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Abstract

ROLE OF VOLTAGE SENSITIVE CALCIUM CHANNELS (VSCCs) IN THE
MATURATION OF THE GABAERGIC SYSTEM IN THE FRAGILE X SYNDROME

by

XIN YAN

Advisor: Professor ABDESLEM EL IDRISSI

GABAA, receptors are considered to be major inhibitory receptors in the brain. A significant
down-regulation of the GABAAx receptors in Fmrl knockout (KO) mice has been demonstrated
in recent studies, which may underlie the mechanism for the anxiety and hyperactivity found in
fragile X syndrome patients. However, during early developmental stages, activation of GABA4
receptors exerts excitatory effects on neuronal networks. The excitatory effect of GABAA
receptors early on sets the major tune in generating giant depolarizing potentials (GDPs),
recurrent synchronized spontaneous network discharges which are features of neuronal activity
of developing neurons. GDPs control extension and motility of neurites as well as synthesis and
expression of the GABAergic phenotype through the activation of voltage sensitive calcium
channels (VSCCs) during early developmental stages up to P14 in mice and rats. The
developmental excitatory to inhibitory switch in the GABA4 receptors function is mainly
dependent upon the expression level of the cotransporters KCC2. In this study, we examined the

expression level of GABAj receptors and VSCCs in the brain of FVB/NJ wild type (WT) and

iv



Fmrl knockout (KO) mice, and attempted to determine whether modulation of VSCC could
affect the maturation of GABAergic system in the KO mice. First, we found reduced expression
of GABA, receptors and VSCCs in KOs, and a shift in the time course of the excitatory to
inhibitory functional switch of GABAA receptors in KOs. In addition, we modulated VSCCs
activity in cerebellar granule cell culture with KC1and nifedipine to verify whether VSCCs can
normalize reduced expression of GABAj receptors in KO mice. Large-scale nuclear
translocation and exportation of the VSCC B3 subunit were detected, suggesting VSCC could
play a regulatory role in gene expression. Finally, we pharmacologically manipulated VSCCs
during embryogenesis by injecting pregnant mice with Bay K 8644 (a VSCC activator) and
performed behavioral analyses on the offspring. Injection of VSCC activator rescued part of the
KO behavior phenotype. In conclusion, the VSCCs in KO mice brain may be responsible for the
activity-dependent, calcium-mediated gene expression resulting in the altered expression of
GABAA\ receptors. Activating VSCCs during early development could partially normalize KO

behavior.
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INTRODUCTION

Fragile X syndrome and reduced GABAergic systemin fragile X models

Fragile X syndrome (FXS) is the most common form of inherited mental retardation, with
approximately 1 in 4,000 males affected. It is an X-linked disorder with remarkable inheritance
pattern, in which certain alleles are passed from intellectually normal men to their affected
grandsons through theirr unaffected daughters. The fragile X allele which is passed from
generation to generation contains an over expansion of a CGG repeat in the 5’-untranslated
region of FMRI gene (Loesch et al., 2007; Garber et al., 2008), the causative gene of fragile X
syndrome, which encodes the fragile X mental retardation protein (FMRP). FMRP is an RNA-
binding protein involved in translational regulation of target mRNAs. In FXS, FMRI gene is
transcriptionally silenced, leading to the absence of FMRP.

Clinical diagnosis of FXS is usually based on the detection of the 200 or more copies of the
CGG trinucleotide repeat. The physical hallmarks of FXS are relatively nonspecific because
individuals with FXS may have almost anything from learning problems and a normal IQ to
severe cognitive impairment. In addition, autistic-like features are common in individuals with
FXS with prevalence between 18% and 33% and approximately 90% of male children with FXS
show one or more features of autism(Belmonte et al., 2006; Brodkin, 2008). In general, anxiety,
hyperactivity, depression and increased sensitivity to epileptic seizures are core features of
mndividuals with FXS (Chonchaiya et al.).

The GABAA receptor is considered to be a major inhibitory receptor in the brain. Activation

of GABA, receptors allow influx of CI into GABAergic neurons, which hyperpolarize the



neuronal membrane and lead to inhibitory effects. The inhibitory effects of GABA4 receptors
may underlie the mechanism for the anxiety and hyperactivity common in FXS phenotypes.

The GABAergic system, particularly the GABA 4 receptor-related expression and function, is
altered in FXS. In fragile X animal models, expression of GABA4 receptors are reduced at the
transcription and protein level In Fmrl (FMRI gene in mouse) knockout (KO) mice, real-time
PCR reveals significant decreased expression of GABAA receptor subunits including oy, a3, o
and as, B; and B2, and y; and v,, and 6 (D'Hulst et al., 2006; Gantois et al, 2006; Curia et al,
2009). This seems to be an evolutionally conserved feature of fragile X syndrome. In fragile X
deficient Drosophila, all three subunits that make up invertebrate GABAA receptors are under-
expressed (D'Hulst et al, 2006). Under-expression of GABA, receptor subunits is further
confirmed at protein level. Our lab has shown that expression of the 3 subunit is reduced in
fragile X mice in cortex, hippocampus, diencephalon and brainstem (EI Idrissi et al., 2005).
Another study confirmed that o5 and 6 subunits are reduced in subiculum in KO mice (Curia et
al., 2009).

Alteration of various additional elements of the GABA signaling system has been found in
the brain of fragile X mice (D'Hulst et al, 2009). This includes the GABA transporter (GAT),
succinate semialdehyde dehydrogenase (SSADH, an enzyme important in the degradation of
GABA), and gephyrin (a protein involved in the clustering and targeting of GABA, receptors to
the postsynaptic membrane). Under-expression of the GABAergic system seems to be site-
specific. Decreased expression of several GABA4 receptor subunits and gephyrin is observed
only in the cortex (D'Hulst et al., 2006; Gantois et al., 2006), while mRNAs encoding proteins
involved in transport, synthesis and degradation of GABA are under-expressed in both cortex

and cerebellum (D'Hulst et al., 2009). The GABAA 6 subunit is more than 2-fold under-



expression in hippocampus and neocortex but not cerebellum, caudate putamen, and thalamus of
KO mice (Gantois et al., 2006).

Loss of'subunit expression also leads to loss of functionality in the FXS. Electrophysiological
recordings suggest a decreased GABAergic system efficiency in the hippocampus of'the fragile
X mouse (D'Antuono et al., 2003). This is consistent with down-regulation of GABAa
expression (El Idrissi et al., 2005; D'Hulst et al., 2006; Gantois et al., 2006) and a decreased ratio
between inhibitory and excitatory amino acids in fragile X mouse hippocampus. Tonic GABAA
currents are down-regulated in KO subiculum, whereas no significant differences were observed
in phasic GABAA currents (Curia et al, 2009). This may be accounted for by the under-
expression of tonic GABA, receptor subunits a5 and 6 in KO mouse subiculum (Curia et al.,
2009). However, the extent of the reduction of these 2 subunits (~50% at protein level) cannot
fully explain the degree of functional impairment (~91%) of the tonic GABAA receptor in
subicular neurons in KO mice. This discrepancy between protein level and functional reductions
could be due, at least in part, to alterations in the trafficking of the receptors to the membrane
surface, as suggested for the glutamatergic receptors in fragile X model (Kooy 2003).

Contrary to the findings ofreduced GABAergic function, enhanced GABAergic inhibition are
found in striatum of the fragile X mice as revealed by increased frequency of the spontaneous
inhibitory postsynaptic currents (sSIPSC) and miniature inhibitory postsynaptic currents (mIPSCs)
(Centonze et al, 2008). One possible explanation for the discrepancy between these results is
that the down-regulation of GABA, receptors and of GABAergic synapses reflects an adaptive
mechanism to counter the abnormal GABA release in fragile X mice. Together with evidence of
site-specific under-expression of GABA, receptor subunits, these findings underscore the

regional specificity effect of fragile X on the GABAA system.



Anchoring GABA, receptor to the postsynaptic membrane

The efficiency of GABAergic transmission is attributed to the release of the presynaptic
neural transmitter GABA, the number of postsynaptic receptors and the mechanism for
anchoring the receptors to correct locations on the plasma membrane.

GABARAP (GABAj receptor associated protein), a microtubule associated protein that
bridges the microtubules with the large intracellular loops of the GABAA receptor subunits, is an
important scaffolding element (Liischer & Keller, 2004). Functional loss of GABARAP was
reported to result in no GABA, receptor clusters in Japanese quail QT-6 fibroblasts (Chen et al
2000). Gephyrin, a 93-kDa protein highly concentrated in the subsynaptic compartment of both
glycinergic and GABAergic inhibitory synapses, is considered as the master scaffolding
molecule of inhibitory synapses (Fritschy et al,, 2008). Down-regulation of gephyrin expression
by gene targeting or gene silencing leads to rapid disappearance of postsynaptic GABA 4 receptor
clustering and loss of inhibitory postsynaptic currents (IPSCs) (Essrich et al., 1998; Kneussel et
al, 1999; Kneussel et al., 2001; Jacob et al., 2005; Yu et al., 2007), indicating that gephyrin is
required for normal postsynaptic clustering of GABA4 receptors.

Postsynaptic clustering of gephyrin is disrupted in the absence of GABA, receptors. Targeted
deletion of y,, oy, or a3 subunit genes resulted in a dramatic loss ofpostsynaptic gephyrin which
parallels the loss of postsynaptic GABA, receptors (Essrich et al, 1998; Kralic et al, 2006;
Studer et al, 2006). Gephyrin clusters are also lost when the y, subunit gene is inactivated in
mature neurons by conditional knockout (Schweizer et al, 2003). These observations suggest
that gephyrin clustering is a regulated process, probably dependent on local synaptic activity. In

this respect, it is interesting to note that GABA, receptors forms clusters in immature neurons
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before being detectably colocalized with gephyrin. Gephyrin appears to contribute more to
stabilize previously clustered GABAA receptors at inhibitory synapses (Liischer & Keller, 2004).

It is not clear how the expression of the GABAA receptor is decreased in fragile X models.
FMRP is an RNA-binding protein with particularly high expression in neurons and gonads. It
plays an important role in transportation and translation of mRNA. A direct binding between
FMRP and the mRNA of the d subunit of the GABAA receptor has been demonstrated
(Miyashiro et al., 2003). FMRP also controls mRNA stability (Zalfa et al.,, 2007). It could be
postulated that in the absence of FMRP, RNAs normally bound to FMRP are misregulated and
Jor degraded, and GABA, receptor is directly under the control of the interaction of receptor
subunit mRNAs with FMRP, or indirectly regulated through the alteration on the level of
receptor-anchoring proteins, or the altered GABAA receptor or receptor anchoring proteins are

regulated through alternative pathways begmnning at early developmental stages.

Excitatory GABA, receptor-mediated effects during early developmental stages

The inhibitory effects of GABA4 receptor activation are extensive in the brain. However
during very early developmental stages, activation of GABAA receptors exerts excitatory effects
on the neuronal networks. At very early developmental stages, the intracellular CI' concentration
is higher than the extracellular CI' concentration in immature neurons, and activation of GABA4
receptors leads to an outward CI current which plays a depolarizing role on the neuronal
membranes (Fig.1). The excitatory effects of GABAA receptors early on depolarize the
membrane, activate voltage sensitive calcium channels (VSCCs) which is the only active route
allowing calcium influx into the immature neurons at that stage, and set the major tune in

generating giant depolarizing potentials (GDPs). GDPs are recurrent synchronized spontaneous
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network discharges which is a feature of neuronal activity of developing neurons, and is critical
in the establishment of neuronal networks (Ben-Ari et al., 2004). GDPs dominate ongoing
activities at very early developmental stages, ensure large calcium oscillations through channels
such as VSCCs, Early activation of VSCCs mediated by excitatory GABAergic- mediated effects
induces increase of intracellular calcium concentration during early developmental stages up to
P14, and subsequently activates a series of downstream calcium sensitive signaling cascades
which are important for regulating DNA synthesis and therefore neuronal proliferation,
migration and differentiation. Early activation of VSCCs triggers the formation of glutamatergic
synapses during later developmental stages as well (Ben-Ari et al., 2001, 2002, 2004, 2007,
Galanopoulou, 2008). GDPs also modulate the expression of the GABAergic phenotype through
the activation VSCCs, as well as control extension and motility of neurites. GDPs disappear
progressively and concomitantly with the excitatory to inhibitory switch of the function of

GABA, receptors activation (Ben-Ari, 2001, 2002).

[ Development>

%

Depolarization & Excitation of immature neurons Hyperpolarization & Inhibition of adult neurons

Figure 1. Excitatory to inhibitory switch of GABA, receptor-mediated effects during early
developmental stages. The switch is mainly due to increased expression of K'-CI'-coupled co-
transporter (KCC2) which extrudes CI from GABAergic neurons (Adapted from Ben-Ari et al,,
2007)



The excitatory to inhibitory switch of GABAA receptor-mediated responses results mainly from
the drastically increased expression of K'-CI'-coupled co-transporter (KCC2) (Rivera et al,
1999). KCC2 extrudes ClI' from GABAergic neurons, maintaining low intracellular chloride
concentrations in relatively developed neurons, which contributes to GABAergic inhibitory
effects by decreasing intracellular CI' concentrations and establishing an inward, not outward CTI

current (Ben-Ari, 2007) (Fig. 1).

Voltage sensitive calcium channels

Calcium acts both as a charge carrier and a second messenger, and plays pervasive roles
within neurons, directly or indirectly regulating almost all processes within the brain (Augustine
et al, 2003). Many physiological processes, such as neurotransmitter release, neuronal
excitability and plasticity and gene transcriptional regulation (Cao et al., 2006), are related to
Ca”" signaling events occurring at various cellular sites within neurons (Miller et al, 2001). Ca*"
influx through glutamate receptors as well as VSCCs provide the major sources of Ca®* signals
mn neurons (Bloodgood et al., 2007).

The 190-250 kDa pore-forming subunit of VSCCs a1 (Marcantoni et al, 2008; Halling et al.,
2005) possesses the main channel machinery including an ion-conducting pore, ion selectivity,
and voltage sensitivity (Fig. 2A). It constitutes four repeating domains, each with six
hydrophobic transmembrane helical regions and one P loop which helps to form the narrowest
region of the wall of the pore. The cytoplasmic linker regions of the al subunit contain
phosphorylation and other regulatory sites and the intracellular carboxyl (C)- terminal region
contains a binding site for calmodulin (CaM) which mediates various Ca®" - triggered reactions

(Benarroch et al., 2010) (Fig. 2B). Ten subtypes of al subunit (1A, a 1B, a1C, a1D, a1E, a1F,



alG, alH, all, alS) are encoded individually by 10 genes in the CACNAI gene family
(Hayashi et al., 2007). The amino acid sequences of these various al subunits have been aligned
for protein homology study, which grouped VSCCs into 3 categories: Cay1, Ca,2 and Ca,3. Ca,3
family is less closely related to the other two families (Kisilevsky et al., 2008) and includes 3
different T-type channel isoforms (Ca,3.1, Ca,3.2 and Ca,3.3) that are activated in response to
relatively small membrane depolarization. Ca,1 and Ca,2 families are HVA channels activated
by a current which is much more positive than the resting membrane potential (Lipscombe et al.,

2004; Vacher et al., 2008).

Ca,i1.1
L lcan.2
Ca,1.3
ca,1.4

P/Q Ca,2.1
N cCca2.2
R ©Caz2.3

Ca,1:1
T 1Ca,1.2

ca,1.3 Z S Ca®/Cam

Figure 2. Subunit composition of VSCCs. (A) Schematic illustration of a typical HVA VSCC
with the pore forming ol subunit and the auxiliary B, a®8 and y* subunits (From (Vacher et al.,
2008). (B) Three dimensional demonstration of VSCC subunits (upper diagram) and detailed
constitution of the al subunit with transmembrane domains (From Benarroch. 2010).
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All four channel isoforms in the Ca,1 family (Ca,1.1~ Ca,1.4) are L-type channels, while the
Ca,2 family consists of P/Q-type (Ca,2.1), N-type (Ca,2.2) and R-type (Ca,2.3) channels. In
addition to the pore hyphen forming subunital, HVA channels consist of 3 more auxiliary
subunits: B, a®8 and y* (Fig. 2). Each of the subunits is composed of several distinct isoforms that
are produced through mechanisms such as alterative spicing, They provide various functions
such as regulation of the rate of channel inactivation, the voltage-dependent gating ofthe channel
and modulation of channel biophysical properties (Benarroch. 2010; Helton et al, 2002;
Arikkath et al., 2003; Black et al, 2003; Dolphin et al., 2003). Each VSCC type has distinct

physiological and pharmacological characteristics.

Distribution of VSCCs in neurons

Except for Cay1 .1 channels which are exclusively expressed in muscles, all the other VSCC
isoforms are detected in the brain (Tab. 1). Ca,l channels (L-type VSCCs), especially the
Cay1 .2 and Cay1 .3 are distributed predominantly in the soma and distal dendrites (Leitch et al,

2009).

Ca,2 channels (P/Q-, N- and R- type VSCCs) are clustered at the presynaptic terminals, but also
in soma and dendrites. Immunodetection of P/Q-, N- and R- type calcium channels demonstrated
the distribution of these channels in both proximal and distal dendrites of rat globus pallidus (GP)
neurons as well as in presynaptic terminals (Hanson et al, 2002). The Ca,2.2 calcium channel
(N-type VSCC) in the brain and spinal cord of mouse is prominently located in nuclei and it

translocates during and after pilocarpine-induced status epilepticus (Xu et al, 2010).



Ca,3 channels (T-type VSCCs) are located in the soma and dendrites. Different isoforms of
Ca,3 channels are present in a compartmentalized manner in the neurons. Immunocytochemistry
and western blotting of Ca,3 channels in rat brain showed that the Ca,3.1 channels are present
mainly in the soma or proximal dendritic region, Ca,3.2 channels in the soma and proximal-mid
dendrites, and Ca,3.3 channels are in the soma and over-extended lengths of the dendritic arbor
in CAl pyramidal cells and in subicular pyramidal cells. (McKay et al., 2006) Ca,3.1 channels in
cat reticular thalamic nucleus (RE) bear a similar distribution pattern as in the rat brain, but

Cav3.3 channels are on cell bodies.

Table 1. VSCCs in brain

Channel Subtypes in Brain | Neuronal Distribution | Physiological Function
Cay1 (L-type) Ca, 1.2 gene expression,
Cay1.1~ Cay14 | Ca, 1.3 soma and dendrites | pacemaker activity,
Cay 14 sensory transduction
HVA
Ca,2 Ca,2.1 (P/Q type) transmitter release,
Ca,2.1~Ca,2.3 | Cay2.2 (N type) presynaptic terminals | neuronal excitability,
Ca,2.3 (R type) gene expression
Ca,3 (T-type) Ca,3.1 pacemaker activity,
Ca3.1~Ca33 | Cay32 . rthythmic burst firing,
LVA Ca33 soma and dendrites oscillatory behavior,

hormone secretion,
smooth muscle
contraction

Physiological effects and gene expression regulation by Ca** signaling through VSCCs in

neurons




Local Ca" signaling starts from the passive entry of Ca®" through Ca®" permeable membrane
channels, and associates with the subsequent diffusion of Ca®" into the cytoplasm which then
targets Ca’" signals to their intracellular Ca®" sensors (Ca’" binding proteins), and in turn
activates Ca”" effectors (Ca>" activated enzymes) resulting in various physiological processes.
Because of the spatial proximity of Ca®" signals and Ca*’ sensors, Ca’" signals can be
compartmentalized to segments of the neurons. To regulate different neuronal activities, the
speed and magnitude of Ca®" signaling is inversely related to the distance between Ca** signal

and Ca”"sensor (Augustine et al., 2003).

Numerous physiological effects are triggered by Ca®" signaling through VSCCs. Knockout
and natural mutant studies suggest many VSCCs act as pharmacologic targets for absence
epilepsy, cerebellar ataxia and naturopathic pain treatments (Benarroch et al, 2010). Cayl
channels are associated with Parkinson disease, Alzheimer's disease and other neurological
disorders (Willis et al., 2010). Channel activity can be blocked by dihydropyridine calcium
channel blockers such as efonidipine and nilvadipine and by non-selective mibefradil (Mishra et
al, 1994; Bezprozvanny and Tsien, 1995; Masumiya et al., 1998; Ishibashi et al., 1998§;

Furukawa et al., 2005).

Studies on effects of VSCCs and the underlying mechanisms of VSCC-related neurological
disorders indicate that VSCCs are critical in mediating rhythmic burst firing and pacemaker
activity (Benarroch. 2010), regulating neurotransmitter release, cell differentiation, synaptic
plasticity, modulating excitatory activity-dependent gene expression and other aspects of nervous

system physiology(Table 1).



Ca,3 channels are recognized as primary pacemaker activity candidates that contribute to
neuron excitability regulation. Recording of the membrane current of an NG108-15 cell line
infected with pBK-CMYV plasmid constructs encoding for the Ca,3.3 o subunit showed Ca,3.3-
expressing cells trigger repetitive action potentials that generate spontaneous membrane potential

oscillations (MPOs) (Chevalier et al., 2006).

Cay2 channels mediate transient action potential-evoked transmitter release. N-type channels
are more frequently linked to inhibitory transmission while P/Q type channels contribute more to
excitatory transmission (Potier et al., 1993). Ca,1 channels (L-type VSCCs) are effective in
regulating synaptic plasticity through Ca** signaling pathways to affect learning and memory. A
fundamental alteration of the mechanism of Hebbian plasticity through the synapse homeostatic
change is due to the genetic loss of Cay,1.2, which plays important roles in mouse fear memory

acquisition (Langwieser et al., 2010).

DNA is the repository for genetic information and gene transcription and expression, which
are the basis for all physiological alterations. The activity-dependent changes in gene expression
are usually triggered by activity-induced increase of cytoplasmic Ca®" concentration. High
throughput gene chip analysis reveals a list of 248 genes that are potentially affected by Ca**
signals. Among 27,000 rat gene transcripts, expression of 117 genes were blocked in response to
the L-type channel antagonist nifidipine, indicating a critical role of Ca*" influx through VSCCs
in gene transcription (Xiang et al., 2007). L-type channels are considered to play a major role in
triggering changes in gene expression (Gallin and Greenberg, 1995). Ca®* influx through L-type
channels induces a rapid and sustained increase in BDNF mRNA, which plays an important role

on neuronal survival (Ghosh et al., 1994). L-type channels influence gene transcription through



various ways, including associating the channel-mediated Ca®" entry with local Ca” sensor
proteins, which initiate activation or inactivation of distinct target transcription factors, or by
associating with the transcription factor itself, or by acting as a transcription factor. The L-type
channe induces significant Ca" passage and is able to activate CaM (Ca'/Calmodulin ) and
CaMK (Ca'/Calmodulin-dependent protein kinase) within seconds, which reliably phosphorylate
Ser133 or Ser142 of the transcription factor CREB (a transcription factor regulating a wide range
of gene transcription) (Jensen et al, 1991; Srinivasan et al, 1994). The Ca’ binding form of
DREAM (downstream regulatory element antagonist modulator) protein was found to dissociate
from the downstream regulatory element (DRE), which activates DRE-regulated genes such as
the prodynorphin gene by relieving the trascriptional repression of DREAM to DRE-containing
promoters (Lusin et al, 2008). Even the fragments of L-type channels possess the ability to
affect gene expression by acting directly as transcription factors. A domain of the C-terminus of
the o subunit of L-type channels (calcium channel associated transcriptional regulator, CCAT)
was shown to up- or down-regulate several genes including a gap junction protein coding gene
essential for neuron extension (Gomez-Ospina et al, 2006). The B4 subunits of VSCCs
dissociated from the channel also translocate to the nucleus, which then induces hypen or down-
regulation of additional genes (Escayg et al., 2000). Non-L-type channels are also involved in
excitation-transcription coupling. Tyrosine hydroxylase mRN A expression is induced by specific
activation of N-type channels in primary sensory neurons (Brosenitsch and Katz, 2001).
Expression of syntaxin 1A mRNA which is crucial in neurotransmitter release and is reduced

when P/Q type channels are blocked in cerebellar granule cells (Sutton et al., 1999).



Association of VSCCs with GABAergic system

Elevation of intracellular Ca** or activation of Ca**/Calmodulin-dependent protein kinase or
phosphatases has been shown to influence GABA, receptor mediated CTI currents (De Koninck
& Mody, 1996; Smart, 1997; Poisbeau et al., 1999). Blockade of L-type VSCCs is related to the
regulation of the tolerance of GABA, receptor synaptic function to chronic benzodiazepine
treatment in rat hippocampal slice preparations (Xiang & Tietz, 2008). Attenuation of Ca®'—
induced GABA synaptic potentiation followed by inhibition of tubulin polymerization indicates
that GABA synaptic potentiation might be affected by Ca’" signaling cascades through the
contribution of microtubule-mediated processes (Wei et al, 2004). Traced by two photon
excitation fluorescence microscopy, there is no significant changes in GABA-elicited CI currents
following VSCC activation and Ca”>" influx driven through VSCCs is short-lived (Cupello et al,
2005). Calcium is broadly regarded as a second messenger. Even though the signal itself does
not last long, its effect could be profound through a series of downstream pathways. The

mteraction of VSCCs with GABA, receptor could be mediated by calcium-dependent processes.

Hypothalamic neurons from postnatal day 0-14 (p0-14) rats and HEK293 cells expressing
cloned o 1B2y2 and o3, GABAA, receptor were tested for GABA-activated CI currents by patch
clamp. It was found that nitrendipine (an L-type channel blocker) inhibited GABA-gated
currents. The inhibitory actions were fully reversed after removal of the drug. Based on the
hypothesis that Ca®" channel blockers act directly on the GABA, receptor by associating with it,
several pharmacological binding sites on GABAa receptor, such as benzodiazepine site,
picrotoxin site and Zn®" site were examined for their interaction with nitrendipine (Das et al.,

2004). However, none of the selected sites was shown to be the action site of nitrendipine, which



provides the possibility that Ca?" influx through calcium channel acts on GABAergic activity

through the function of VSCCs instead of mteracting directly with GABA receptors.

In addition to disrupted GABAA4 receptor-mediated function in response to the blockage of
VSCC activities, the expression level of GABA receptors are altered as well. Application of the
VSCC blocker nifedipine or nimodipine to rat hippocampal neuron cultures, causes a 40%
reduction in the expression of cell surface GABA, receptor. Nifedipine specifically down
regulates the number of GABAs [3 subunit. The insertion of GABA4 receptor into the
membrane was significantly reduced by application of nifedipine and recovery of the GABAA
receptor trafficking largely occurred with the addition of the proteosome inhibitor MG132,
indicating that the anchoring of GABA, receptor into the plasma membrane might be affected by

the function of VSCCs, especially L-type VSCCs (Saliba et al, 2009).

All together, the function, expression and trafficking of GABA4 receptors are altered in
response to altered VSCC activites. Based on the fact that there is no active VSCC blocker
binding site on GABA4 receptors and VSCCs play critical role in gene expression regulating the
establishment of neuronal circuits during early developmental stages, we think VSCCs may be
responsible to regulate the GABAergic system through gene expression, expecially through the

regulation on scaffolding proteins which anchor GABA4 receptors on the membrane.



RESULTS

Expression of VSCCs and GABA,4 receptor in KO mice

The fragile X mental retardation syndrome results from the transcriptional silencing of the
fragile X gene, Fmrl, and to the ensuing loss of the Fmrl gene product, FMRP. Our lab has
found that expression of the GABAA receptor B subunit (GABA4 ), which is required for
receptor function, is reduced in the cortex, hippocampus, diencephalon and brainstem in adult
male fragile X mice (El Idrissi et al, 2005). Concomitantly, expression of glutamic acid
decarboxylase (GAD), the enzyme responsible for GABA synthesis, was increased in the same
regions that showed GABA4 B reduction, indicating a compensation for the reduction of GABAA
B.

Here we checked whether there is any alteration in the expression level of GABA 4 receptor in
the brains of our 2-month-old FVB/NJ age matched WT and KO lab mice. In an attempt to check
whether there is any interaction between GABA, receptor and VSCCs, we also checked the
expression level of VSCCs i the brains of all tested mice.

With immunofluorescence labeling of the GABA, receptor B subunit, we confirmed our
previous finding of the reduction in GABA, receptor expression in the hippocampus of the KO
mice. As shown in Fig. 3, expression of the GABA, receptor is reduced in the CA3 region in
KOs. Based on the fluorescence intensity of the labeling, GABA, receptor expression was
significantly reduced in KOs. We also compared the expression level of VSCCs in brains of WTs
and KOs using an antibody to the VSCC B subunit. A significant reduction of VSCC expression
was found in the same region of the hippocampus of KO mice compared to WTs (Fig. 3B). This
is similar to our previous finding of reduced VSCC expression in the pancreas of the KOs (El-
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Figure 3. Reduced expression of GABAA receptor and VSCCs in the CA3 region of KO mice.
The tissue was labeled with three colors: Red: VSCC, Green: GABA, receptor, Blue: DAPI,
marking the nuclei. Z-stacks of 19-22 um optical sections were captured from a mouse brain
tissue slice using a Leica SP2 AOBS confocal microscope with a Leica Plan Apochromat
63x/1.4-0.60 oil immersion objective (0.5-um optical slice thickness, 37-44 z-sections collected).
Image stacks were then reconstructed in 3D (A) and immunointesity of GABA, receptor and
VSCCs were quantified (B) using Imaris software (Bitplane). *P <0.05 (KO vs. WT mice),
Fisher test for significant one-way ANOVA data.

Idrissi et al, 2010). The expression of GABA4 receptors is activity-dependent and requires

calcium for gene activation. Amongst these genes are the ones that code for the various subunits



of the GABAj receptors. Reduced expression of the VSCCs in KO mice brain may be
responsible for the reduced activity-dependent, calcium-mediated gene expression resulting in

the reduced expression of to the GABA 4 receptor.

Time-course of excitatory to inhibitory switch of GABA, receptor-mediated effects during

development is shifted in the KOs.

We confirmed reduced GABA, receptor expression in adult KO mice brains in the previous
section, and which triggers our interest to look at GABAergic system at earlier developmental
stages. As mentioned above, at early stages of development, the GABA, receptors-mediated
effect is excitatory, which causes GDPs and activation of VSCCs. GDPs in turn regulate
expression of the GABAergic phenotype through the activation of VSCCs (Ben-Ari et al., 2007).
The GABAA receptors and VSCCs act as synergistic partners in establishing functional neuronal
networks at early developmental stages. The excitatory to inhibitory switch of GABA A receptors-
mediated effect is a critical feature of the GABAergic system during development. As a result,
we attempted to map the time course of the excitatory to inhibitory switch in both WTs and KOs,
so that the VSCCs could be controlled while GABA 4 receptors still mediate excitatory responses.
KCC2 plays a major role in the excitatory to inhibitory switch of the function of the GABAA
receptor by extruding CI' from GABAergic neurons and maintaining low intracellular chloride
concentrations. An elevated expression of KCC2 during development suggests the excitatory to
inhibitory switch of the GABAergic effect. Here, we examined the expression level of KCC2
with western blotting in brain samples from P1, P3, P5, P7 and P10 WTs and KOs, to determine

the change of KCC2 expression in various brain regions during these 5 time points (Fig. 4).
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Figure 4. Shift of peak expression of KCC2 in WTs and KOs during development. Shifted peak
expression of KCC2 based on western blotting in brainstem(A), cortex (B), diencephalon (C) and
hippocampus (D). Western blots showing the expression of KCC2 during development are
illustrated on right pannel. Densitometric analysis of the western bots is shown in the left panel.
The values on the figures represent relative density of the bands normalized to B-actin using
Image] software.



Western analysis indicated that expression of KCC2 peaked at different times in different
regions of the brain. Surprisingly, a shift to earlier developmental stages was observed in cortex,
hippocampus, diencephalon and brain stem of KOs (Fig. 4). In the brainstem, the expression of
KCC2 in the WTs peaked at P7 but at P5 in the KOs (Fig. 4A). Similarly, the peak expression
shifted from P5 in WTs to P3 in KOs in the cortex (Fig. 4B), and from P7 in WTs to P5 in KOs
in the hippocampus (Fig. 4C). The shift is most dramatic in the diencephalon, where the peak of
KCC2 expression was reached at P3 in KOs, about seven days earlier than WTs (Fig. 4D). The
shift in peak expression of KCC2 in KOs suggests functional disturbances in GABAergic system

development of KOs.

Pharmacological manipulation of VSCCs and GABA4 receptors

In the previous section we demonstrated a switch of peak expression of KCC2 in KOs in
comparison to WTs during early post natal developmental stages (P3 — P5), which indicates an
abrrent depolarizing-to-hyperpolarizing switch of GABAergic responses in KOs. We sought to
pharmacologically activate the VSCCs and the GABA,4 receptors in an attempt to normalize the
timing of the switch. Studies on neuronal cell cultures in vitro showed that excitatory
GABAergic responses last up to 2 weeks after plating (Connor et al, 1987; Ganguly et al., 2001).
We administered 15mM KCl to depolarize the membrane for activating VSCCs, VSCC blocker
and GABA4 receptor agonist to 1 DIV (days in vitro) primary cerebellar cultures for 48hrs. We
investigated the morphology of neurons and the expression pattern of VSCCs and GABAx
receptors in the cultures. Application of 15mM KCI induced prominent outgrowth of neurites

was shown in WTs following KCladministration (Fig. 5B).
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Figure 5. continued

GABA+ nifedipine

WT

Figure 5. Caption The expression pattern of both GABAA receptor and VSCC in primary
cerebellar cell cultures reflected by immunohistochemical signals under various treatment
conditions. Red sphere: VSCC, Green sphere: GABA4 receptor. Upper panels in each 4-image
diagram: 3D-Imaris software reconstructions from z-stacks taken from Leica SP2 AOBS
confocal microscope, Lower panels in each 4-image diagram: maximum projections from Leica
confocal software of z-stacks taken from Leica SP2 AOBS confocal microscope. Different
treatments are illustrated on the upper left corner of the diagram with whitish labeling. Nuclear
localization of VSCCs are illustrated with black arrows. (A) WT and KO control group (Ctrl)
received no treatment. (B) WT and KO group received 15mM KCI treatment. (C) WT and KO
group received 1uM nifedipine treatment. (D) WT and KO group received 10uM GABA
treatment. (E) WT and KO group received co-treatment of 10uM GABA+1uM nifedipine.

VSCC B3 subunits were mainly distributed in the cytoplasm of WT control cells (Fig. 5A),
redistribution to the nucleus occurred following nifedipine (Fig. 5C), GABA (Fig. 5D) and
GABA and nifedipine co-treatment (Fig. SE). In contrast to that of WT control, VSCC B3
subunits were localized mostly in the nucleus of KO control cells (Fig. 5A). Extensive
translocation of the VSCC B3 subunits from the nucleus to the cytoplasm occurred only

following KCI treatment (Fig. 5B). In general, WT cells were more sensitive to the stimulation
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mediated by nifedipine and GABA, KO cells, on the other hand, were more sensitive to the
chronic deploarization induced by KC1. Large scale translocation of VSCCs 3 subunits between
the nucleiand the cytosol was shown following various treatments, suggesting a potential role of

VSCCs B3 subunit in the regulation of gene expression.

Administration of VSCC activator and GABA, receptor allosteric modulator restore

behavioral performance in KOs

We found that the induction of neurite outgrowth was increased following VSCC activation.
Furthermore, we showed a significant shuttling of the B3 subunit of the VSCC between the
nucleus and the cytoplasm. This indicated that active regulation of gene expression took place
during VSCC activation. In addition, higher sensitivity of KOs to the calcium channel activator
lead us to further investigate the functional significance of this increased nuclear translocation of
the B3 subunit of the VSCC and the resulting alteration in gene expression. In an attempt to
check whether early activation of VSCC could normalize aberrant KO behavior through gene
expression, we performed behavioral tests on offspring of pregnant mice that were injected with
VSCC activator, GABA, receptor allosteric modulator, or combined injection of both drugs. In
the previous section we demonstrated that the expression of KCC2 peaked in WTs and KOs took
place during early developmental stages (P3 - P10) (Fig. 4), which indicates that the
depolarizing- to-hyperpolarizing switch of GABAergic responses occurs through P3 to P10. To
study the impact of VSCCs on the expression of GABA, receptor and GABA4 receptors-related
activities, pharmacological manipulation of VSCCs should be applied prior to P3. We injected

pregnant mice on E16 and E19 (embryonic day 16 and 19). Information of mice used for
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behavior tests are summarized in Tab. 2. The following behavioral tests were carried out

sequentially based on increased aversiveness of the test: the open field (OF), the elevated plus

maze (EPM), social interaction, acoustic startle test and contextual and cued fear conditioning.

Table 2. Mice used for behavior tests

Genotype Treatment Drug fact
A wTt none none
B KO none none
Pregnant mice (o3 KO 10 mg/kg Ganaxolone positive GABA,, receptor allosteric modulator
D KO 0.5 mg/kg Bay K 8644 VSCC activator
E KO 0.5 mg/kg Bay K 8644 positive GAI_E',AA receptor allosteric modulator
+ 10 mg/kg Ganaxolone + VSCC activator
Male number Female number
WT from pregnant A 4 10
KO from pregnant B 10 5
Offspring mice KO GABA+ from pregnant C 5 9
KO Ca+ from pregnant D 5 2
KO GC+ from pregnant E 5 13

The open field (OF)

The open field (OF) is an exploration-based test for motor function, as well as anxiety-like

behavior, which is built on the premise that the innate tendency to explore a novel place is

inhibited by the aversiveness of the environment (Treit and Fundytus, 1988). A high level of

exploration in a novel environment is an indication of low anxiety. In the open field test, anxiety-

like behavior is manifested as the avoidance of the strong-illuminated central, open area as the

natural tendency of a mouse is to stay near the perimeters of a novel environment. On the other

hand, longer immobility in the center area indicates less anxiety. As shown in Fig. 6B there were
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Figure 6. Behavioral performance of male offspring of wild type control mice (WT), Fmrl
knockout mice (KO), Fmrl knockout mice injected with 10 mg/kg Ganaxolone (KO GABA+),
Fmrl knockout mice injected with 0.5 mg/kg Bay K 8644 (KO Ca+) and Fmrl knockout mice
injected with both 10 mg/kg Ganaxolone and 0.5 mg/kg Bay K 8644 (KO GC+) in the open field
test. * P <0.05 (vs. WT mice), “P <0.05 (vs. KO mice), P <0.05 (vs. each other), Fisher test,
Scheffé test and Tukey HSD for unequal N for one-way significant analysis of variance between
groups (ANOVA) data. (A) Track plots of the 10-min open field test of a representative animal
from each group. Different zones within the open field arena (center zone, middle zone and outer
zone) are illustrated in the left diagram. (B) Immobile Episodes of mice from respective groups
in each zone. IEC: Immobile episodes in center zone, [IEM: Immobile episodes in middle zone,
[EO: Immobile episodes in outer zone.

significant differences in the immobile episodes (number of stops) in the center zone between

male WT and KO (P <0.05), male KO Ca+ and KO GC+ (p<0.05), as well as between male KO
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Ca+ and KO (p<0.05). KO males showed significantly less immobile episodes in the center zone
when compared to WTs indicating a high anxiety level in KOs. KO Cat+ males exhibited
significantly more immobile episodes in the center zone when compared with KO and KO GC+
males during the same amount of testing time (10 min) (p<0.05), which suggests that VSCC
activation reduced anxiety level in KOs. There were no significant differences in immobile
episodes in the center zone compared among all other groups of males. Aditionally there were no
differences between exploration of the middle or outer zones when comparing all groups of
males. Female offspring were also tested in the open field, but revealed no phenotype in any of

the groups.

The Elevated Plus Maze (EPM)

The EPM is also an exploration-based test for anxiety-like behavior. It is based on the
observation of rat’s innate preference of elevated closed alley over elevated open valley. The test
apparatus consists of two open arms perpendicular to two enclosed arms in a plus configuration
with a central connecting platform elevated 40-70 cm above floor. The test produces a conflict
between the instinct of mice to explore a novel environment and the natural tendency of mice to
avoid the aversive properties of an elevated open area (Kalueffet al., 2007). It is a stronger test
for anxiety than the open field test. Anxiety-like behavior is exhibited as avoidance of the open
arms which is measured by the proportion of time spent in the open arms and proportions of
entries into the open arms. Mice performance scored by EPM is shown in Fig. 7. In general, all
groups tested explored the open arms more frequently than closed arms. Male KO mice

displayed a significant reduction in the exploration in the open arms compared with WT males

26



A WT KO KO-GABA+ KO-Ca+ KO-GC+
Anmal 21 (Test21) b Il Aumai35(Test35) I Animal11(Test1) b1l Avimait (Testt) bl Anmai22(Test22) bl

B Males Females

Hl WT £ KO [ KO GABA+ I KO Ca+ KO GC+ Hl WT [ KO R KO GABA+ = KO Ca+| KO GC+
140 140

120 120

100 % 100
*
80 % 80
60

40 40

60

Number of Entries
Number of Entries

20 20

TS
8777777777775

0 0
EC EO

Hl WT [ZZ KO = KO GABA+ E= KO Ca+ KO GC+

o
B
=
N
N

=

Figure 7. Behavioral performance of offspring of wild type control mice (WT), Fmrl knockout
mice (KO), Fmrl knockout mice injected with 10 mg/kg Ganaxolone (KO GABA+), Fmrl
knockout mice injected with 0.5 mg/kg Bay K 8644 (KO Ca+) and Fmrl knockout mice injected
with both 10 mgil:g Ganaxolone and 0.5 m%/kg Bay K 8644 (KO GC+) in the EPM test. P <0.05
(vs. WT mice), P <0.01 (vs. WT mice), "P <0.05 (vs. KO mice), Fisher test, Scheff¢ test and
Tukey HSD for unequal N for significant ANOVA data. (A) Track plots of the 10-min EPM test
of a representative animal from each group. Different zones within the elevated plus maze (open
arm and closed arm) are illustrated in the left diagram. (B) Number of entries to each arm. EC:
Number of entries to the closed arm, EO: Number of entries to the open arm. Right panel: male
mice, Left panel: female mice. (C) Immobile Episodes of male mice from respective groups in
each arm. IC: Immobile episodes i the closed arm, IO: Immobile episodes in the open arm.

24

20

16

12 +

Immobile Episodes

W

27



(Fig. 7B, P <0.05) indicating an elevated anxiety level. A significant reduction of immobile
episodes in the open arms was also detected (Fig. 7C, P <0.01) in the male KO group. Male KO
GABA+, KO Ca+ and KO GC+ groups exhibited more active exploration than the male KO
group (Fig. 7B) which suggests reduced anxiety level compared to KO males. The immobile
episodes in the open arm displayed by male KO GABA+ were shown to be significantly more
(Fig. 7C, p ko gaBa+ <0.05) than those by KO males. Female offspring tested in the EPM Showed
the same but less pronounced profile of number of entries to each zone as male groups (Fig. 7B).
All females explored in the open arm more often than in the closed arm. KO females exhibited
fewer entries to the open arms than those of WT, KO GABA+ and KO Ca+. The results
described so far indicate a significantly higher anxiety level in male KOs compared with other
groups. The anxiety level in VSCC activator and GABAA receptor positive allosteric modulator

treated KO mice is normalized with no difference from WTs.

Social Interaction

We subjected all groups to the social interaction test. Social interactions in rodents include
sniffing, following, crawling over and grooming each other (File, 1985). The social interaction
test, first designed for rats (File and Hyde, 1978), then modified and successfully applied to mice
(Egashira et al., 2007), can be used to measure aspects of social approach behaviors, reciprocal
social interactions, social recognition and social preference. Social behaviors are often tested in
mice using the classical three-chamber test, where the subject mice were placed in a three-
chambered open field and were provided with choices of either unfamiliar conspecific or non-

moveable toys (Bolivar et al., 2000; Ferguson et al., 2000; Moy et al., 2004; Nadler et al., 2004).
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The test apparatus we developed was adapted from the three-chambered social approach task
(Yang et al, 2011). It consisted of three separable chambers (Fig. 8A): dark, target, and test
chamber placed in the middle. The dark chamber was painted dark, while the test and target
chambers are exposed to room light which was illuminated by 6 Lux lights facing upwards
towards the ceiling. The dark and social chambers had matching openings and the subject mouse
could freely move between the two chambers. The target and test chambers have matching
openings (social zones) as well, although much smaller to only allow minimal direct physical
sniffing between the subject and stranger mice yet allow air exchange between the two chambers.
A video camera was mounted on the side at a distance that provided complete coverage of the
arena. At the beginning of a test, the subject mouse was placed in the test chamber and allowed
to acclimate to the environment for 10 minutes (set 1). Then a stranger mouse (untreated WT of
opposite sex) was introduced into the target chamber for a 10-minute test session (set 2). To
quantify the social tendencies of the subject mouse, the following parameters were measured: a)
the time spent in the dark chamber; b) the time spent in the social zone of the test chamber; c¢) the
time and frequency of contact with the stranger mouse.

In accordance with the natural preference for darkness, all mice tested spent considerably
more time in the dark chamber than in the social zone of the test chamber during the first 10-min
(setl) test (Fig. 8B and C). Time spent in the social zone of the test chamber was significantly
increased after the stranger mouse was placed in the target chamber during the second 10-min
(set2) test (Fig. 8B and C). It seemed that male KO mice displayed longer stays in the dark
chamber and a decreased duration in the social zone of the test chamber compared to the WT
males within the 10-min test (set 2) (Fig. 8B and C). Male KO Ca+ and KO GABA+ mice

showed spent similar time in the dark chamber and the social zone of the test chamber as male
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Figure 8. Caption. Behavioral performance of offspring of wild type control mice (WT), Fmrl
knockout mice (KO), Fmrl knockout mice injected with 10 mg/kg Ganaxolone (KO GABA+),
Fmrl knockout mice injected with 0.5 mg/kg Bay K 8644 (KO Ca+) and Fmrl knockout mice
injected with both 10 mg/kg Ganaxolone and 0.5 mg/kg Bay K 8644 (KO GC+) in the Social
Interaction test. P <0.05 (vs. WT mice), P <0.01 (vs. WT mice), “P <0.05 (vs. KO mice), Sp
<0.05 (vs. each other), Fisher test, Scheffé test and Tukey HSD for unequal N for significant
ANOVA data. (A) Exemplary 10-min-setl and 10-min-set2 social interaction tests of a
representative animal from each group. Different zones within the social chamber (dark zone and
social zone) are illustrated in the left diagram. (B) Time in the dark zone. TD-setl: Time in the
dark zone during the first set of the test, TD-set2: Time in the dark zone during the second set of
the test after a stranger mouse was placed in the neutral chamber. Right panel: male mice, Left
panel: female mice. (C) Time in the social zone. TS-setl: Time in the social zone during the first
set of the test, TS-set2: Time in the social zone during the second set of the test. Right panel:
female mice, Left panel: male mice. (D) Socializations of male mice from respective group in the
social zone. TPS: Duration of contact measured as the time the test subject spent interacting with
the stranger mouse, PS: number of contacts between the test subject and the stranger mouse.

WT mice after strager mice were placed in the target chamber (Fig. 8B and C set2). Total
duration of contacts (TPS) was significantly reduced in the male KOs compared with WT males
(P <0.05) (Fig. 8D). None ofother three groups tested (KO GABA+, KO Ca+, KO GA+) showed
any difference versus WT counterparts. All together, male KO mice displayed a deficit of social
preference in our test and KO groups with treatments showed a restoration of social ability in

comparison to KOs. Female offspring showed no difference between groups (Fig. 8B and C).

Acoustic Startle test

The startle response is a stereotyped motor reaction to sudden startling stimuli, usually elicited
by acoustic or tactile stimuli. The startle response in rodents is characterized by contractions of
major muscles that generally lead to the flinch of the whole body (Koch and Schnitzler, 1997).
The acoustic startle response in rodents is mapped to a simple neural pathway that involves the

cochlear nucleus and reticular pontine nucleus (Davis et al, 1982, Koch and Schnitzler, 1997),
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but is modulated by higher brain structures (Braff et al., 2001). One example of the modulation is
the prepulse inhibition (PPI) of the startle response, which is mediated by the forebrain neural
circuits (Swerdlow et al, 2001, Swerdlow et al., 2006). PPI is the attenuation of a startle
response by a preceding non-startling sensory stimulus (Braff et al, 2001). It is considered an
operational measure of sensorimotor gating, an endogenous brain mechanism that filters out a
multitude of irrelevant sensory stimuli from those of importance (Braff et al, 1992). Both
patients with fragile X syndrome and Fmrl knockout mice display sensorimotor gating
abnormalities (Frankland et al., 2004).

We examined PPI of acoustic startle response in all groups of mice. As described in Materials
and Methods, the test consisted of three blocks. In Block 1, the subject mouse was presented
with four successive trials of 40-msec noise bursts at 115 dB. This was to establish a stable
response baseline, as there was a rapid habituation to startle responses in the first few trials. In
Block 2, the animal was subjected to 16 trials of pre-pulse followed by pulse, with pre-pulse set
at four sound levels of 75dB, 85dB, 95 dB and 105 dB of 20ms duration and pulse at 115 dB for
40 msec. in duration, followed by a startle stimulus 115dB. The trials were presented in random
order and with varying inter-trial intervals to rule out effects of attention. Block 3 was the exact
repeat of Block 1.

Compared with WTs, male KO mice demonstrated significantly decreased acoustic startle
response to the 115 dB stimulus in Block 1 and Block 3 (P <0.01) (Fig. 9A and C). This was
consistent with previous reports of reduced startle reactivity in Fmrl knockout mice (Nelsen et
al, 2002, Errijgers et al., 2008, Pietropaolo et al., 2011). KO GABA+ and KO Ca+ were close to
the WT level of startle response for the 115 dB stimulus in Block 1 and Block 3, indicating

normalized startle responses following VSCC activator and positive GABA, receptor allosteric
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Figure 9. continued
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Figure 9. continued

e = e S = = B ==
ik | MR i
= 15 =
® s
W o
—— .. Noar Arvgn o enue, |
H | o =
I Wow m wm W wm| %  w  w ) 100 w__m m Me e v 4w w m  wm =
Hl WT 77 KO [ KO-GABA+ P KO-Ca+ KO-GC+
125
100
—
=
L 75t
3 A x
=
o 1N
Qo
(7]
: A I
L s0¢
g
n N
= X I
25 1 1 E
I EA T
i =8 @
N
o k2 N\ N L L 4
Block 1 75 (dB) 85 (dB) 95 (dB) 105 (dB) Block 3

Figure 9. Behavioral performance of male offspring of wild type control mice (WT), Fmrl
knockout mice (KO), Fmrl knockout mice injected with 10 mg/kg Ganaxolone (KO GABA+),
Fmrl knockout mice injected with 0.5 mg/kg Bay K 8644 (KO Ca+) and Fmrl knockout mice
injected with both 10 mg/kg Ganaxolone and 0.5 mg/kg Bay K 8644 (KO GC+) in the Acoustic
Startle test. P <0.05 (vs. WT mice), P <0.01 (vs. WT mice), “P <0.05 (vs. KO mice), “P <0.01
(vs. KO mice), Fisher test, Scheffé test and Tukey HSD for unequal N for significant ANOVA
data. (A) Acoustic startle response of male mice to the 115dB startle stimulus in Block 1. The
shadowed zone represents when the subsequent startle stimulus (115dB) was delivered. The
circle represents the peak value of the startle response. (B) Prepulse inhibition (PPI) to the 75, 85,
95and 105 dB auditory prepulse followed by a 115 dB startle stimulus in male mice (Block 2)
after Block 1. The first shadowed zone represent the time when the prepulse (75dB, 85dB, 95dB
and 105dB) was presented. The second shadowed zone represents when the subsequent startle
stimulus (115dB) was delivered. The circle represents the peak value of the startle response. (C)
Acoustic startle response of male mice to the 115dB startle stimulus in Block 3 administered
after Block 2. The shadowed zone represents when the subsequent startle stimulus (115dB) was
delivered. The circle represents the peak value of the startle response. (D) Percent PPI in Block
2 for the four levels of prepulse administered. (E) Representative data for one set of acoustic
startle test started with Block 1, followed by Block 2 and finished by Block 3. (F)
Representative data for one set of acoustic startle test with Block 1, followed by Block 2 and
finished by Block 3. Data are shown as percentage of the startle response of WTs.
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modulator treatments. While the response level in Block 1 is comparable to WT for KO GC+, it
became much reduced when tested in Block 3 (Fig. 9A and C). PPI increased with prepulse
intensity as evidenced by the decreasing startle response in the WT (Fig. 9B, D and E). This is in
agreement with published reports (Csomor et al, 2005, Yee et al., 2005, Pietropaolo et al., 2008,
Pietropaolo et al., 2011). There was no statistically significant difference in PPI between WT and
KO and among the treatment groups (Fig. 9B, D, E and F). However a strong trend of enhanced
PPI in KOs compared with other counteparts was shown in Fig. 9D. It has been shown that the
Fmrl knockout in FVB background, which is the strain we used in the current study, has similar
PPI as WT with the same genetic background, while the FmrI knockout in C57B6/J background
exhibits enhanced PPI versus its WT counterpart (Frankland et al., 2004, Pietropaolo et al., 2011).
Except for KO GC+, all other groups showed similar startle response in Block 3 as they did in
Block 1. This demonstrates that the PPI observed in Block 2 is a result of prepulse rather than
habituation or learning by attention. The results shown so far suggest that KO GABA+ and KO
Cat+ VSCC activator and positive GABA, receptor allosteric modulator treatments partially

normalized startle responses in KOs.

Contextual and cued fear conditioning

We assessed the cognitive function of all five groups of mice using the contextual/cued fear
conditioning test, a Pavlovian associative learning and memory paradigm. In this test, mice were
trained to associate contextual cue and auditory cues [conditioned stimulus (CS)] with an
aversive unconditioned stimulus (US), a mild foot shock. The dependent measure of the test is a

freezing response that took place following pairng of the US with CS.
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All male mice showed similar amounts of freezing behavior in the contextual chamber during
the first 10 sec exploratory time, before they were subjected to 10 trials of paired auditory cues
followed by a 0.5mA foot shock. As expected, by the last trial on dayl, all groups displayed
increased freezing time compared with the pre-cue. The freezing time of KO GABA+ and KO
GC+ was significantly longer than that of WT and KO (Fig. 10A). Responses to the auditory cue
without the foot shock in the identical contextual chamber were reduced to different degrees in
all groups but KO GABA+ in Trial 11 (the first trial of the 20-trial Day2 test) as compared to
Trial 10 (the last trial of the 10-trial Dayl test). Overall, a higher level of freezing was shown in
KO GABA+, KO Ca+ and KO GC+ in both Day 1 and Day 2 tests (Fig. 10B), indicating higher
contextual learning. On day 3 the sensory cues had been changed as much as possible, so that the
mouse perceived the chamber as a novel context unrelated to the first-two-day environment. All
groups displayed less freezing time in the altered contextual environment compared to the
freezing time in the conditioning chamber. It seemed that cued learning was not as robust as
contextual learning when results from Day 2 and Day 3 were compared (Fig. 10B and C). It may
partly due to the experimental design that the CS also included light but in cued test only the tone
was presented. No difference was detected between WT and KO in the contextual/cued learning.
This corroborates with published results (Dobkin et al., 2000, Van Dam et al, 2000). Although
some reported deficit in fear conditioning test for Fmrl knockout mice (Paradee et al, 1999), it
turns out to be dependent on genetic background (Dobkin et al, 2000, Van Dam et al, 2000).
And for the particular strain of Fmrl knockout mice, it was reported that no difference is

revealed in fear conditioning between knockout and normal mice (Dobkin et al., 2000).
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Figure 10. Caption. Behavioral performance of male offspring of wild type control mice (WT),
Fmrl knockout mice (KO), Fmrl knockout mice injected with 10 mgkg Ganaxolone (KO
GABA+), Fmrl knockout mice injected with 0.5 mg/kg Bay K 8644 (KO Cat) and Fmrl
knockout mice injected with both 10 mg/kg Ganaxolone and 0.5 mg/kg Bay K 8644 (KO GC+)
in the contextual and cued fear conditioning test. P <0.01 (vs. WT mice), “P <0.01 (vs. KO
mice), P <0.05 (vs. each other), Scheffé test and Tukey HSD for unequal N for significant
ANOVA data. (A) Proportion freezing time of male mice in the contextual chamber on Day 1
and Day 2 tests. Pre-cue: Unconditioned response of mice during the first 10-sec exploration
time before any stimulus in the contextual chamber on Dayl, CR10: Conditioned response of
mice from the last trial (trial 10) on Day 1, CRExT1: Conditioned response of mice from the first
trial (Trial 1) on Day 2, CRExT20: Conditioned response of mice from the last trial (Trial 20) on
Day 2. (B) Proportion freezing time of male mice in the contextual chamber during acquisition
and extinction on Day 1 and Day 2 tests. Pre-cue: Unconditioned response of mice during the
first 10-sec exploration time before any stimulus in the contextual chamber on Day 1, T1-T10:
Conditioned response of mice during Trial 1 to Trial 10 on Day 1, T11-T30: Conditioned
response of mice during Trial 11 to Trial 30 on Day 2. (C) Proportion freezing time of male mice
in altered contextual environment on Day 3 tests. Alt-C: Response of mice during the first 3-min
exploration time before the high tone stimulus in altered contextual chamber on Day 3, Alt-C +
tone: Response of mice during the last 3-min testing time with the high tone stimulus in altered
contextual chamber on Day 3.
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DISCUSSION

The findings of this study can be summarized as follow:

Expression of VSCCs and GABA receptor is reduced in FMRI knock out (KO) mice.
The time course of excitatory to inhibitory switch of the function of GABA, receptor in
WTs and KOs is shifted during development.

Peak of KCC2 expression was reached earlier in KOs than in WTs.

VSCCs B3 subunits translocated between the nuclei and the cytosol.

VSCC activator normalized part of the KO behavior.

Our lab has previously demonstrated that expression of the B subunit GABAA receptor is

reduced in the brain of the fragile X mouse (EIl Idrissi et al, 2005), which might act as a

mechanism underlying the hyperactivities observed in fragile X patients. This reduction was

confrmed in the present study (Fig. 3).

The current results are in agreement with previous finding of reduced VSCC expression in the

islets of the Langerhans in the pancreas of KOs (Fig. 11) (EI Idrissi et al., 2010).The islets of

Langerhans in the moose pancreas contain the 65-kD isoform of GAD (GAD65), a subset of

GABA4 receptors, and high concentrations of GABA(Sorenson et al, 1991; Thomas-Reetz and

De Camilli, 1994; Yang et al., 1994; Chessler et al., 2002). The most prominent function of the

pancreas lies in the release of insulin and glucagon. Insulin and GABA are co-released from f

cells (Braun et al., 2009). While insulin lowers plasma glucose concentration, GABA acts via

GABA, receptors inhibiting the constitutive secretion of glucagon from the a cells (which raises
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Figure 11. Reduced expressions of VSCCs in the islet of Langerhans in the pancreas of KO mice.
Representative confocal images of the islet of Langerhans of two-month-old FVB/NJ WT mice
(A) and KO mice (B). Red: VSCC; Blue: DAPI. (Modified from EI Idrissi et al. 2010).

very low blood sugar level). The co-release of GABA and insulin is dependent on the activation
of the VSCCs. These channels are widely expressed by all pancreatic islet cells and are required
for calcium-dependent exocytosis of hormones and neurotransmitters. During early development,
VSCCs play an important role in calcium-dependent gene expression, and in calcium-mediated
vesicular release of neurotransmitters and pancreatic hormones. The perturbation of pancreatic
function in KOs could be associated with reduced expression of the VSCCs.

The GABAergic system in pancreas and brain shares considerable similarities. Proteins such
as GABA\ receptors, somatostatin, GAD and taurine transporter which are widely expressed in
the pancreas are also detected in the brain. VSCCs provide one of the main routes of calcium
entry into cells and are also responsible for vesicular exocytosis. The function of these channels
is critically important especially during the early developmental stages of the neuronal network.

VSCCs, as one of the major sources of Ca®" signals and initiate many physiological events
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including gene expression (Flavell and Greenberg, 2008; Catterall, 2011). Particularly, VSCCs
plays a critical role in mediating Ca** influx during early development and therefore, could have
a great effect on regulation of gene expression in early developmental stages (Ben-Ari et al,
1994; Flavell and Greenberg, 2008). Blocking Ca®* influx through L-type VSCCs reduces the
expression levels of GABAA receptors (Saliba et al, 2009). Our findings of the concomitant
reduction of GABA, receptors and VSCCs in both the brain and pancreas in Fmrl KOs may
ndicate a causal effect of VSCCs on GABA, receptor expression level

To check whether VSCCs and GABA, receptor expression are activity-dependent, we
mimicked the tonic electrical activity ofactivating VSCCs by treating cultured cerebellar granule
cells with 15mM KCl, and blocking VSCCs functions via nifedipine treatment. Interestingly, we
observed nuclear localization of the B3 subunit of VSCC in cerebellar granule cell culture (Fig.
4), which suggested the role of B3 subunit of VSCC in gene transcription. This is not the only
case that subunits of VSCCs are found in the nucleus. Two domains of VSCC were reported to
translocate between the nucleus and the cytoplasm and have been shown to be involved in
transcriptional regulation (Gomez-Ospina et al, 2006; Hibino et al, 2003). A C-terminal
fragment of L-type VSCC, a calcium channel associated transcription factor (CCAT), is
localized in the nucleus of many neurons, especially GAD65-expressing GABAergic inhibitory
interneuron (Gomez-Ospina et al, 2006). This L-type VSCC fragment is categorized as a
member of the family of transcription factors, which significantly upregulates 16 mRNAs and
downregulates 31 mRNAs expressed in Neuro2A cells. The fragment is exported from the
nucleus in response to lower intracellular calcium concentration caused by depolarization or
alternative activities (Gomez-Ospina et al., 2006). The second nuclear localized VSCC fragment

is the P4c subunit, a short particular splice variant of 4. The B4c subunit was detected in the
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chicken cochlea, eye, heart, lung, as well as in the brain. Interaction of the B4c subunit with the
chromobox protein 2/heterochromatin protein 1 y (CHCB2/HPly) or other types of
heterochromatin protein 1 (HP1), nuclear proteins involved in gene repression and transcriptional
regulation, redistribute it from the cytoplasm into the nuclei. Coexpression of f4c and CHCB2 in
Cos-1 cells in the GAL4-CAT reporter assay dramatically attenuats the gene-silencing effect of
CHCB2 on CAT activity (Hibino et al.,, 2003). However, the B4c subunit alone does not
influence gene transcription, which indicates it may function as a transcriptional regulator
reducing CHCBs/HP1s-mediated gene silencing (Hibino etal., 2003).

We have not determined through what kind of mechanism the activity-dependent
translocation of B3 subunit of VSCC was triggered and what the effect of this translocation is, or
whether the increased neurite outgrowth is directly induced by the translocation. It is possible
that VSCC B3 subunit may be involved in transcriptional regulation as the CCAT and the P4c
subunit. Translocation of transcription factors between the nucleus and the cytoplasm has been
demonstrated in various cell types (Okamura et al, 2000; Meffert et al, 2003). The function,
localization, or expression of transcription factors in the nucleus can be altered through activity-
regulated signaling pathways (West et al, 2002). Classically, the nuclear localization signals
(NLSs) contained in transcription factor sequences recognize and bind to certain subunits of
nuclear transport proteins, the transcription factor- nuclear transport protein complex will be
translocated subsequently to the nucleus through nuclear pores (Otis et al., 2006). The VSCC B3
subunit may also contain domains with nuclear transport proteins. Changes in the level of
intracellular calcium may provide enough signals to pass the threshold for activation of nuclear
transporting complex formation and nuclear redistribution that could be induced which

temporarily causes a burst of nuclear proteins that activate or suppress downstream processes.
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Immunoprecipitation or alternative methods can be used to screen binding partners of B3 subunit.
Mutants of the B3 subunit can then be constructed for further identification of the binding
domain of the B3 subunit with the interacting protein.

We observed prominent neurite outgrowth following KCI treatment (Fig. 4B), indicating
active regulation of gene expression taking place during activation of VSCCs. Activation of
VSCCs allows large transient calcium influx into neurons a process that has been shown to be
important for synaptic growth and neuronal survival. It also has been shown that L-type VSCC-
associated CREB activation transcriptionally regulates genes that are important for dendritic
growth in cortical cultures (Redmond and Ghosh, 2005). Active transcriptional regulation of
gene expression leads to alteration of the expression levels of proteins. The translocation of the
VSCC B3 subunit mediated gene transcription possibly induces gene expression of the GABAA
receptor scaffolding proteins.

GABARAP and gephyrin are two important GABA, receptor scaffolding proteins.
GABARAP, a 17-kDa protein, is important for the membrane trafficking of the GABA, receptor.
As a member of a family of homologous small microtubule binding proteins, GABARAP is
regarded as a key factor regulating GABA, receptor function (Arancibia-Cércamo and Kittler,
2009). The colocalization of GABARAP and GABA, receptor clusters has been shown in
cultured neurons (Wang et al, 1999). Functional loss of GABARAP reportedly results in no
GABAA\ receptor clusters in Japanese quail QT-6 fibroblasts (Chen et al. 2000). Gephyrin, a 93-
kDa protein, considered as the master scaffolding molecule of inhibitory synapses, serves as a
marker of GABAergic and glycinergic postsynaptic sites in the central nervous system (Fritschy
etal, 2008). It is highly concentrated in the postsynaptic compartments of GABAergic inhibitory

synapses and its clusters are usually found to be colocalized with GABA 4 receptors (Studer et al.,
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2006; Peden et al., 2008). Down-regulation of gephyrin expression by gene targeting or gene
silencing leads to rapid disappearance of postsynaptic GABA, receptor clustering and loss of
IPSCs (Jacob et al., 2005; Yu et al, 2007), indicating that gephyrin is required for normal
postsynaptic clustering of GABA, receptors, and it plays a specific role in limiting the mobility
of GABAA receptor clusters, thereby enhancing cluster stability. We examined the expression
level of both GABARAP and gephyrin in the pancreas of two-month-old wild type (WT) and
Fmrl knockout (KO) FVB/NJ mice. GABARAP expression in the pancreas was significantly
reduced in the KO (Fig. 12). Similar decreased expression pattern was observed for gephyrin in
KO mice (Fig. 13). Together with the observation that VSCCs levels were reduced as well in the
same pancreatic samples (Fig. 11) (El Idrissi et al. 2010), and together with the results of current
study, we conclude VSCCs might affect the expression of GABARAP and gephyrin through

gene expression, and subsequently regulate the expression level of GABA4 receptors.

A
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Figure 12. Reduced expression of GABARAP in the islet of Langerhans in the pancreas of KO
mice. Representative confocal images of the islet of Langerhans of two-month-old FVB/NJ WT
mice (A) and KO mice (B). Red: GABARAP. Blue: DAPI.
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Figure 13. Reduced expression of gephyrin in the islet of Langerhans in the pancreas 0of KO mice.
Representative confocal images of the islet of Langerhans of two-month-old FVB/NJ WT mice
(A) and KO mice (B). Red: gephyrin. Blue: DAPI.

Further work needs to be performed to study the effect of VSCCs regulation of expression of
GABA, receptors anchoring proteins in the brain.

Our finding of the distinct temporal KCC2 expression patterns in the four regions of mice
brain agrees with published studies that have shown that KCC2 expression follows different time
courses in different cell types as well as different regions of the brain (Rivera et al, 2005; Zhang
et al, 2006; Belenky et al, 2008). In the embryonic CNS, KCC2 expression increases
differentially in different regions of the brain with time that corresponds to the neuronal
maturation pattern in the brain (Rivera et al., 1999; Wanget al, 2002; Ikeda et al., 2003; Stein et
al, 2004). As KCC2 is the key player in the developmental switch from GABA-mediated
excitation to inhibition, it is not surprising that the timing of the developmental shift of GABA
receptor mediated responses exhibits significant regional differences (Ben-Ari et al., 2007). In

the developing rat hippocampus, the increase in the efficacy of CI' extrusion and KCC2
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expression take place by the second postnatal week (Rivera et al, 1999). One study in mice has
shown that the adult inhibitory response to GABA is established earlier in the spinal cord than in
the hippocampus (Stein et al, 2004). Caution has to be taken when comparing time courses
across species since time of birth provides no solid point of reference for brain or pancreas
development.

During early neuronal development, GABAx-receptor-mediated responses are a key factor in
the control of several Ca?’-dependent developmental phenomena, including neuronal
proliferation, migration and targeting. These events occur prior to synapse formation and are
important for the construction of the nervous system. As a molecular switch turns GABAA
receptor-mediated response from excitatory to inhibitory, KCC2 is regarded as a marker for
neuronal maturation (Rivera et al, 1999; Stein et al, 2004; Rivera et al., 2005). It is important
for GABAA-receptor and KCC?2 to be expressed both at the right time and at the right place. The
shift of KCC2 temporal expression that have detected in the KOs (Fig. 4) may result in immature
GABA physiology and potential disturbance of brain development.

As outlined above, reduced VSCC found in KOs could mediate altered gene expression and a
shift of KCC2 in KOs may be responsible for disrupted brain development, both of which may
result in an aberrant behavioral phenotype in KOs. Fmrl KO mice exhibit several physical and
behavioral characteristics of the human FXS syndrome such as macroorchidism, hyperactivity
(Bakker et al., 1994). Social anxiety is a prominent feature of FXS. Fmrl KO mice display
deficits in social interaction manifested as abnormal anxiety-related responses and sensorimotor
gating (Mineur et al, 2002, Frankland et al., 2004, Mineur et al, 2006, Errijgers et al., 2008,
McNaughton et al, 2008, Pietropaolo et al, 2011). Some mild learning deficits have been

observed using paradigms including contextual fear conditioning and Morris water maze ( Bakker
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etal, 1994, Paradee et al., 1999, Dobkin et al., 2000, Van Dam et al., 2000, Mineur et al., 2002),
although they are largely dependent upon genetic background (Dobkin et al., 2000, Van Dam et
al, 2000). Disrupted VSCCs function is associated with disrupted behavior in various mouse
strains. McKinney and Murphy showed that L-type VSCC Cavl.3 was involved in consolidation
of contextually conditioned fear in C57BL/6 mice using Cavl.3 knockout mice (McKinney and
Murphy, 2006). Bader et al., 2011 reported that mutant L-type VSCCs with one single mutation
on the coding region Cavl.2 (the causal factor of Timothy syndrome, a rare disorder with multi-
organ dysfunction) in mouse, when expressed at a fairly low level in mice, results in autistic- like
behaviors such as repetitive and perseverative behavior, and reduced socialization (Bader et al.).

To examine possible roles of VSCCs in KO mice, we performed a battery of behavioral tests
treated during embryogenesis with a VSCCs agonist, with a positive allosteric modulator of the
GABAA\ receptor or both, by injection ofthe drugs into their pregnant mothers. O verall, KO mice
displayed behaviors more or less consistent with results from published studies. They were less
active in exploring open areas in the EPM test (Fig. 7) and spent less time socializing with a
stranger mouse (Fig. 8). KO mice also had reduced startle response to acoustic stimuli (Fig. 9).
Although they failed to show any difference from WT in PPI and contextual/cued fear learning,
it was in line with reports of the specific Fmrl KO strain we used (Dobkin et al, 2000,
Frankland et al., 2004, Pietropaolo et al., 2011).

Effects of the treatments seemed to normalize part of the disrupted KO behaviors.
Administering VSCCs agonist and GABA, receptor positive modulator seem to improve the
exploring activity in the open arms of the EPM test (Fig. 7B) and social interaction with stranger
mice (Fig. 8). One notable observation is that both treatments improved learning in the fear

conditioning (Fig. 10). Interestingly, treatment with both did not necessarily bring about a strong
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effect, sometimes even the opposite (Fig. 7). These data suggest that the VSCCs and GABAA
receptors may interact synergistically during early development. Pharmacological manipulation
of the channels could bring about improvement of the KO behaviors. However further

investigation is necessary to determine the optimal dosage and timing for administration of these

drugs.
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Material and M ethods

Mouse husbandry

All mice were housed in opaque cages on hardwood chips and supplied with food and water
ad libitum. The animal room was maintained under controlled temperature (24 + 1°C) and
humidity (55 + 5%) with a 12-hr light: 12-hr dark cycle. The Fmrl Knockout mutation was
originally engineered in E14 embryonic stem cells derived from the 129/0O1la strain (Bakker et al.,
1994). FVB/NJ-129 hybrid mice carrying this mutation were obtained (a generous gift, B. Oostra
& R. Willemsen) and repeatedly backcrossed to FVB/NJ at the CSI animal facility. KO and
control littermates used in the experiments were the product of >20 generations of this process.
All procedures were approved by the Institutional Animal Care and Use Committee of the
College of Staten Island/CUNY, and were in conformity with National Institutes of Health

Guidelines.

Mouse strains and genetics for protein tests

Two-month-old FVB/NJ males and FmrI knockout FVB/NJ males were used in identification
of GABA4 receptor and VSCC expression in CA3 region in the brain. The number of mice used
in these studies was sufficient to provide statistically reliable results were used in these studies.

FVB/NJ and Fmrl knockout FVB/NJ mice were used at 5 time points were used to study

KCC2 expression level in the brain to map the GABA, receptor-mediated effect switch. Wild
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type control (WT) and Fmrl knockout mice (KO) on P1, P3, P5, P7 and P10 were used (P:

postnatal day).

Mouse strains and treatments for behavior tests

FVB/NJ and Fmrl Knockout FVB/NJ mice were used (Table 2). Mice were tested from the
following groups: offspring of wild type control mice (WT, male: N=4, female: N=10),
offspring of Fmrl knockout mice (KO, male: N=9, female: N=5), offSpring of Fmrl knockout
mice injected with 10 mg/kg Ganaxolone (KO GABA+, male: N=5, female: N=9), offspring of
Fmrl knockout mice injected with 0.5 mg/kg Bay K 8644 (KO Ca+, male: N=5, female: N=2)
and offspring of Fmrl knockout mice injected with both 10 mg/kg Ganaxolone and 0.5 mgkg
Bay K 8644 (KO GC+, male: N=5, female: N=13). Timed breeding was performed on KOs.
Titration of Bay K 8644 was performed prior to the test. Img/kg and 0.8mg/kg Bay K 8644
induced severe seizures in the injected pregnant KO mice. 0.5mgkg Bay K 8644 did not cause
any seizure and were subsequently applied to the test animals. Pregnant KO mice were treated
with 0.5 mg/kg Bay K 8644 at E15, 5 mg/kg Ganaxolone at E15 and E19, or 0.5 mg/kg Bay K
8644 with 5 mg/kg Ganaxolone at E15, followed by 5 mg/kg Ganaxolone at E19 respectively.
Offspring mice were caged separately by sex, and genotyping was determined by PCR (Bakker
et al, 1994) following weaning at postnatal day 21. Mice were behaviorally tested when they

were 8 weeks old.

Immuno his toche mistry
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The cryosectioned brain slides were washed with phosphate-buffered saline (PBS; 0.01M,
ph7.4) 3 times (10min each), permeabilized and blocked with 2% nonfat dry milk (NFDM) in
PBS, containing 0.02% TritonX-100 and 10% Normal goat serum (NGS) for 1hr, and incubated
overnight (at 4 °C) with the primary antibody after 3 washes with PBS(D’Ascenzo M et al.,
20006). The in vitro expression of VGCCs and various scaffolding proteins was analyzed with the
following antibodies (diluted in NFDM-PBS with 2%NGS): rabbit anti- VSCC B3 (1:500;
Millipore Corp. MA, USA) and mouse anti-GABAa receptor B chain (1:500; Chemicon
International Inc., CA, USA). The following day, the samples were blocked for 1hr with 10%
NGS in NFDM-PBS, and then washed and incubated for 1 hr at room temperature with
secondary antibodies diluted in NFDM-PBS with 2%NGS: fluorescein goat F(ab’)2 anti-mouse
IgG-FITC (1:250; Santa Cruz Biotechnology, Inc., CA, USA), Cy5-conjugated affinipure goat
antirabbit [gG (H+L) (1:250; Jackson ImmunoResearch laboratories, Inc., PA, USA). The nuclei
were counterstained and finally cover-slipped with Prolong Gold antifade reagent with DAPI
(Invitrogen, Eugene, OR, USA). All experiments were repeated independently at least three

times.

Western blotting

The concentration of different protein extracts were measured by a BCA assay kit
(SigmaeAldrich) using a microplate spectrophotometer (Spectra MAX 340PC; Molecular
devices, Inc., CA, USA) and the isolated proteins from WT and KO brains are then subjected to
SDS-PAGE. Western blotting was performed as described previously (Adusei DC et al., 2010).

The following antibodies were used in this study: mouse anti- KCC2 (1:500; UCDavis, CA,
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USA), mouse anti-f actin (1:10,000, Sigma, MO, USA), goat anti-mouse 1gG, (H+L), peroxidase
conjugated (1:5000; Thermo Scientific, IL, USA), goat anti-rabbit IgG, (H+L), peroxidase
conjugated (1:5000; Thermo Scientific, IL, USA). All experiments were repeated independently

at least three times.

Microwell cell culture of mouse cerebellum

Cerebellums from P7 WT and KO mice were cleanly isolate and were then transferred to
sterile centrifuge tube containing 2ml calcium and magnesium free- physiological buffered
solution (CMF-PBS). 5-minute incubation of cerebellums in 1ml 1% Trypsin-DNase with gentle
rotation at room temperature was performed following the removal of the CMF-PBS. Cerebellar
tissues were then thoroughly triturated in 1ml EG-0.05%DNase to remove excess DNA. Clumps
of tissue were allowed to settle by sitting on ice for 2 minutes. The supernatant were centrifuged
at 1000rpm for 5 minutes in the IEC Centra GP8R centrifuge (International Equipment Company,
MA, USA). Cell pellets were throroughly dissolved in medium, and were plated at a density of
5x10° cells/ml in the minimum essential medium (MEM) eagles serum. The primary cerebellar
cultures were incubated in the napco 6300 CO, incubator (Thermo Electron Corp., MA, USA) at
37.5°C, and with 5% CO; in the atomasphere. The following day N, medium were added to the

culture medium to promote the growth of neurons instead of glal cells.

Cell culture treatments
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Primary cerebellar cell cultures were obtained from P7 (postnatal day 7) WT mice and P5 KO
mice. Both groups were cultured in N, supplement media to facilitate neuronal growth instead of
glial cell growth, and were treated with 15mM KCI, 1uM nifedipine (Nif) prepared in DMSO
(with final DMSO concentration in media lower than 0.1%), 10uM GABA prepared in PBS and

both 10pM GABA and 1M Nif respectively at 1 DIV (days in vitro) for 48 hrs (Tab. 3).

Table 3. Treatment for primary cerebellar granule cultures

Chemicals administrated

Treatment group Concentration
(48 hours)

Control (Ctrl) / /
Activation of the VSCCs KCl 15mM
Blockade of the VSCCs Nifedipine (Nif) 1uM
Activation of the GABA,
receptors GABA 10pM
Activation of the GABA,
receptors & Blockade of .
the VSCCs GABA + Nif 10uM+1puM

Immunocytoche mistry

The cells were fixed with 4% paraformaldehyde in PBS for 15 min at room temperature (RT;
21-23 °C), washed with phosphate-buffered saline (PBS; 0.01M, ph7.4) 3 times (10min each),
permeabilized and blocked with 2% nonfat dry milk (NFDM) in PBS, containing 0.02%
TritonX-100 and 10% Normal goat serum (NGS) for 1hr, and incubated overnight (at 4 °C) with
the primary antibody after 3 times washes with PBS(D’Ascenzo M et al, 2006). The in vitro
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expression of VGCCs and various scaffolding proteins were analyzed with the following
antibodies (diluted in NFDM-PBS with 2%NGS): rabbit anti-VSCC B3 (1:500; Chemicon
International Inc., Temecula, CA, USA) and mouse anti-GABAA receptor B chain (1:500;
Chemicon International Inc., Temecula, CA, USA). The following day, the samples were
blocked for 1hr with 10% NGS in NFDM-PBS, and then washed and incubated for 1 hr at room
temperature with secondary antibodies diluted in NFDM-PBS with 2%NGS: fluorescein goat
F(ab’)2 anti-mouse IgG-FITC (1:250; Santa Cruz Biotechnology, Inc., CA, USA), Cy5-
conjugated affinipure goat anti rabbit IgG (H+L) (1:250; Jackson ImmunoResearch laboratories,
Inc., PA, USA) . The nuclei were counterstained and finally cover-slipped with Prolong Gold
antifade reagent with DAPI (Invitrogen, Eugene, OR, USA). All experiments are required to be

repeated independently at least three times.

Behavior test:

Open field activity

At 8 weeks of age, mice were subjected to an open-field test. The mice were allowed to
acclimate in a procedure room dimly lit by red lighting (100 Watts/30 Lux) for at least 20 min
prior to the test. Each individual mouse was then transferred to the testing room and placed into
the open field apparatus from the center of the arena. The open-field apparatus was a rectangular
field (56 cm W % 39 cm L with 22.86 cm H) (Fig. 6A); none of the mice were familiar with the
apparatus. A video camera was mounted above the box to record activity. Open- field behavior of

each mouse was recorded for 10 min by the video camera positioned above the apparatus.
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Lighting during testing was provided by two 15W fluorescent lights. The animals were tested

during the dark phase.

Elevated plus-maze test

The mice were tested in the elevated plus-maze (EPM) after the open field test. The EPM
used in this study comprised two opposing open arms (30 X 5 cm) and two closed arms (30 x 5 x
15 cm), which joined at a square central area (5 x 5 cm) to form a plus sign (Fig. 7A). The maze
floor was constructed of wood with a gray rubber covering and the side/end walls (15 cm height)
of the enclosed arms of black painted wood. To reduce the likelihood of falling-over, a slightly
raised edge (0.25 cm) around the perimeter of the open arms provided additional traction for the
animals. The entire apparatus was elevated to a height of 45 cm above the floor by a single
central support and four 25-W white fluorescent lights arranged as a cross at 100 cm above the
maze were used as the source of illumination (Chen et al., 2001). Experimental procedures were
the same as described above. During each test, an individual mouse was placed on the central
platform of the maze facing an open arm. Its EPM exploratory behavior on the plus-maze was
recorded for 10 min by a vertically mounted video camera linked to a monitor and video recorder
in an adjacent computer. After each trial, the mouse was returned to its home cage and the maze

was cleaned with 70% ETOH to remove any trace of olfactory cues.

Social interaction test

The mice were then tested for the social interaction task. The social interaction apparatus
consisted of one black box and two clear boxes lined up on the counter top with holes on the
sides and lids on the tops (Fig. 8A). The large holes between the black box and the middle clear

box were exactly aligned together, allowing mice to enter each box freely. The smaller holes
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between the two clear boxes were shifted to prevent mice crossing over. A black board was
placed behind the boxes and against the wall to increase contrast. Any objects that can be
perceived as visual distracters were moved off the counter top surrounding the clear boxes. The
room was dimly lit with 6 Lux lights facing upwards towards the ceiling. A camera was set up on
tripod across from the counter top, to provide a video recording as a side tri-pod view. Mice were
tested individually. Experimental procedures were the same as described above. Each mouse was
subjected to 2 sets of tests. Set 1: the test mouse was placed in the middle clear box and allowed
recorded for 10 min. Set 2: a stranger mouse was placed into the side clear box, while the test

mouse remained i the middle clear box, and was recorded for 10 min.

Acoustic startle response test

Mice were tested with equipment from MED Associates, Inc. (St. Albans, VT) for the
acoustic startle response test. The foam-lined sound-attenuated chamber (ENV-022S) was
equipped with a Pro-Series Startle Platform (a movement-sensitive loading cell platform), a
transducer and amplifier (PHM-250B). All audio stimuli and background noise were white noise.
Decibel levels were verified by a Quest Technologies Impulse Sound Level Meter Model 2700
(Oconomowoc, WI). A fan and a red light were provided inside the chamber for the comfort of
the animal.

On the day of testing, a 3.2cm round acrylic restrainer ENV-263 A (Med Associates, Inc. St.
Albans, VT) was secured on top of the loading cell platform within the sound attenuated test
chamber allowing adequate space and sound diffusion for the animals. Experimental procedures
were the same as described above. All mice were tested individually. Mice remained in the test
chamber for the duration of the test. Each mouse received a 5-min acclimation in the acrylic

restrainer prior to the testing with the box fan and red light turned on, where no acoustic startle
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stimuli were presented. Background noise was maintained at 65dB throughout testing. Mice were
subjected to 3 Blocks after the 5-min acclimation in each test. Block 1: Null period 100ms
followed by a startle stimulus 115dB for 4 trials with 40ms duration, a 1ms rise/fall time, and a
5-25sec inter-trial-interval. Variable interstimulus intervals may aid in the prevention of
habituation to a particular stimulus. Block 2: this block consisted of 16 trials with a 5-25sec
inter-trial- interval. Null period 100ms followed by a pre-pulse of 75 dB, 85dB, 95 dB or 105 dB
20ms in duration, followed by a startle stimulus 115dB with 40ms duration, a 1ms rise/fall time.
The various trial types were presented 4 times each and constituted a 4 (75 dB, 85dB, 95 dB or
105 dB prepulse) X 4 (115dB startle stimulus) random array. Block 3: exact replication of block

1.

Contextual and cued fear conditioning test

The mice were subjected to the contextual and cued fear conditioning test at the end of all the
behavior tests to test their learning and memory levels. The context fear chamber apparatus (FRZ
123485 Freeze Monitor, San Diego Instruments, Inc., CA, USA) has 3 infrared sensors on each
side that permit freezing records by measuring the latency to break the infrared beams every 10s.
The data were transduced on line during testing using Freeze Monitoring Software MED-PC-
IV®. At 8 weeks of age, mice were subjected to the test. Mice were allowed to acclimate in a
procedureroom dimly lit by red lighting (100 Watts/30 Lux) for at least 20 min prior to the test.
The contextual and cued fear conditioned stimuli in the testing paradigm were adapted from
Wehner and Radcliffe (2001) (Wehner and Radcliffe, 2001) and are as follows: (a) Day 1
Acquisition Phase: 120s acclimation, followed by a tone emitted for 30s duration, after 10s of
the tone onset the mice were presented with a light that was illuminated for 10s then shut off and

finally during the last 2s of the tone presentation a 0.5mA floor grid shock was given for 5s in
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duration as the unconditioned aversive stimulus. Prior to and following the delivery of the shock,
mice latencies to break 3 infrared beams were measured every 10s for 120s followed by a 70s
inter-trial-interval. 10 trials were presented during day 1 which was considered the learning
acquisition phase. (b) Day 2 Retention Phase: Identical testing procedures were administered as
in day 1 except that all trials were presented without shock and 20 trials were presented during
day 2. (c) Day 3 Altered Context Phase: In order to assess the cued specific learning in
separation of the contextual environment in which training occurred, alterations were
experimentally manipulated to evaluate fear generalization between contextual and altered (i.e.
novel) environments without tone and then with the conditioned tone presentation. The floor
grids were covered with a smooth black rubber matt and a black plexi-glass diagonal divider was
inserted into the chamber to separate the chamber into two equal triangular compartments.
Opposite of the side in which the mice were tested an inaccessible petri dish was placed
containing vanilla extract to increase exploratory locomotor behavior in the mice as an internal

positive test control in the altered environment.

Behavior test Data analysis

The open field, EPM and social interaction data were recorded by a video camera as digital
video clips using an analog-digital converter. The movies were analyzed using AnyMaze®
software. Tracking of the animal was based on contrast relative to background. Different zones
were labeled and indicated on the monitor. Two tracking points were specified : one the head and
the other the center of gravity of the animal. An excel spreadsheet was generated containing all

the parameters specified.
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The startle response data was analyzed with the SOF-825 Startle Reflex Software (Med
Associates, Inc. St. Albans, VT). Programming was set for pre-pulse inhibition (PPI) analyses.
Data detection was set for startle response only at a minimum latency of 5ms, first peak
minimum value of 10 arbitrary units (both PP and startle period), and peak data points with a
minimum time of 10ms. An excel spreadsheet was generated containing all the parameters

specified.

The contextual and cued fear conditioning data were transduced during testing with Freeze
Monitoring Software MED-PC-IV®. An excel spreadsheet was generated containing all the
parameters specified. The mean latency to freeze value of the control group during the first 10s
of experimentation was used as a baseline measure. Data from all treatment groups, within and
between, were normalized against the baseline value using the following formula: (animal
latency to freeze raw data following exposure of auditory cue with foot shock * 100 / control
mean value of first 10s exposure to context = % time freezing difference from baseline). This
formula was computed for all comparisons of baseline versus all experimental manipulations
across the 3 day testing paradigm for relative comparisons of auditory cued fear conditioning.
Day 2 retention data were compared against the trial 4 data from day 1. Retention data
comparisons were made by normalizing day 1 trial 4 data against day 2 retention data using the
following formula: (animal latency to freeze raw data from day 2 trial 1 following exposure of
auditory cue without foot shock * 100 / control mean value of first 10s following exposure of
auditory cue with foot shock from day 1 trial 4 = % time freezing difference of auditory cued
conditioned retention from acquisition). Day 3 altered context data were compared against itself

in the presence or absence of a fear conditioned auditory cue. Altered context data comparisons
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were made by normalizing day 3 altered context data against day 3 altered context with fear
conditioned auditory cue data using the following formula: (animal latency to freeze raw data
from day 3 trial 1 following exposure of an auditory cue in altered context * 100 / control mean

value of first 10s exposure to altered context = % time freezing difference from baseline).

Statistical analysis

All data was post analyzed offline and statistics were computed in Statistica V 6.1 (Statsoft,
Inc. Tulsa, OK). Data were analyzed with one-way ANOVA. Post-hoc comparisons were made
Fisher test, Scheffé test and Tukey HSD for unequal N. Significance was set at a confidence

level of 95%. Data are presented as mean + SEM.

61



REFERENCES

Adusei DC, Pacey LKK, Chen D, Hampson DR Early developmental alterations in GABAergic
protein expression in fragile X knockout mice. Neuropharmacology 59:167-171.

Arancibia-Carcamo IL, Kittler JT (2009) Regulation of GABA(A) receptor membrane
trafficking and synaptic localization. Pharmacol Ther 123:17-31.

Arikkath J, Campbell KP (2003) Auxiliary subunits: essential components of the voltage- gated
calcum channel complex. Curr Opin Neurobiol 13:298-307.

Augustine GJ, Santamaria F, Tanaka K (2003) Local calcium signaling in neurons. Neuron
40:331-346.

Bader PL, Faizi M, Kim LH, Owen SF, Tadross MR, Alfa RW, Bett GCL, Tsien RW,
Rasmusson RL, Shamloo M (2011) Mouse model of Timothy syndrome recapitulates
triad of autistic traits. Proc Natl Acad Sci U S A 108:15432-15437.

Bading H, Ginty DD, Greenberg ME (1993) Regulation of gene expression in hippocampal
neurons by distinct calcium signaling pathways. Science 260:181-186.

Bakker CE, Verheij C, Willemsen R, van der Helm R, Oerlemans F, Vermey M, Bygrave A,
Hoogeveen A, Oostra BA, Reyniers E, De Boule K, D'Hooge R, Cras P, van Velzen D,
Nagels G, Martin J-J, De Deyn PP, Darby JK, Willems PJ (1994) Fmrl knockout mice:
A model to study fragile X mental retardation. Cell 78:23-33.

Belenky MA, Yarom Y, Pickard GE (2008) Heterogeneous expression of gamma-aminobutyric
acid and gamma-aminobutyric acid-associated receptors and transporters in the rat

suprachiasmatic nucleus. J Comp Neurol 506:708-732.

62



Belmonte MK, Bourgeron T (2006) Fragile X syndrome and autism at the intersection of genetic
and neural networks. Nat Neurosci 9:1221-1225.

Ben-Ari Y (2001) Developing networks play a similar melody. Trends Neurosci 24:353-360.

Ben-Ari Y (2002) Excitatory actions of gaba during development: the nature of the nurture. Nat
Rev Neurosci 3:728-739.

Ben-Ari Y, Gaiarsa J-L, Tyzio R, Khazipov R (2007) GABA: A Pioneer Transmitter That
Excites Immature Neurons and Generates Primitive Oscillations. Physiol Rev 87: 1215-
1284.

Ben-Ari Y, Khalilov I, Represa A, Gozlan H (2004) Interneurons set the tune of developing
networks. Trends Neurosci 27:422-427.

Ben-Ari Y, Tseeb V, Raggozzino D, Khazipov R, Gaiarsa JL (1994) y-Aminobutyric acid
(GABA): a fast excitatory transmitter which may regulate the development of
hippocampal neurones in early postnatal life. In: Progress in Brain Research, vol. Volume
102 (J. Van Pelt, M. A. C. H. B. M. U. and Silva, F. H. L. D., eds), pp 261-273: Elsevier.

Benarroch EE (2010) Neuronal voltage- gated calcium channels: brief overview of their function
and clinical mmplications i neurology. Neurology 74:1310-1315.

Bezprozvanny I, Tsien RW (1995) Voltage-dependent blockade of diverse types of voltage- gated
Ca2+ channels expressed in Xenopus oocytes by the Ca2+ channel antagonist mibefradil
(Ro 40-5967). Mol Pharmacol 48:540-549.

Black JL, 3rd (2003) The voltage-gated calcium channel gamma subunits: a review of the
literature. J Bioenerg Biomembr 35:649-660.

Bloodgood BL, Sabatini BL (2007) Ca(2+) signaling in dendritic spines. Curr Opin Neurobiol

17:345-351.

63



Bolivar V, Cook M, Flaherty L (2000) List of transgenic and knockout mice: behavioral profiles.
Mamm Genome 11:260-274.

Borodinsky LN, O'Leary D, Neale JH, Vicini S, Coso OA, Fiszman ML (2003) GABA-induced
neurite outgrowth of cerebellar granule cells is mediated by GABAA receptor activation,
calcium influx and CaMKII and erk1/2 pathways. Journal of Neurochemistry 84:1411-
1420.

Braff DL, Geyer MA, Light GA, Sprock J, Perry W, Cadenhead KS, Swerdlow NR (2001)
Impact of prepulse characteristics on the detection of sensorimotor gating deficits in
schizophrenia. Schizophrenia research 49:171-178.

Braff DL, Grillon C, Geyer MA (1992) Gating and habituation of the startle reflex in
schizophrenic patients. Archives of general psychiatry 49:206-215.

Braun M, Ramracheya R, Johnson PR, Rorsman P (2009) Exocytotic Properties of Human
Pancreatic B-cells. Annals of the New York Academy of Sciences 1152:187-193.

Braun M, Ramracheya R, Bengtsson M, Clark A, Walker JN, Johnson PR, Rorsman P (2010) vy-
Aminobutyric Acid (GABA) Is an Autocrine Excitatory Transmitter in Human Pancreatic
B-Cells. Diabetes 59:1694-1701.

Brodkin ES (2008) Social behavior phenotypes in fragile X syndrome, autism, and the Fmrl
knockout mouse: theoretical comment on McNaughton et al. (2008). Behav Neurosci
122:483-489.

Brosenitsch TA, Katz DM (2001) Physiological patterns of electrical stimulation can induce
neuronal gene expression by activating N-type calcium channels. J Neurosci 21:2571-
2579.

Cao YQ (2006) Voltage-gated calcum channels and pain. Pain 126:5-9.

64



Catterall WA (2011) Voltage-Gated Calcium Channels. Cold Spring Harbor Perspectives in
Biology 3.

Centonze D, Rossi S, Mercaldo V, Napoli I, Ciotti MT, De Chiara V, Musella A, Prosperetti C,
Calabresi P, Bernardi G, Bagni C (2008) Abnormal striatal GABA transmission in the
mouse model for the fragile X syndrome. Biol Psychiatry 63:963-973.

Chen L, Toth M (2001) Fragile X mice develop sensory hyperreactivity to auditory stimuli.
Neuroscience 103:1043 - 1050

Chen L, Wang H, Vicini S, Olsen RW (2000) The gamma-aminobutyric acid type A (GABAA)
receptor-associated protein (GABARAP) promotes GABAA receptor clustering and
modulates the channel kinetics. Proc Natl Acad SciU S A 97:11557-11562.

Chessler SD, Simonson WT, Sweet IR, Hammerle LP (2002) Expression of the vesicular
inhibitory amino acid transporter in pancreatic islet cells: distribution of the transporter
within rat islets. Diabetes 51:1763-1771.

Chevalier M, Lory P, Mironneau C, Macrez N, Quignard JF (2006) T-type CaV3.3 calcium
channels produce spontaneous low-threshold action potentials and intracellular calcium
oscillations. Eur J Neurosci 23:2321-2329.

Chonchaiya W, Au J, Schneider A, Hessl D, Harris SW, Laird M, Mu Y, Tassone F, Nguyen DV,
Hagerman RJ (2012) Increased prevalence of seizures in boys who were probands with
the FMR1 premutation and co-morbid autism spectrum disorder. Hum Genet 131:581-
589.

Connor JA, Tseng HY, Hockberger PE (1987) Depolarization- and transmitter-induced changes
in intracellular Ca2+ of rat cerebellar granule cells in explant cultures J Neurosci7: 1384-

1400.

65


http://www.ncbi.nlm.nih.gov/pubmed?term=Depolarization-%20and%20transmitter-induced%20changes%20in%20intracellular%20Ca2%2B%20of%20rat%20cerebellar%20granule%20cells%20in%20explant%20cultures##

Cordeiro L, Ballinger E, Hagerman R, Hessl D (2011) Clinical assessment of DSM-IV anxiety
disorders in fragile X syndrome: prevalence and characterization. J Neurodev Disord
3:57-67.

Cortez Miguel A, Cunnane Stephen C, Snead OC (2002) Brain Sterols in the AY-9944 Rat
Model of Atypical Absence Seizures. Epilepsia 43:3-8.

Crestani F, Lorez M, Baer K, Essrich C, Benke D, Laurent JP, Belzung C, Fritschy J-M, Liischer
B, Mohler H (1999) Decreased GABA A-receptor clustering results in enhanced anxiety
and a bias for threat cues. Nat Neurosci 2:833-839.

Csomor PA, Vollenweider FX, Feldon J, Yee BK (2005) On the feasibility to detect and to
quantify prepulse-elicited reaction in prepulse inhibition of the acoustic startle reflex in
humans. Behav Brain Res 162:256-263.

Cupello A, Esposito A, Marchetti C, Pellistri F, Robello M (2005) Calcium accumulation in
neurites and cell bodies of rat cerebellar granule cells in culture: effects on GABA(A)
receptor function. Amino Acids 28:177-182.

Curia G, Papouin T, Seguela P, Avoli M (2009) Downregulation of tonic GABAergic inhibition
in a mouse model of fragile X syndrome. Cereb Cortex 19:1515-1520.

D'Antuono M, Merlo D, Avoli M (2003) Involvement of cholinergic and gabaergic systems in
the fragile X knockout mice. Neuroscience 119:9-13.

D'Ascenzo M, Piacentini R, Casalbore P, Budoni M, Pallini R, Azzena GB, Grassi C (2006) Role
of L-type Ca2+ channels in neural stem/progenitor cell differentiation. Eur J Neurosci

23:935-944.

66



D'Hulst C, De Geest N, Reeve SP, Van Dam D, De Deyn PP, Hassan BA, Kooy RF (2006)
Decreased expression of the GABAA receptor in fragile X syndrome. Brain Res
1121:2238-245.

D'Hulst C, Heulens I, Brouwer JR, Willemsen R, De Geest N, Reeve SP, De Deyn PP, Hassan
BA, Kooy RF (2009) Expression of the GABAergic system in animal models for fragile
X syndrome and fragile X associated tremor/ataxia syndrome (FXTAS). Brain Res
1253:176-183.

Das P, Bell-Horner CL, Huang RQ, Raut A, Gonzales EB, Chen ZL, Covey DF, Dillon GH
(2004) Inhibition of type A GABA receptors by L-type calcium channel blockers.
Neuroscience 124:195-206.

Dave KA, Bordey A (2009) GABA increases Ca2+ in cerebellar granule cell precursors via
depolarization: Implications for proliferation. [UBMB Life 61:496-503.

Davis M, Gendelman D, Tischler M, Gendelman P (1982) A primary acoustic startle circuit:
lesion and stimulation studies. The Journal of Neuroscience 2:791-805.

De Koninck Y, Mody I (1996) The effects of raising intracellular calcium on synaptic GABAA
receptor-channels. Neuropharmacology 35:1365-1374.

Dobkin C, Rabe A, Dumas R, El Idrissi A, Haubenstock H, Brown WT (2000) Fmrl knockout
mouse has a distinctive strain-specific learning impairment. Neuroscience 100:423-429.

Dolphin AC (2003) Beta subunits of voltage-gated calcium channels. J Bioenerg Biomembr
35:599-620.

Egashira N, Tanoue A, Matsuda T, Koushi E, Harada S, Takano Y, Tsuyjimoto G, Mishima K,

Iwasaki K, Fujiwara M (2007) Impaired social interaction and reduced anxiety-related

67



behavior in vasopressin Vla receptor knockout mice. Behavioural Brain Research
178:123-127.

El Idrissi A, Yan X, L' Amoreaux W, Brown WT, Dobkin C (2010) Neuroendocrine alterations in
the fragile X mouse. Results Probl Cell Differ 54:2201-221.

El Idrissi A, Ding XH, Scalia J, Trenkner E, Brown WT, Dobkin C (2005) Decreased GABA(A)
receptor expression in the seizure-prone fragile X mouse. Neurosci Lett 377:141-146.

Errijgers V, Fransen E, D'Hooge R, De Deyn PP, Kooy RF (2008) Effect of genetic background
on acoustic startle response in fragile X knockout mice. Genetics research 90:341-345.

Escayg A, De Waard M, Lee DD, Bichet D, Wolf P, Mayer T, Johnston J, Baloh R, Sander T,
Meisler MH (2000) Coding and noncoding variation of the human calcium-channel
beta4-subunit gene CACNB4 in patients with idiopathic generalized epilepsy and
episodic ataxia. Am J Hum Genet 66:1531-1539.

Essrich C, Lorez M, Benson JA, Fritschy JM, Liischer B (1998) Postsynaptic clustering of major
GABAA receptor subtypes requires the gamma 2 subunit and gephyrin. Nat Neurosci
1:563-571.

Ferguson GD, Anagnostaras SG, Silva AJ, Herschman HR (2000) Deficits in memory and motor
performance in synaptotagmin IV mutant mice. Proc Natl Acad Sci U S A 97:5598-5603.

File SE (1985) Animal models for predicting clinical efficacy of anxiolytic drugs: social
behaviour. Neuropsychobiology 13:55-62.

File SE, Hyde JR (1978) Can social interaction be used to measure anxiety? British journal of

pharmacology 62:19-24.

68



Flavell SW, Greenberg ME (2008) Signaling mechanisms linking neuronal activity to gene
expression and plasticity of the nervous system. Annual review of neuroscience 31:563 -
590.

Frankland PW, Wang Y, Rosner B, Shimizu T, Balleine BW, Dykens EM, Ormitz EM, Silva AJ
(2004) Sensorimotor gating abnormalities in young males with fragile X syndrome and
Fmrl-knockout mice. Molecular psychiatry 9:417-425.

Fritschy JM, Harvey RJ, Schwarz G (2008) Gephyrin: where do we stand, where do we go?
Trends Neurosci 31:257-264.

Furukawa T, Nukada T, Miura R, Ooga K, Honda M, Watanabe S, Koganesawa S, Isshiki T
(2005) Differential blocking action of dihydropyridine Ca2+ antagonists on a T-type
Ca2+ channel (alphal G) expressed in Xenopus oocytes. J Cardiovasc Pharmacol 45:241-
246.

Galanopoulou AS (2008) GABAA Receptors in Normal Development and Seizures: Friends or
Foes? Curr Neuropharmacol 6: 1-20.

Gallin WJ, Greenberg ME (1995) Calcium regulation of gene expression in neurons: the mode of
entry matters. Curr Opin Neurobiol 5:367-374.

Ganguly K, Schinder AF, Wong ST, Poo M-m (2001) GABA Itself Promotes the Developmental
Switch of Neuronal GABAergic Responses from Excitation to Inhibition. Cell 105:521-
532.

Gantois I, Vandesompele J, Speleman F, Reyniers E, D'Hooge R, Severijnen LA, Willemsen R,
Tassone F, Kooy RF (2006) Expression profiling suggests underexpression of the
GABA(A) receptor subunit delta in the fragile X knockout mouse model. Neurobiol Dis

21:346-357.

69



Garber KB, Visootsak J, Warren ST (2008) Fragile X syndrome. Eur J Hum Genet 16:666-672.

Ghosh A, Carnahan J, Greenberg ME (1994) Requirement for BDNF in activity-dependent
survival of cortical neurons. Science 263:1618-1623.

Gomez-Ospina N, Tsuruta F, Barreto-Chang O, Hu L, Dolmetsch R (2006) The C terminus of
the L-type voltage-gated calcium channel Ca(V)1.2 encodes a transcription factor. Cell
127:591-606.

Halling DB, Aracena-Parks P, Hamilton SL (2005) Regulation of voltage-gated Ca2+ channels
by calmodulin. Sci STKE 2005:rel5.

Hanson JE, Smith Y (2002) Subcellular distribution of high-voltage-activated calcium channel
subtypes in rat globus pallidus neurons. J Comp Neurol 442:89-98.

Hayashi K, Wakino S, Sugano N, Ozawa Y, Homma K, Saruta T (2007) Ca2+ channel subtypes
and pharmacology in the kidney. Circ Res 100:342-353.

Helton TD, Horne WA (2002) Alternative splicing of the beta 4 subunit has alphal subunit
subtype-specific effects on Ca2+ channel gating. J Neurosci 22:1573-1582.

Hibino H, Pironkova R, Onwumere O, Rousset M, Charnet P, Hudspeth AJ, Lesage F (2003)
Direct interaction with a nuclear protein and regulation of gene silencing by a variant of
the Ca2+-channel beta 4 subunit. Proc Natl Acad Sci U S A 100: 307-312.

Ikeda M, Toyoda H, Yamada J, Okabe A, Sato K, Hotta Y, Fukuda A (2003) Differential
development of cation-chloride cotransporters and Cl- homeostasis contributes to
differential GABAergic actions between developing rat visual cortex and dorsal lateral
geniculate nucleus. Brain Res 984:149-159.

Ishibashi H, Murai Y, Akaike N (1998) Effect of nilvadipine on the voltage-dependent Ca2+

channels in rat hippocampal CAI pyramidal neurons. Brain Res 813:121-127.

70



Jacob TC, Bogdanov YD, Magnus C, Saliba RS, Kittler JT, Haydon PG, Moss SJ (2005)
Gephyrin regulates the cell surface dynamics of synaptic GABAA receptors. J Neurosci
25:10469-10478.

Jensen KF, Ohmstede CA, Fisher RS, Sahyoun N (1991) Nuclear and axonal localization of
Ca2+/calmodulin-dependent protein kinase type Gr in rat cerebellar cortex. Proc Natl
Acad Sci U S A 88:22850-2853.

Kalueff AV, Jensen CL, Murphy DL (2007) Locomotory patterns, spatiotemporal organization
of exploration and spatial memory in serotonin transporter knockout mice. Brain
Research 1169:87-97.

Kim C, Jeon D, Kim Y-H, Lee CJ, Kim H, Shin H-S (2009) Deletion of N-type Ca2+ Channel
Cav2.2 Results in Hyperaggressive Behaviors in Mice. J Biol Chem 284: 2738-2745.

Kisilevsky AE, Zamponi GW (2008) Presynaptic calcium channels: structure, regulators, and
blockers. Handb Exp Pharmacol: 45-75.

Kneussel M, Brandstatter JH, Laube B, Stahl S, Muller U, Betz H (1999) Loss of postsynaptic
GABA(A) receptor clustering in gephyrin-deficient mice. J Neurosci 19:9289-9297.

Kneussel M, Brandstatter JH, Gasnier B, Feng G, Sanes JR, Betz H (2001) Gephyrin-
independent clustering of postsynaptic GABA(A) receptor subtypes. Mol Cell Neurosci
17:973-982.

Koch M, Schnitzler HU (1997) The acoustic startle response in rats--circuits mediating evocation,
mhibition and potentiation. Behav Brain Res 89:35-49.

Kooy RF (2003) Of mice and the fragile X syndrome. Trends Genet 19:148 —154.

Kralic JE, Sidler C, Parpan F, Homanics GE, Morrow AL, Fritschy JM (2006) Compensatory

alteration of inhibitory synaptic circuits in cerebellum and thalamus of gamma-

71


http://www.ncbi.nlm.nih.gov/pubmed?term=Deletion%20of%20N-type%20Ca2%2B%20Channel%20Cav2.2%20Results%20in%20Hyperaggressive%20Behaviors%20in%20Mice##

aminobutyric acid type A receptor alphal subunit knockout mice. J Comp Neurol
495:408-421.

Langwieser N, Christel CJ, Kleppisch T, Hofmann F, Wotjak CT, Moosmang S (2010)
Homeostatic switch in hebbian plasticity and fear learning after sustained loss of Cavl.2
calcium channels. J Neurosci 30:8367-8375.

Leitch B, Szostek A, Lin R, Shevtsova O (2009) Subcellular distribution of L-type calcium
channel subtypes in rat hippocampal neurons. Neuroscience 164:641-657.

Lipscombe D, Helton TD, Xu W (2004) L-type calcium channels: the low down. J Neurophysiol
92:2633-2641.

Loesch DZ, Bui QM, Dissanayake C, Clifford S, Gould E, Bulhak-Paterson D, Tassone F,
Taylor AK, Hessl D, Hagerman R, Huggins RM (2007) Molecular and cognitive
predictors of the continuum of autistic behaviours in fragile X. Neurosci Biobehav Rev
31:315-326.

Lusin JD, Vanarotti M, Li C, Valiveti A, Ames JB (2008) NMR structure of DREAM:
Implications for Ca(2+)-dependent DNA binding and protein dimerization. Biochemistry
47:2252-2264.

Lischer B, Keller CA (2004) Regulation of GABAA receptor trafficking, channel activity, and
functional plasticity of inhibitory synapses. Pharmacol Ther 102:195-221.

Lyons MR, West AE Mechanisms of specificity in neuronal activity-regulated gene transcription.
Prog Neurobiol 94:259-295.

Marcantoni A, Carabelli V, Comunanza V, Hoddah H, Carbone E (2008) Calcium channels in

chromaffin cells: focus on L and T types. Acta Physiol (Oxf) 192:233-246.

72



Masumiya H, Shijuku T, Tanaka H, Shigenobu K (1998) Inhibition of myocardial L- and T-type
Ca2+ currents by efonidipine: possible mechanism for its chronotropic effect. Eur J
Pharmacol 349:351-357.

McKay BE, McRory JE, Molineux ML, Hamid J, Snutch TP, Zamponi GW, Turner RW (2006)
Ca(V)3 T-type calcium channel isoforms differentially distribute to somatic and dendritic
compartments in rat central neurons. Eur J Neurosci 24:2581-2594.

McKinney BC, Murphy GG (2006) The L-Type voltage-gated calcium channel Cavl.3 mediates
consolidation, but not extinction, of contextually conditioned fear in mice. Learn Mem
13:584-589.

McNaughton CH, Moon J, Strawderman MS, Maclean KN, Evans J, Strupp BJ (2008) Evidence
for social anxiety and impaired social cognition in a mouse model of fragile X syndrome.
Behavioral neuroscience 122:293-300.

Meberg PJ, Miller MW (2003) Culturing hippocampal and cortical neurons. Methods Cell Biol
71:111-127.

Meffert MK, Chang JM, Wiltgen BJ, Fanselow MS, Baltimore D (2003) NF-[kappa]B functions
in synaptic signaling and behavior. Nat Neurosci 6:1072-1078.

Miller RJ (2001) Rocking and rolling with Ca2+ channels. Trends Neurosci 24:445-449.

Mineur YS, Huynh LX, Crusio WE (2006) Social behavior deficits in the Fmrl mutant mouse.
Behav Brain Res 168:172-175.

Mineur YS, Sluyter F, de Wit S, Oostra BA, Crusio WE (2002) Behavioral and neuroanatomical
characterization of the Fmrl knockout mouse. Hippocampus 12:39-46.

Mishra SK, Hermsmeyer K (1994) Selective inhibition of T-type Ca2+ channels by Ro 40-5967.

Circ Res 75:144-148.

73


http://www.ncbi.nlm.nih.gov/pubmed?term=The%20L-Type%20voltage-gated%20calcium%20channel%20Cav1.3%20mediates%20consolidation%2C%20but%20not%20extinction%2C%20of%20contextually%20conditioned%20fear%20in%20mice##

Miyashiro KY, Beckel-Mitchener A, Purk TP, Becker KG, Barret T, Liu L, Carbonetto S, Weiler
1J, Greenough WT, Eberwine J (2003) RNA cargoes associating with FMRP reveal
deficits i cellular functioning in Fmrl null mice. Neuron 37:417-431.

Moy SS, Nadler JJ, Perez A, Barbaro RP, Johns JM, Magnuson TR, Piven J, Crawley JN (2004)
Sociability and preference for social novelty in five inbred strains: an approach to assess
autistic-like behavior in mice. Genes, Brain and Behavior 3:287-302.

Nadler JJ, Moy SS, Dold G, Trang D, Simmons N, Perez A, Young NB, Barbaro RP, Piven J,
Magnuson TR, Crawley JN (2004) Automated apparatus for quantitation of social
approach behaviors in mice. Genes Brain Behav 3:303-314.

Nielsen DM, Derber WJ, McClellan DA, Crnic LS (2002) Alterations in the auditory startle
response in Fmrl targeted mutant mouse models of fragile X syndrome. Brain Res 927:8-
17.

Okamura H, Aramburu J, Garcia-Rodriguez C, Viola JPB, Raghavan A, Tahiliani M, Zhang X,
Qin J, Hogan PG, Rao A (2000) Concerted Dephosphorylation of the Transcription
Factor NFATI Induces a Conformational Switch that Regulates Transcriptional Activity.
Molecular cell 6:539-550.

Otis KO, Thompson KR, Martin KC (2006) Importin-mediated nuclear transport in neurons.
Current Opinion in Neurobiology 16:329-335.

Paradee W, Melikian HE, Rasmussen DL, Kenneson A, Conn PJ, Warren ST (1999) Fragile X
mouse: strain effects of knockout phenotype and evidence suggesting deficient amygdala
function. Neuroscience 94:185-192.

Peden DR, Petitjean CM, Herd MB, Durakoglugil MS, Rosahl TW, Wafford K, Homanics GE,

Belelli D, Fritschy JM, Lambert JJ (2008) Developmental maturation of synaptic and

74



extrasynaptic GABAA receptors in mouse thalamic ventrobasal neurones. J Physiol
586:965-987.

Pietropaolo S, Guilleminot A, Martin B, D'Amato FR, Crusio WE (2011) Genetic-Background
Modulation of Core and Variable Autistic-Like Symptoms in Fmrl Knock-Out Mice.
PLoS ONE 6:¢17073.

Pietropaolo S, Singer P, Feldon J, Yee BK (2008) The postweaning social isolation in C57BL/6
mice: preferential vulnerability in the male sex. Psychopharmacology 197:613-628.
Poisbeau P, Cheney MC, Browning MD, Mody I (1999) Modulation of synaptic GABAA

receptor function by PKA and PKC in adult hippocampal neurons. J Neurosci 19:674-683.

Potier B, Dutar P, Lamour Y (1993) Different effects of omega-conotoxin GVIA at excitatory
and mhibitory synapses in rat CAl hippocampal neurons. Brain Res 616:236-241.

Redmond L, Ghosh A (2005) Regulation of dendritic development by calcium signaling. Cell
Calcum 37:411-416.

Rivera C, Voipio J, Kaila K (2005) Two developmental switches in GABAergic signalling: the
K+-ClI- cotransporter KCC2 and carbonic anhydrase CAVIL. J Physiol 562:27-36.

Rivera C, Voipio J, Payne JA, Ruusuvuori E, Lahtinen H, Lamsa K, Pirvola U, Saarma M, Kaila
K (1999) The K+/Cl- co-transporter KCC2 renders GABA hyperpolarizing during
neuronal maturation. Nature 397:251-255.

Saliba RS, Gu Z, Yan Z, Moss SJ (2009) Blocking L-type voltage-gated Ca2+ channels with
dihydropyridines reduces gamma-aminobutyric acid type A receptor expression and

synaptic inhibition. J Biol Chem 284:32544-32550.

75



Schweizer C, Balsiger S, Bluethmann H, Mansuy IM, Fritschy JM, Mohler H, Liischer B (2003)
The gamma 2 subunit of GABA(A) receptors is required for maintenance of receptors at
mature synapses. Mol Cell Neurosci 24:442-450.

Selby L, Zhang C, Sun QQ (2007) Major defects in neocortical GABAergic inhibitory circuits in
mice lacking the fragile X mental retardation protein. Neurosci Lett 412:227-232.

Shaw TA, Langdon R, Porter MA (2013) Hyper-reactivity in fragile X syndrome females:
Generalised or specific to socially-salient stimuli? A skin conductance study. Int J
Psychophysiol: http://dx.doi.org/10.1016/j.ijpsycho.2012.12.009

Smart TG (1997) Regulation of excitatory and inhibitory neurotransmitter- gated ion channels by
protein phosphorylation. Curr Opin Neurobiol 7:358-367.

Sorenson RL, Garry DG, Brelje TC (1991) Structural and functional considerations of GABA in
islets of Langerhans. Beta-cells and nerves. Diabetes 40:1365-1374.

Srinivasan M, Edman CF, Schulman H (1994) Alternative splicing introduces a nuclear
localization signal that targets multifunctional CaM kinase to the nucleus. J Cell Biol
126:839-852.

Stein V, Hermans-Borgmeyer I, Jentsch TJ, Hubner CA (2004) Expression of the KCl
cotransporter KCC2 parallels neuronal maturation and the emergence of low intracellular
chloride. J Comp Neurol 468:57-64.

Studer R, von Boehmer L, Haenggi T, Schweizer C, Benke D, Rudolph U, Fritschy JM (2006)
Alteration of GABAergic synapses and gephyrin clusters in the thalamic reticular nucleus
of GABAA receptor alpha3 subunit-null mice. Eur J Neurosci 24:1307-1315.

Sutton KG, McRory JE, Guthrie H, Murphy TH, Snutch TP (1999) P/Q-type calcium channels

mediate the activity-dependent feedback of syntaxin-1A. Nature 401:800-804.

76



Swerdlow NR, Geyer MA, Braff DL (2001) Neural circuit regulation of prepulse inhibition of
startle in the rat: current knowledge and future challenges. Psychopharmacology
156:194-215.

Swerdlow NR, Shoemaker JM, Kuczenski R, Bongiovanni MJ, Neary AC, Tochen LS, Saint
Marie RL (2006) Forebrain D1 function and sensorimotor gating in rats: effects of D1
blockade, frontal lesions and dopamme denervation. Neurosci Lett 402:40-45.

Thomas-Reetz AC, De Camilli P (1994a) A role for synaptic vesicles in non-neuronal cells:
clues from pancreatic beta cells and from chromaffin cells. FASEB J 8:209-216.

Treit D, Fundytus M (1988) Thigmotaxis as a test for anxiolytic activity in rats. Pharmacol
Biochem Behav 31:959-962.

Vacher H, Mohapatra DP, Trimmer JS (2008) Localization and targeting of voltage-dependent
ion channels in mammalian central neurons. Physiol Rev 88:1407-1447.

Van Dam D, D'Hooge R, Hauben E, Reyniers E, Gantois I, Bakker CE, Oostra BA, Kooy RF, De
Deyn PP (2000) Spatial learning, contextual fear conditioning and conditioned emotional
response in Fnrl knockout mice. Behav Brain Res 117:127-136.

Wang C, Shimizu-Okabe C, Watanabe K, Okabe A, Matsuzaki H, Ogawa T, Mori N, Fukuda A,
Sato K (2002) Developmental changes in KCC1, KCC2, and NKCC1 mRNA expressions
in the rat brain. Brain research Developmental brain research 139:59-66.

Wang H, Bedford FK, Brandon NJ, Moss SJ, Olsen RW (1999) GABA(A)-receptor-associated
protein lnks GABA(A) receptors and the cytoskeleton. Nature 397:69-72.

Wehner JM, Radcliffe RA (2001) Cued and Contextual Fear Conditioning in Mice. In: Current

Protocols in Neuroscience: John Wiley & Sons, Inc. 8.5C:1-14 .

77



Wei J, Zhang M, Zhu Y, Wang JH (2004) Ca(2+)-calmodulin signalling pathway up-regulates
GABA synaptic transmission through cytoskeleton-mediated mechanisms. Neuroscience
127:637-647.

West AE, Griffith EC, Greenberg ME (2002) Regulation of transcription factors by neuronal
activity. Nat Rev Neurosci 3:921-931.

Willis M, Kaufmann WA, Wietzorrek G, Hutter-Paier B, Moosmang S, Humpel C, Hofmann F,
Windisch M, Knaus HG, Marksteiner J (2010) L-type calcium channel CaV 1.2 in
transgenic mice overexpressing human AbetaPP751 with the London (V7171) and
Swedish (K670M/N671L) mutations. J Alzheimers Dis 20:1167-1180.

Xiang G, Pan L, Xing W, Zhang L, Huang L, Yu J, Zhang R, Wu J, Cheng J, Zhou Y (2007)
Identification of activity-dependent gene expression profiles reveals specific subsets of
genes induced by different routes of Ca(2+) entry in cultured rat cortical neurons. J Cell
Physiol 212:126-136.

Xiang K, Tietz EI (2008) Chronic benzodiazepine-induced reduction in GABA(A) receptor-
mediated synaptic currents in hippocampal CAl pyramidal neurons prevented by prior
nimodipine injection. Neuroscience 157:153-163.

Xu JH, Long L, Wang J, Tang YC, Hu HT, Soong TW, Tang FR (2010) Nuclear localization of
Ca(v)2.2 and its distribution in the mouse central nervous system, and changes in the
hippocampus during and after pilocarpine-induced status epilepticus. Neuropathol Appl
Neurobiol 36:71-85.

Yang M, Silverman JL, Crawley JN (2011) Automated three-chambered social approach task for
mice. Current Protocols In Neuroscience / Editorial Board, Jacqueline N Crawley [Et Al]

Chapter 8:8.26-28.26.

78



Yang W, Reyes AA, Lan NC (1994) Identification of the GABAA receptor subtype mRNA in
human pancreatic tissue. FEBS Lett 346:257-262.

Yasuda T, Chen L, Barr W, McRory JE, Lewis RJ, Adams DJ, Zamponi GW (2004) Auxiliary
subunit regulation of high-voltage activated calcium channels expressed in mammalian
cells. Eur J Neurosci 20:1-13.

Yee BK, Chang T, Pietropaolo S, Feldon J (2005) The expression of prepulse inhibition of the
acoustic startle reflex as a function of three pulse stimulus intensities, three prepulse
stimulus intensities, and three levels of startle responsiveness in C57BL6/J mice. Behav
Brain Res 163:265-276.

YuW, Jiang M, Miralles CP, Li RW, Chen G, de Blas AL (2007) Gephyrin clustering is required
for the stability of GABAergic synapses. Mol Cell Neurosci 36:484-500.

Zhang LL, Fina ME, Vardi N (2006) Regulation of KCC2 and NKCC during development:
membrane insertion and differences between cell types. J Comp Neurol 499:132-143.

Zalfa F, Eleuteri B, Dickson KS, Mercaldo V, De Rubeis S, di Penta A, Tabolacci E, Chiurazzi
P, Neri G, Grant SG, Bagni C (2007) A new function for the fragile X mental retardation

protein in regulation of PSD-95 mRNA stability. Nat Neurosci 10:578-587.

79



