], averages, whereas Fig. 4C shows an example of a
2 /2we examined responses to tail elevation. When the tail is Clcn3 mouse with more severe spinal curvature.

elevated in conscious mice, the normal response (Fig. 3A) Comparable measurements were made on frontal plane
is to splay the limbs (especially the hindlimbs) in a X-rays to assess the presence of scoliosis, but yielded no
behavior termed ‘escape extension’ [33]. When mice were differences among groups. General observation indicated
suspended by the tail, an abnormal rear leg-folding be- no gross differences in spine conformation between

1 /2 1 /1havior (Fig. 3B) was exhibited within 30 s by 10 of 15 Clcn3 and Clcn3 mice.
(66.7%) of knockouts, 1 of 17 (3.9%) heterozygotes, and 0 Because of the kyphosis described above, and because
of 9 wild types. Within 1 min 12 of 15 (80%) knockout absence of escape extension (especially in hindlimbs) can
mice exhibited this behavior, and there was no change in suggest the presence of a myopathy [13], we examined

1 /2 1 /1the response rate forClcn3 or Clcn3 mice (Fig. diaphragm and skeletal muscle tissues to determine if
3D). At both 30 and 60 s, the proportion of knockouts kyphosis was secondary to muscular dysplasia or
exhibiting this hindlimb behavior was statistically greater dystrophy. Hindlimb skeletal muscle samples from nine

2 /2 1 /2 1 /1than in the control groups (P,0.05). The forelimb re- Clcn3 mice, sevenClcn3 , and fiveClcn3 mice
2 /2 were fixed, sectioned, stained with H&E, and examinedsponse to tail suspension ofClcn3 mice was not

with light microscropy by a pathologist experienced inconsistent within the group, nor within a given mouse at
1 /1 1 /2 detecting myopathies in other transgenic lines of mice.different times. Clcn3 and Clcn3 mice usually

Nine hindlimb specimens were from weanling mice (agereached outward and forward with the forelimbs (Fig. 3A).
22–33 days), seven from young adults (53–126 days), andIn addition, 2 of 15 (13%) knockout mice drew in both
five from aged adults (316–556 days). Diaphragm musclehindlimbs and forelimbs and flexed the body into a fetal
was examined in seven of these mice. No evidence ofposition (Fig. 3C, D), such that the nose pointed upwards.

2 /2 myopathic changes was seen (data not shown). As a furtherGross physical observation of theClcn3 mice
screen for myopathic processes, serum creatine kinaseshowed a markedly kyphotic spine. We wished to de-

2 /22 /2 levels were not different betweenClcn3 (284681,termine whether this arched posture [58] ofClcn3
1 /2n511) andClcn3 (353655, n511) mice.mice was in fact a behavioral feature or an anatomic

We examined H&E stained sections of eyes from fivemusculoskeletal characteristic. In sedated mice, lateral
2 /2 1 /2 1 /1Clcn3 , four Clcn3 , and four Clcn3 mice. Inplane X-rays (Fig. 4A) revealed that both the thoracolum-
2 /22 /2 1 /2 Clcn3 mice there was a rapid, progressive postnatalbar [Clcn3 ; 14063.38 (n512), Clcn3 ; 15661.98

2 /2 degeneration of the retinal photoreceptors, culminating in(n513), P,0.05] and cervicothoracic (Clcn3 ;
1 /2 complete loss of the photoreceptor layer by PD23, as12563.48, Clcn3 ; 13561.78, P,0.05) angles were

2 /2Fig. 3. An abnormal hindlimb grasp is observed inClcn3 mice, representing the absence of the escape extension response displayed upon tail elevation
in normal mice. (A) Normal response seen in both wild type and heterozygote mice shows normal splaying of the hindlimbs when suspended by the tail.

2 /2(B) Knockout mouse folds its hindlimbs towards the midline of the body when suspended by the tail. MostClcn3 mice display this pattern of abnormal
rear leg-folding behavior. (C) Upon tail suspension, a few knockout mice not only fold their rear legs but also their forelimbs, so that the entire bodyflexes
into a ‘fetal’ position. (D) Frequency of hindlimb flexion and total body flexion. Line drawings of mice were derived from photographs (Medical
Illustration Department, University of Iowa).
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2 /2 2 /2Fig. 4. Lateral view X-rays, illustrating kyphosis inClcn3 mice compared to controls. These data show that the hunched posture ofClcn3 mice is
1 /2not due to a habitual behavior, but represents a characteristic structural feature of these mice. (A) Left panel:Clcn3 mouse shows normal spine

2 /2configuration. Center panel:Clcn3 mouse exhibiting the abnormal curvatures of thoracolumbar and cervicothoracic spine typically seen in this group.
2 /2Right panel: more severely affectedClcn3 mouse, shown at slightly larger scale than center and left panels. Comparison of cervicothoracic and

1 /2 2 /2thoracolumbar angles betweenClcn3 and Clcn3 mice.

shown in Fig. 5. Retinas from heterozygous mice were 3 .3. Central nervous system histology
histologically normal at all ages investigated. Details of the

2 /2postnatal time course of anatomical and functional retinal Clcn3 mice exhibited a profound postnatal loss of
degeneration were similar to those described previously neurons from the hippocampal formation. This loss of
[58]. hippocampal neurons was progressive, with a time course

2 /2 1 /1Fig. 5. Retinal degeneration explains the functional blindness observed inClcn3 mice. (A) Cross-section of normal retina from a 23-day-oldClcn3
mouse. RPE, Retinal pigmented epithelium. ONL, Outer nuclear layer. OPL, Outer plexiform layer. INL, Inner nuclear layer. IPL, Inner plexiform layer.

2 /2GCL, Ganglion cell layer. (B) Retina from a 23-day-oldClcn3 mouse (littermate of mouse shown in part A) showing marked degeneration and greatly
reduced numbers of cells in the photoreceptor layer (ONL), with complete absence of the outer segments. There are greatly reduced numbers of cells in

1 /2other layers. No retinal abnormalities were observed inClcn3 mice. (H&E, calibration bar 50mm).
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Fig. 6. Nissl-stained horizontal sections taken at the mid-temporal level demonstrate progressive neuronal loss (A–D) and gliosis (E–G) within the
2 /2hippocampal formation ofClcn3 mice. (A) On PD23, the hippocampal formation appears normal. A full complement of granule cells and pyramidal

cells has been generated. The cells have a normal cytoarchitectural arrangement, and no evident loss of neurons has yet occurred. The dentate gyrus (DG),
CA3 pyramidal cells, and CA1 pyramidal cells are labeled. (B) By PD75 (2.5 months), there is an evident reduction in the size of the hippocampal
formation. In particular, there is a substantial loss of granule cells from the dentate gyrus (white arrow). Near the hilus, there has been some dropout of
CA3 pyramidal cells (black arrow). However, the majority of pyramidal cells in both CA3 and CA1 (arrowhead) remain alive at this time point. (C) By
PD165 (5.5 months), loss of dentate granule cells has progressed (white arrow). In addition, now there has been a substantial loss of CA3 pyramidal cells
(black arrow). Much of the CA1 pyramidal cell population, however, remains intact (arrowhead). (D) By PD270 (9 months), neuronal loss within the
hippocampal formation has progressed even further, and is now nearly total. Very few dentate granule cells remain alive (white arrow). Only a small patch
of pyramidal cells can be identified (white arrowhead). The extensive pyramidal cell loss at this stage includes not only the CA3 subregion (black arrow),
but also CA1 (black arrowhead). (E) Higher magnification from (B) demonstrates the beginnings of gliosis at age 2.5 months. The small darkly-stained
cells with little cytoplasm (arrows) are astrocytes that are replacing lost neurons. (F) Higher magnification from (C) demonstrates that the densityof glial
cells (arrows) within the hippocampus has increased markedly by 5.5 months of age. (G) Higher magnification from (D) demonstrates that a dense glial
scar (arrows) has replaced the neuronal populations of the hippocampal formation by 9 months of age. Magnification bars represent 400mm in A–D and 60
mm in E–G.
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Fig. 7. Sections through the hippocampus and cerebral cortex stained immunohistochemically for glial fibrillary acidic protein (GFAP), a specific marker
2 /2of astroglial cells. The sections were all derived from animals on PD165 and reveal an astrogliosis in the hippocampal formation ofClc3n mice. In each

2 /2panel, the arrow points to an immunohistochemically labeled astrocyte. (A) Section through the dentate gyrus of aClcn3 mouse. The density of
1 /1astrocytes in the dentate gyrus of the knockout mouse is much greater than in theClcn3 mouse (B). (B) Section through the dentate gyrus of wild type

2 /2mouse. (C) Section through the cerebral neocortex of aClcn3 mouse. (D) Section through the cerebral neocortex of a wild type mouse. In the cerebral
2 /2 2 /2neocortex of theClcn3 mouse, the density of astrocytes is similar to that of the wild type mouse. No astrogliosis occurs in the neocortex ofClcn3

2 /2or wild type mice. These observations demonstrate that an astrogliosis occurs inClcn3 mice, but only in the hippocampal formation, where the
astroglial response accompanies neuronal loss. Magnification bar in D represents 40mm in A, B, C, and D.

that depended on position along the septo–temporal axis. astroglia in sections stained immunohistochemically for
1 /2In contrast, brains ofClcn3 mice appeared histologi- GFAP, an astrocyte-specific marker. Fig. 7 shows that the

cally normal at all time points examined. No degenerative small cells contained GFAP, and the density of these
2 /2processes or abnormalities of neural anatomy were evident labeled cells was substantially greater in theClcn3

1 /2in threeClcn3 mice exceeding 600 days of age. hippocampus than in the control hippocampus. By PD270
The structure of the hippocampal formation and of all (Fig. 6D), loss of neurons from the hippocampal formation

2 /2other brain regions within theClcn3 mice appeared was profound. A large proportion of neurons had been
normal at PD23 (Fig. 6A), indicating that these animals replaced by astrocytes (Fig. 6E–G). In contrast to the
generated a normal complement of central nervous system pattern at earlier time points, pyramidal cell loss was now
neurons, including those of the hippocampal formation, extensive, not only in CA3, but also in the CA1 region.
during prenatal and early postnatal life. However, by PD73 Although pathologic changes ultimately occurred
(Fig. 6B), a loss of neurons was evident in the hippocam- throughout the hippocampal formation, the time course of
pal formation. At this time point, the neuronal dropout was the pathology was a function of position along the septo–
most severe among the granule cells of the dentate gyrus. temporal axis. As shown in Fig. 8, neuronal cell loss
This loss of dentate granule cells substantially reduced the occurred earlier in the septal (anterior) pole, than in the
width of the dentate stratum granulosum. By PD165 (Fig. temporal (posterior) pole. By PD270 (9 months of age,
6C), neuronal dropout from the hippocampal formation Fig. 8), the entire anterior portion of the hippocampal
had worsened substantially and involved not only granule formation had undergone neuronal degeneration, and all of
cells, but also pyramidal cells. At this time point, loss of the neurons had been replaced with astrocytes. In contrast,
pyramidal cells was more severe within the CA3 region in the posterior hippocampus, a large proportion of
than within CA1. In addition to neuronal loss, a second pyramidal neurons remained identifiable. By 12 months of
pathologic process, gliosis, was evident at this age. Within age, however, virtually all neurons of the hippocampal
the regions in which neurons were lost, large numbers of formation were lost. Degeneration of the hippocampal
small darkly-staining cells were apparent in Nissl-stained formation was accompanied by a progressive enlargement
sections. The identity of these cells was confirmed as of the lateral ventricles (hydrocephalus ex vacuo). As
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Fig. 8. Nissl-stained coronal sections through the cerebrum demonstrating that neuronal loss in the anterior hippocampal formation precedes neuronal loss
2 /2in its posterior regions and that hippocampal cell loss is accompanied by ventriculomegaly and degeneration of the entorhinal cortex inClcn3 mice.

1 /1 2 /2Panels A, D, and G are from a 9-month-old wild type (Clcn3 ) mouse. Panels B, E, and H are from a 9-month-old knockout (Clcn3 ) mouse. Panels
1 /1C, F and H are from a 12-month-old knockout mouse. (A) Section through the anterior forebrain of a 9-month-oldClcn3 animal demonstrating the

]]
normal configuration of neurons within the dentate gyrus (arrow) and hippocampus (arrowheads). (B) Section through the anterior forebrain of a

]]2 /29-month-oldClcn3 mouse taken from the same anterior–posterior position as in (A) demonstrating that all neurons of the anterior hippocampal
formation have degenerated and are now absent. The marked atrophy of the anterior hippocampal formation (arrow) is accompanied by lateral

2 /2ventriculomegaly (asterisk). (C) Section through the anterior forebrain of a 12-month-oldClcn3 mouse taken from the same anterior–posterior position
]]

as in (A) demonstrating advanced, but stable, pathology. The anterior hippocampal formation remains markedly atrophied (arrow), and the ventriculomega-
1 /1ly induced by the hippocampal degeneration remains evident (asterisk). (D) Section through the posterior forebrain of a 9-month-oldClcn3 mouse

]]demonstrating the normal configuration of the dentate gyrus (arrow) and hippocampal stratum pyramidale (arrowheads). The entorhinal cortex is located
2 /2within the box. (E) Section through the posterior forebrain of the same 9-month-oldClcn3 mouse whose anterior forebrain is shown in (B). This

]]micrograph demonstrates that some neuronal loss has occurred within the posterior hippocampus, but not to the extent observed more anteriorly. The
dentate gyrus has completely degenerated (arrow), but many pyramidal neurons of the hippocampus (arrowheads) remain viable at this age. The lateral
ventricle is not enlarged in this plane of section, but is markedly enlarged more anteriorly (B). The entorhinal cortex (box) has a near-normal thickness at

2 /2this age. (F) Section through the posterior forebrain of the same 12-month-oldClcn3 mouse whose anterior forebrain is shown in (C). The entire
]]posterior hippocampal formation, including the dentate gyrus and hippocampus proper, has degenerated and only a remnant of gliotic tissue (arrow)

remains in its place. The entorhinal cortex (box) has selectively degenerated and is markedly reduced in thickness. The remainder of the cerebral cortex
remains normal in thickness. The combined degeneration of the hippocampal formation and entorhinal cortex has led to a marked enlargement of the lateral
ventricle (asterisk). (G) Inset from (D) demonstrating the normal six-layered configuration of the entorhinal cortex (1–6). Layer 2 stellate cells (arrows) are
large hyperchromatic neurons that project to the dentate granule cells. Layer 3 pyramidal cells (arrowheads) constitute the thickest layer of the entorhinal
cortex and project to hippocampal pyramidal cells. Stratum pyramidale (P) of the hippocampus lies deep to the entorhinal cortex. (H) Inset from (E) shows

2 /2pathological changes within the entorhinal cortex of a 9-month-oldClcn3 mouse. Layer 2 has selectively degenerated. The stellate cells that normally
constitute layer 2 are absent and have been replaced by small cells (arrows) with the staining characteristics of astroglia. At this stage, the other cell layers
remain essentially intact, including layer 3 pyramidal cells (arrowheads). (I) Inset from (F) shows dramatic neuronal loss and atrophy of the entorhinal

2 /2cortex of a 12-month-oldClcn3 mouse. Not only are the stellate cells of layer 2 absent, but so are the pyramidal cells of layer 3. The cytoarchitecture of
the entorhinal cortex is markedly disrupted. Magnification bars represent 1 mm in A–F and 250ym in G–I.
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2 /2shown in Fig. 8, because the degeneration of the hip- prolonged period of time in theClcn3 mice (5264
pocampal formation progressed from anterior to posterior, min). Because loss of the righting reflex has been used as
the ventriculomegaly progressed in this pattern as well. one measure of anesthetic effects in animals, we checked

In addition to the hippocampal formation, the entorhinal the reflex withdrawal of the lower limbs in response to
cortex also underwent degenerative changes (Fig. 8). brief toe-pinch, approximately every 10 min in all groups
Initially, the histology of the entorhinal cortex was normal. of mice. All three groups of mice retained the ability to
However, by 9 months of age, there was a specific loss of respond briskly and promptly to toe pinch, a suprathres-
neurons from layer 2 of the entorhinal cortex. By 1 year of hold stimulus, throughout the study. There were no

2 /2age, the loss of cells from the entorhinal cortex also qualitative differences in the response ofClcn3 mice to
included the neurons of layer 3. This degeneration of toe pinch, indicating no major impairment of reflex
layers 2 and 3 resulted in a profound reduction in the responses and no significant anesthetic-like effects. Al-
thickness of the entorhinal cortex and in an exacerbation of though sedated, none of the mice appeared to be asleep
the lateral ventriculomegaly. Outside of the hippocampus, during the study, as all mice kept their eyes open and
the entorhinal cortex was the only portion of cerebral periodically sniffed the air, moved a limb, or otherwise
cortex that underwent evident pathologic change in showed small indications of environmental awareness.

2 /2 2 /2Clcn3 mice. As was true within the hippocampus, the Four adultClcn3 mice were observed having
entorhinal cortex also underwent a substantial gliosis as its spontaneous generalized tonic-clonic seizures during
neurons degenerated. routine mouse colony care. One of these episodes resulted

in the death of the mouse. Spontaneous seizures were
1 /2 1 /13 .4. Behavioral responses to drugs affecting excitability never observed inClcn3 or Clcn3 mice. Because

or arousal of these qualitative observations, and more importantly,
because hippocampal neuronal loss often is associated with

Midazolam, a benzodiazepine agonist at GABA re- epilepsy and with reduced seizure thresholds [6,23,37], weA
2 /2ceptors [21], was administered to young adult mice. One hypothesized thatClcn3 mice would have lower

1 /2effect of midazolam is behavioral immobility, such that thresholds for drug-induced seizures thanClcn3 or
1 /1normal mice tend to sit prone in a ‘sphinx’-like position, Clcn3 mice. We selected an age of 4–5 weeks, when
2 /2maintaining an upright posture (i.e., not lying on their Clcn3 mice still have an essentially intact hippocam-

sides). To assess the strength of the benzodiazepine effect, pus and dentate gyrus, but at a time when neuronal
the time-to-onset of immobility and the duration of im- irritability and excitability might be enhanced due to the
mobility were measured. Initiation of either spontaneous early phase of neuronal degeneration. Pentylenetetrazole
walking or grooming while sitting upright defined the end (PTZ, 70 mg/kg, i.p.), an inhibitor of GABA receptorsA

of behavioral immobility. Mice lacking ClC-3 channels [51] was administered to conscious, drug-naive mice (Fig.
had a significantly reduced time-to-onset of midazolam- 10A). PTZ induced generalized seizures in 13/15 (86.7%)

1 /2induced immobility (Fig. 9A) and a significantly increased Clcn3 mice (onset 215656 s), in 7/8 (87.5%) of
1 /1duration of midazolam-induced immobility (Fig. 9B), Clcn3 mice (onset 2806112 s), but in only 1/8

2 /2compared to heterozygote and wild type mice. Complete (12.5%) ofClcn3 mice (onset at 58 s). One mouse in
loss of the righting reflex was the most striking feature of each of the three groups died during a tonic generalized

2 /2 2 /2the response to midazolam by all of theClcn3 mice, seizure. Thus, youngClcn3 mice were significantly
1 /2 1 /1and was never observed inClcn3 or Clcn3 mice less susceptible to PTZ-induced generalized seizures com-

(Fig. 9C). This loss of righting reflex persisted for a pared to controls (Fig. 10A).

2 /2Fig. 9. Clcn3 mice are highly sensitive to the effects of midazolam. Midazolam is a benzodiazepine that binds to and agonizes the GABA receptor.A

One behavioral effect of midazolam is immobility. The time-to-onset of immobility and the duration of immobility have been used to assess the strength of
1 /1 1 /2 2 /2 2 /2this effect. (Clcn3 , n56; Clcn3 , n512; Clcn3 , n56). (A) Clcn3 mice have a substantially reduced time-to-onset of midazolam-induced

2 /2immobility. (B) Clcn3 mice have a markedly increased duration of midazolam-induced immobility compared to the other mice. (C) After a brief period
2 /2of sitting immobile in a prone posture, all of theClcn3 mice exhibited loss of the righting reflex in response to midazolam, an effect which lasted 5264

min. In contrast, none of the other mice exhibited this behavioral effect.
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Fig. 10. Comparison of responses to two seizure-inducing drugs, PTZ and KA, which act by different mechanisms. (A) Percent of mice exhibiting
2 /2generalized seizures in response to PTZ. Both juvenile and adultClcn3 mice are relatively resistant to PTZ-induced seizures compared to age-matched

1 /2 1 /1Clcn3 andClcn3 mice within the two age ranges. (B) Latencies to first occurrence of behavioral arrest, myoclonic jerks, or generalized seizures in
response to PTZ in the adult mice. Behavioral arrest and brief myoclonus occurred in nearly all mice in each of the three groups. (C) In response to KA,

2 /2 1 /2Clcn3 mice exhibited complex behavioral automatisms (grades 3 and 4) or generalized seizures (grade 5) with similar incidences toClcn3 and
1 /1Clcn3 mice. (D) Latency to first occurrence of seizure-related phenomena in response to KA shows no significant differences between groups of mice.

The grading system for KA responses was defined as follows. Grade 1: behavioral arrest, staring; grade 2: myoclonic jerks of limbs, head, neck, or thorax,
or head nodding/swaying; grade 3: unilateral clonic activity, front or hindlimb pawing, may result in circling; grade 4: bilateral forelimb tonic orclonic
activity (pawing the air, rearing, jumping, wobbling, falling); grade 5: generalized tonic /clonic activity with loss of postural tone, with or without death.

This relative resistance to PTZ persisted into adulthood, mechanisms. KA is an agonist of AMPA (non-NMDA)
as indicated by subsequent tests on a separate group of glutamate receptors [15] which are present on murine

2 /2mice aged 3–4 months (52.5 mg/kg, i.p.). AdultClcn3 hippocampal pyramidal cells [71]. Mice lacking ClC-3
mice were still significantly less susceptible to the effects channels were as sensitive to KA-induced stereotypical

1 /2 1 /1of PTZ compared toClcn3 and Clcn3 mice (Fig. automatisms and generalized seizures as were the hetero-
10A). The lower dose of PTZ was used in adult mice zygous and wild type mice (Fig. 10B). No qualitative
because the higher dose (70 mg/kg i.p.) was lethal across (grade of seizure activity) or quantitative (percent of mice

2 /2phenotypes:Clcn3 mice (n52) died in generalized exhibiting a grade of response, latency to onset of first
1 /2 1 /1seizures, as didClcn3 mice (n52) andClcn3 mice occurrence) differences were seen in the response to KA

(n52). Increased sensitivity to PTZ in adults compared to among the three groups of mice.
juvenile animals has been shown in other rodent studies
[6]. These data indicate that, although significantly less 3 .5. GABA receptors and GAD-positive neurons in theA

susceptible to the effects of PTZ at 52.5 mg/kg, adult hippocampal formation
2 /2Clcn3 mice were capable of generating seizures in

2 /2response to higher doses of PTZ. Clcn3 mice exhibited hippocampal degeneration and
KA (30 mg/kg, i.p.) was administered to 4–6-week-old markedly abnormal responses to two agents whose site of

mice to test whether the decreased susceptibility to sei- action is the GABA receptor. Therefore, we investigatedA

zures also applied to seizures induced by non-GABAergic whether there might be changes in the density or dis-
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tribution of GABA-synthesizing cells or of GABA re- Quantitative assessment of the immunostaining con-A

ceptors in the dentate gyrus and hippocampus. firmed the altered GABA receptor staining intensityA
2 /2Glutamic acid decarboxylase (GAD) is the enzyme that within the dentate gyrus ofClcn3 mice. As shown in

catalyzes production of GABA in neurons [40]. We Fig. 13, on both PD23 and PD73, the relative intensity of
assessed the presence of GAD-containing neurons by GABA receptor staining was significantly greater withinA

2 /2 1 /1immunohistochemistry in brains from juvenile and young the dentate gyrus ofClcn3 mice than ofClcn3 or
1 /2adult mice. On PD23, prior to the onset of evident Clcn3 mice. This altered intensity of GABA receptorA

neuronal degeneration, the pattern and intensity of GAD67 staining was confined to the dentate gyrus. Intensity of
2 /2immunoreactivity was very similar inClcn3 mice (Fig. staining for GABA receptor did not differ significantlyA

11B, D) and wild type controls (Fig. 11A, C). This among genotypes within either the CA3 or CA1 hippocam-
similarity suggested that GABAergic innervation of the pal subfields at either age.
dentate gyrus and hippocampus was initially normal. By In contrast to the substantial differences in GABAA

early adulthood (PD73), when the dentate gyrus was receptor staining, GAD-67 immunostaining intensity did
actively degenerating, GAD67 immunoreactivity was not differ significantly among the genotypes (Fig. 13C, D).

2 /2markedly reduced in the dentate gyrus ofClcn3 mice The relative density of GAD-67 staining did not differ
(Fig. 11F, H). Although the density of GAD67 staining significantly in any of the analyzed regions of the hip-
remained normal, the total area of GAD67 staining within pocampus at either age.
the dentate gyrus was substantially reduced, implying a
loss of GABAergic neurons. In contrast, GAD67 immuno-
reactivity in the dentate gyrus of wild type mice remained 4 . Discussion
prominent on PD73 (Fig. 11E, G). The alteration in

2 /2GAD67 immunohistochemical staining inClcn3 mice In order to provide insight into the function of ClC-3
was specific to the dentate gyrus. In the cerebellum, where chloride channels, we created a line of mice lacking this

2 /2no neuronal loss occurred, GAD67 staining of Purkinje protein.Clcn3 mice display a variety of phenotypic
2 /2cells at PD73 was identical inClcn3 (Fig. 11J) and features, including poor growth, sudden death without

1 /1Clcn3 mice (Fig. 11I). obvious prodrome, waddling gait, absence of normal
We next investigated whether there might be alterations escape extension behavior, kyphosis, blindness, and altered

in the density or distribution of GABA receptors in the neurologic responses to drugs that affect GABA neuro-A A
2 /2hippocampus and dentate gyrus, possibly as a result of transmission. Seizures were observed in fourClcn3

upregulation in response to diminished GABAergic input mice and the lethality of one of these events suggests that
or to a hyperexcitable state. During the juvenile period at least a portion of the early mortality in these animals is
(PD23), just prior to the onset of granule cell degeneration, due to seizures. No abnormalities in serum electrolytes or
the intensity of immunostaining for GABA receptors was acid–base status were identified that might predispose toA

2 /2 neuronal hyperexcitability. Although baseline serum glu-increased on dentate granule cells ofClcn3 mice (Fig.
2 /2cose was lower inClcn3 mice than in wild type mice,12B, D) compared to controls (Fig. 12A, C), and also

this mild reduction in serum glucose seems unlikely tocompared to the degree of staining in the CA1 and CA3
2 /2 result in seizures. Many of the phenotypic characteristicsregions of theClcn3 brain. By early adulthood (PD73),

2 /2of the Clcn3 mice are clearly related to gross neurode-while the dentate gyrus is actively degenerating, the
generative changes in the retina and hippocampus, whileintensity of immunostaining for GABA receptors wasA

others may be the result of more subtle functional impair-increased on the still-surviving cells of the dentate gyrus in
2 /2 ments in other brain regions. The CNS pathology that weof Clcn3 mice (Fig. 12F, H), relative to controls (Fig.

observe is similar to that seen in two other independently-12E, G). This alteration in the intensity of immunostaining
2 /2produced lines ofClcn3 mice [58,72]. There is rapidfor GABA receptors was confined to stratum granulosum,A

postnatal degeneration of retinal photoreceptors and pro-which is the initial site of neuronal dropout. Changes in the
gressive degeneration of hippocampal neurons. However,intensity of labeling for GABA receptors were neverA

the progression of hippocampal degeneration in ourobserved in hippocampal stratum pyramidale or in any
2 /2Clcn3 mice differs both temporally (much slower:other brain region.

2 /2Fig. 11. InClcn3 mice, degeneration of the dentate gyrus is accompanied by a reduction in glutamic acid decarboxylase (GAD) immunoreactivity in
the dentate gyrus. (A)–(D) In juvenile mice (PD23, before the onset of neuronal degeneration), the pattern and intensity of GAD67 immunoreactivity is
very similar inClcn3 knockout mice (B and D) as in wild type (A and C), suggesting that GABA-ergic innervation of the dentate gyrus is initially normal.
(E)–(H) By early adulthood (PD73, when the dentate gyrus is actively degenerating), GAD immunoreactivity in the dentate gyrus is markedly reduced in
the knockout mice (F and H) as the dentate gyrus contracts in size (though the intensity of the staining remains normal). GAD immunoreactivity in the

2 /2dentate gyrus of control mice remains prominent (E and G). (I)–(J) GAD immunoreactivity in the cerebellar Purkinje cells of adultClcn3 mice (J) is
similar to that of wild type mice (panel I). Arrows point to stratum granulosum in C, D, G and H and to Purkinje cells in I and J. Magnification bars
represent 1 mm in A, B, E, and F; 50mm in C, D, G and H; and 100mm in I and J.
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Fig. 13. Relative densities of immunohistochemical staining for GABA receptor and GAD-67 within subregions of the hippocampal formation in juvenileA

and young adult mice. (A) Relative intensity of staining for GABA receptor on PD23. Within the dentate gyrus, the relative intensity of staining isA

significantly greater in knockout mice than in wild type or heterozygous mice. In contrast, within CA3 and CA1, staining intensity for GABA receptor isA

not significantly different among the genotypes. * Significantly different from wild type and heterozygous mice (P,0.05). (B) Relative intensity of staining
for GABA receptor on PD73. As was true during the juvenile period, the relative density of GABA receptor staining is significantly increased within theA A

2 /2dentate gyrus inClcn3 mice, compared to wild type and heterozygous mice. Intensity of staining within CA3 and CA1 did not differ significantly
among the genotypes. * Significantly different from wild type and heterozygous mice (P,0.05). (C) Relative intensity of staining for GAD-67 on PD23.
The density of staining did not differ among the genotypes in any of the hippocampal subregions analyzed. (D) Relative intensity of staining for GAD-67
on PD73. As was true during the juvenile period, the density of staining for GAD-67 did not differ among the genotypes in any of the brain regions.

months vs. weeks) and spatially (dentate gyrus to CA1 tics that may or may not be related to degenerative changes
rather than CA1 to dentate) from that reported previously in the CNS. For example, growth retardation is remark-

2 /2[58]. In addition, we report that the hippocampal neuronal able, and older adultClcn3 animals clearly have
loss is accompanied by a progressive astrogliosis and by a diminished body fat. This leanness may account for the
profound secondary loss of neurons from the entorhinal lower baseline blood glucose levels and more rapid
cortex. recovery from a glucose load than was observed in the

control animals. Measurement of insulin levels in a
4 .1. Implications for exocytosis and granule acidification separate group of fasting mice did not yield significant

2 /2 1 /1differences betweenClcn3 and Clcn3 mice. The
2 /2 2 /2Clcn3 mice display several phenotypic characteris- ability ofClcn3 animals to handle glucose is relevant

2 /2Fig. 12. Intensity of GABA receptor immunostaining is increased in the dentate gyrus of juvenile and adultClcn3 mice. (A)–(D) During the lateA

juvenile period (PD23, just prior to the onset of granule cell degeneration), the intensity of immunostaining for GABA receptors is increased on dentateA
2 /2granule cells ofClcn3 mice (B and D) relative to wild type mice (A and C). (E)–(H) By early adulthood (PD73, while the dentate gyrus is actively

2 /2degenerating), the intensity of immunostaining for GABA receptors is increased on the still-surviving cells of the dentate gyrus inClcn3 mice (F andA

H), relative to wild type mice (E and G). Arrows point to stratum granulosum in C, D, G and H. Magnification bars represent 1 mm in A, B, E, and F; and
100 mm in C, D, G, and H.
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in view of the report that ClC-3 is involved in the confirm a rapid retinal degeneration with virtually com-
acidification of insulin granules in preparation for ex- plete loss of the outer retinal segments by 23 days of age.
ocytosis [3]. Acidification is a decisive step in ATP- However, in contrast to previous findings, we observe a
dependent priming of insulin granules for exocytosis. much slower time course of hippocampal degeneration that
Agents that prevent transgranular chloride fluxes, such asoccurs over months, instead of weeks, and that progresses
the chloride channel blocker DIDS and an antibody against in a different sequence among neuronal subpopulations.
ClC-3 channels, inhibit acidification and priming. Based on Our new findings show that absence of the ClC-3 voltage-
those findings, loss of the ClC-3 protein might have been gated chloride channel induces: (1) degeneration and
predicted to inhibit the priming process in vivo, reduce gliosis of the dentate gyrus and hippocampus that pro-
serum insulin levels, and cause hyperglycemia, but this gresses from anterior to posterior, (2) sequential loss of

2 /2was not the case inClcn3 mice. neuronal subpopulations that begins in the dentate gyrus,
2 /2Although Clcn3 mice do not exhibit the hy- and progresses to involve CA3, followed by CA1, (3) a

perglycemia predicted by the role of ClC-3 in insulin delayed-onset degeneration of layers 2 and 3 of the
granules [3], other factors may affect the overall regulation entorhinal cortex, (4) greatly decreased sensitivity to PTZ-
of serum glucose in these animals. In interpreting all of the induced seizures in both juvenile and adult mice, (5) no
phenotypic features observed in these mice, it is important change in vulnerability to KA-induced seizures, (6) pro-
to consider the possibility that expression of other chloride longed action of, and increased sensitivity to, midazolam,
channels or chloride transport proteins might be altered to and (7) a decrease in the number of GABA-synthesizing
compensate for the loss of ClC-3. Candidates for such (GAD67-positive) cells within the dentate gyrus which is
compensatory changes are ClC-4 or ClC-5, proteins relatedtemporally preceded by (8) increased GABA receptorAstructurally to ClC-3. Previous work did not reveal upregu- immunoreactive staining in the dentate gyrus.2 /2lation of ClC-4 or ClC-5 expression in brains ofClcn3 Like the hippocampal formation and retina, the entorhi-
mice [58]. 2 /2nal cortex also degenerates inClcn3 mice. However,

unlike the hippocampal formation and retina, where the
4 .2. Abnormalities of gait and the escape extension

neurodegeneration is likely due directly to a defect in the
reflex

Clcn3 gene, the entorhinal cortex degeneration is probably
a secondary pathologic change, due to the loss of synaptic2 /2The Clcn3 mouse’s constellation of kyphosis,
target cells within the hippocampal formation. Largewaddling gait, and rear-leg folding behavior upon suspen-
stellate neurons constitute layer 2 of the entorhinal cortexsion by the tail, resembles the triad of features displayed
and normally project to the granule cells of the dentateby a mouse model of Duchenne muscular dystrophy [13].

2 /2 gyrus [57]. These layer 2 neurons are the first cells of theWe initially hypothesized that these features ofClcn3 2 /2entorhinal cortex to degenerate inClcn3 mice, and themice were secondary to muscular weakness. However, we
onset of this degeneration follows the loss of dentatedetected no weakness in forelimb grip strength in

2 /2 granule cells. Pyramidal cells constitute layer 3 of theClcn3 mice (data not shown) and observed no light-
entorhinal cortex and normally project to hippocampalmicroscopic evidence of skeletal muscle myopathy in

2 /2 pyramidal cells [56]. These layer 3 neurons initially remainClcn3 mice. Creatine kinase levels were not elevated
2 /22 /2 viable in Clcn3 mice following the loss of entorhinalin either young adult or older adultClcn3 mice. These

stellate cells and of dentate granule cells, but they degener-findings do not support a primary abnormality of muscle
ate following the loss of hippocampal pyramidal cells.function.
Thus, both the time course and the pattern of cell lossIn the absence of a myopathy, the gait abnormality and
within the entorhinal cortex suggest that neuronal death inabsence of hindlimb escape extension may be related to

2 /2 that structure represents retrograde trans-synaptic degene-impaired vestibular or cerebellar function inClcn3
ration as a result of target removal.mice [30,60]. The complete loss of the righting reflex

2 /2 The entorhinal neuronal loss may be of substantialinduced by midazolam inClcn3 mice further suggests
2 /2importance to the behavior and biology ofClcn3 mice.altered cerebellar function. This possibility is consistent

Pathologic changes relatively confined to the entorhinalwith the abnormal rota-rod performance previously de-
2 /2 cortex have been observed in schizophrenia [2] and inscribed in Clcn3 mice [58,72]. In our studies, light

microscopy did not reveal any abnormality of cerebellar Alzheimer’s disease [25] and are believed to underlie
histology althoughClcn3 is highly expressed in this brain many of the behavioral deficits marking these diseases.
region [27]. Neuronal loss from layer 3 of the entorhinal cortex occurs

in humans with temporal lobe epilepsy and hippocampal
4 .3. Neuronal degeneration begins in the dentate gyrus sclerosis [17] and in multiple animal models of these
and proceeds to CA3, CA1, and the entorhinal cortex diseases [16,69]. In animal models of temporal lobe

epilepsy, the onset of spontaneously recurring seizures has
Degeneration of the retina and hippocampal formation in been tied to neuronal loss from layer 3 of the entorhinal

2 /2 2 /2Clcn3 mice have been reported previously [58,72]. We cortex [69]. In theClcn3 mice, the pathology of the
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entorhinal cortex may contribute to the seizure disorder, increased sensitivity to midazolam, combined with resist-
ance to PTZ, an inhibitor of GABA receptors, stronglyand ultimately, to the death of some of these animals. A

point to an abnormality in GABA neurotransmission.Hippocampal neuronal cell loss is accompanied by
Upregulation of GABA neurotransmission has been shownsubstantial astrogliosis. The astrogliosis is relevant to the

2 /2 to suppress hippocampal excitability in another experimen-utility of the Clcn3 mouse as a model for human
tal model, a line of transgenic mice overexpressinghippocampal sclerosis. Hippocampal sclerosis is a major
superoxide dismutase [32]. However, those transgeniccause of temporal lobe epilepsy in humans and is defined
mice were highly resistant to induction of KA seizures, innot only by the loss of hippocampal neurons, but also by

2 /2contrast to normal KA sensitivity inClcn3 mice.the replacement of hippocampal neurons by astrocytes
Aberrant GABAergic function may occur in other CNS[63]. The cause of hippocampal sclerosis is unknown, but

regions beyond the hippocampal formation, and maygenetic factors may play a role [5].
account for some of the phenotypic abnormalities inOur findings that hippocampal degeneration begins in

2 /2Clcn3 mice. In particular, GABA-mediated excitationthe dentate gyrus and that the altered GABA receptor andA

is present within spinal pathways and exerts an influenceGAD67 immunostaining are both localized to the dentate
on spinal motor neurons. The kyphosis observed ingyrus all suggest that events or conditions specifically

2 /2Clcn3 mice may be due to abnormal spinal influenceswithin the dentate gyrus may be of particular importance to
on the paraspinal musculature.the behavioral and histologic abnormalities observed in

2 /2 Loss of a synaptic vesicular chloride conductance mayClcn3 mice. Again, these data may be relevant to
have complex effects on GABA uptake because GABAhuman hippocampal sclerosis, in which pathologic changes
uptake is dependent upon both the proton gradient and thein the dentate gyrus are both prominent and contributory to
electrical gradient across the vesicular membrane [44].the disease process [9,22,45].
Absence of a vesicular chloride conductance is expected to
decrease the proton gradient but increase the electrical4 .4. Altered responses to PTZ and midazolam suggest
gradient. Miniature inhibitory postsynaptic currentsGABA receptor upregulationA

(GABAergic) were not altered in CA1 pyramidal cells
2 /2The observation of spontaneous seizures in mice with fromClcn3 mouse pups; however, this was not tested

hippocampal degeneration suggested that these two phe- in granule cells from the dentate gyrus [58]. It remains to
nomena might be related. The hippocampal formation is be determined how the loss of ClC-3 channels affects
one of the most epileptogenic regions of the rodent brain GABAergic neurotransmission in a complex neural net-
[37,59] and lesions at any site within it can lower the work.
threshold for seizures and induce epilepsy [6,37]. Further- The immunohistochemical data showed a decrease in the
more, the hippocampal formation is involved in the major number of GABA-synthesizing (GAD67-positive) cells,
motor seizures induced by PTZ [59]. We hypothesized that which is temporally preceded by increased GABA re-A

2 /2Clcn3 mice would have a lowered threshold to PTZ- ceptor immunoreactive staining in the dentate gyrus. In
induced seizures. Surprisingly, both young (4–5 weeks) combination with the PTZ and midazolam data, these
and older (3–4 months) mice exhibited a marked resistance neurohistological findings support the hypothesis of im-
to PTZ-induced seizures compared to age-matched con- paired GABAergic neurotransmission and secondary up-
trols. This could be due to interruption of the circuitry of regulation of post-synaptic GABA receptors.A

the hippocampal formation at very early stages of degene-
ration (i.e., synaptic disruption) that is not yet evident 4 .5. Sequence of hippocampal degeneration reflects its
under light microscopy. This might render the network circuitry
properties of the neural circuits insufficient to support the
ensemble excitation and re-excitation necessary for gene- The progression of regional neuronal dropout (dentate
ration of limbic seizures. However, the absence of quali- gyrus to CA3 to CA1) follows the pathway of excitatory
tative or quantitative differences betweenClcn3 genotypes circuitry of the hippocampal formation. The dentate gyrus
in the response to KA shows that this circuitry is suffi- is the major recipient of extra-hippocampal afferent input
ciently intact to generate and sustain seizures. These that comes from the entorhinal cortex via the perforant

2 /2findings indicate thatClcn3 mice are capable of pathway. Dentate gyrus granule cells project mossy fibers
generating seizures and have functional AMPA/KA gluta- to CA3 pyramidal cells, which in turn project to CA1
mate receptors. Therefore, the reduced susceptibility to pyramidal cells via Schaffer collaterals [4]. This uni-
PTZ-induced seizures probably is not caused by an insuf- directional dentate gyrus to CA3 to CA1 projection is
ficiency in either connectional circuitry or in glutamatergic termed the ‘trisynaptic circuit’ [68]. The matching of
excitation, but may be due to a change in GABAergic ordered neuronal dropout to this connectional anatomy
neurotransmission. suggests that anterograde transynaptic degeneration may

2 /2 2 /2Clcn3 mice are extremely sensitive to, and exhibit a underlie some of the neuronal loss inClcn3 mice
markedly prolonged recovery from, midazolam, a benzo- [10,70]. The subiculum is a major recipient of hippocam-
diazepine that enhances activity of GABA receptors. An pal outflow and projects strongly back to the entorhinalA
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cortex. This completes an excitatory re-entrant loop, which prevented, it could lead to a primary excitation abnormali-
provides recurrent enhancement of synaptic connections at ty associated with enhanced GABAergic stimulation. Simi-
all sites of the circuit, and could facilitate excitotoxicity. larly, if increased GABA receptor expression is a primaryA

Although the intrinsic circuitry of the hippocampal forma- problem related to the loss of ClC-3, this increased
tion is quite uniform throughout its septo–temporal extent, receptor density might convert normal levels of GABA
important differences in its afferent and efferent con- stimulation from inhibitory to excitatory and contribute
nections exist along its longitudinal axis [67,68]. The directly to excitotoxicity. The possibility that direct
major inputs to posterior hippocampus are derived from GABA-mediated excitation causes excitotoxicity seems
the medial entorhinal cortex, amygdala and interpeduncu- less likely in view of our observation that GABA receptorA

lar nuclei. In contrast, chief sources of afferent input to the activation by midazolam continues to produce sedation in
2 /2anterior hippocampus arise from lateral entorhinal cortex, the adultClcn3 mouse, and this effect is even en-

perirhinal cortex and raphe nuclei. Differences in time hanced, compared to controls.
course of neurodegeneration between the anterior and

4 .6. Significance and conclusionsposterior portions of the hippocampus may be related to
these differences in circuitry.

In summary, mice lacking ClC-3 exhibit a complexUnder normal conditions, excitotoxicity is prevented by
phenotype associated with progressive degeneration of theinhibitory interneurons, whose principal transmitter is
hippocampal formation and retina. Selective loss of neu-GABA. Loss or dysfunction of these inhibitory inter-
rons from the hippocampal formation and entorhinalneurons due to the absence of the ClC-3 chloride channel
cortex, accompanied by progressive gliosis, mimics thecould render the granule cells and pyramidal cells vulner-
pathologic findings in human temporal lobe epilepsy.able to excitotoxic cell death. A defect in GABA -me- 2 /2A These similarities suggest that theClcn3 mouse maydiated signaling, perhaps combined with an increase in
be a valuable model system for the study of hippocampalglutamatergic (excitatory) signaling [58] in hippocampal
sclerosis. We tested the hypothesis that hippocampalpyramidal cells may provide a dual mechanism for ex-
degeneration is associated with a lower seizure threshold tocitotoxic neurodegeneration.

2 /2 PTZ and kainate but found no convincing evidence toThe cause of the disparities between lines ofClcn3 2 /2support this proposal.Clcn3 mice have no metabolicmice in the rate and anatomic sequence of neuronal loss is
2 /2 abnormalities that would predispose to seizures and thesenot obvious. Our line ofClcn3 mice was nominally

mice are resistant to PTZ-induced convulsions. They docreated on the same C57BL/63129SV genetic background
2 /2 not differ from control animals in their susceptibility toas theClcn3 mouse of Stobrawa et al. [58]. Genetic

KA-induced seizures. Resistance to PTZ effects, increaseddrift between C57BL/6 mice obtained from different
sensitivity to benzodiazepines, and enhanced immuno-suppliers could result in different alleles of modifier genes

2 /2 histochemical staining that precedes major neuronal loss,for the Clcn3 phenotype. Breeding of both colonies
when taken together, suggest that GABA receptors areAinto a ‘pure’ C57BL/6 background may resolve these
upregulated. GABA receptor upregulation in the hip-Adivergent phenotypes. In addition, subtle differences in diet
pocampal formation remains to be confirmed by electro-or environment could contribute to the variation in pheno-
physiological and/or biochemical means.type between colonies. It has recently been proposed that

We recently reported that vascular function is impairedthe loss of ClC-3 produces a generalized abnormality in 2 /2in the Clcn3 mouse [14]. This finding raises thethe protein degradation pathway [72]. In some respects, the
2 /2 possibility that neuronal degeneration could be at leastClcn3 phenotype as described by Yoshikawa et al.

partially related to aberrations of vascular control of bloodbears similarities to human neuronal ceroid lipofuscinosis
flow which could trigger—or exacerbate—processes of(NCL or Batten Disease), which is associated with pro-
excitotoxicity in the hippocampal formation. It is well-gressive diffuse neurodegeneration, seizures and blindness
known that the hippocampus is among the most sensitive[64]. Although focal hippocampal injury is not a charac-
regions of the brain to anoxic or ischemic injury [39].teristic of the human disease, it has been proposed that
Also, it is intriguing that intracellular chloride concen-neuronal death in NCL is related to excitotoxicity caused
tration increases in hippocampal pyramidal neurons sub-by GABAergic cell loss [64].
jected to acute oxidative stress [47]. Loss of a membraneIf ClC-3 does normally function in neuronal membranes,
chloride conductance could interact adversely with suchloss of a surface chloride conductance could facilitate
processes. These speculations regarding the role of ClC-3-excitotoxicity by depolarizing resting membrane potential
mediated vascular effects on the brain are under inves-or impairing repolarization. An additional consideration is
tigation.the fact that GABA receptor activation can be excitatoryA

in the neonatal period [11] or when stimulation is pro-
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