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Abstract
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Departmental Member

Dr. Robert L. Chow (Department of Biology)

Departmental Member

Fragile-X syndrome (FXS) is the most common form of inherited intellectual
impairment. Caused by the transcriptional repression of the Fmrl gene on the X
chromosome, FXS results in the loss of the Fragile-X Mental Retardation Protein
(FMRP). Human female patients with FXS are heterozygous for the Fmrl mutation
whereas males are hemizygous. FXS has been studied far less in females than in males
due to a generally less severe clinical phenotype. Previous research has implicated the
metabotropic glutamate receptor (mGluR) in synaptic plasticity alterations in the cornu
ammonis area 1 (CA1) region of the juvenile male Fmrl knock-out (KO) hippocampus.
In contrast, our investigations into the young adult dentate gyrus (DG) subfield of the
hippocampus have revealed N-methyl-D-aspartate receptor (NMDAR)-associated
impairments in synaptic plasticity. The current study sought to extend these
investigations to the young adult female Fmrl heterozygous (Het) and Fmrl KO mouse
as well as investigate NMDAR- and mGluR-mediated long-term depression (LTD) in the
DG and CA1 of the young adult male Fmrl KO mouse. Input-output curves and paired
pulse measures of short-term plasticity were also evaluated in all genotypes. Field
electrophysiology revealed a significant impairment in long-term potentiation (LTP) and
LTD in male Fmrl KO and female Fmrl Het mice that was associated with NMDAR
alteration. A more robust synaptic protocol was not able to rescue LTP in the male Fmrl
KO DG. Paired-pulse low-frequency stimulation and (RS)-3,5-dihydroxyphenylglycine
(DHPG)-induced mGluR-LTD was intact in all genotypes and brain regions examined.
Although further investigation will be required to expand our understanding of FXS and
to fully elucidate the mechanisms behind intact synaptic plasticity in the female Fmrl
KO mouse, our results suggest that NMDARs may be poised as important contributors to

hippocampal pathophysiology in FXS.
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1. Introduction

1.1Fragile-X Syndrome — Clinical Manifestations

As the most common form of inherited intellectual impairment (Bagni and
Greenough, 2005), Fragile-X Syndrome (FXS) affects approximately 1 in 4000 males
and 1 in 8000 females (Turner et al., 1996). FXS is characterized by mild to severe
intellectual disability. Behavioural phenotypes include hyperarousal in situations with
excess auditory, visual, or tactile stimuli, increased susceptibility to seizures,
hyperactivity and attention deficits, shyness and social anxiety, aggressive outbursts, and
autistic features such as hand-flapping, perseveration in speech, poor eye contact, and
biting (Simko et al., 1989; Hagerman and Hagerman, 2002; Hersh and Saul, 2011).
Physical phenotypes of FXS include facial dysmorphology, with an elongated face, large
or protruding ears, a prominent forehead and jaw, a high arched palate, and
macroorchidism in males (Simko et al., 1989; Garber et al., 2008; Hersh and Saul, 2011).
Connective tissue problems may also be a factor contributing to ophthalmologic,
orthopedic, and skin manifestations of FXS including strabismus, hyperextensible joints,
flat feet, and soft velvet-like skin as well as to the appearance of otitus media, cardiac

malformation, and hypertension (Hagerman and Hagerman, 2002; Simko et al., 1989).

1.1.1 Genetic Cause - CGG Repeat Expansion

The most common mutation leading to FXS is an expanded cytosine-guanine-
guanine (CGQG) repeat tract in the Fragile X Mental Retardation Syndrome 1 (Fmrl) gene
that, while being highly polymorphic in normal individuals, normally contains between 6
— 54 repeats (Fu et al., 1991). A CGG repeat expansion between 43 — 200 repeats is
referred to as a premutation (Fu et al., 1991) and premutations of 55 — 200 repeats are
meiotically unstable during maternal germline transmission (Fu et al., 1991). As the CGG
repeat length increases within the premutation range, dysregulation of neuronal function

can occur as a result of toxic increases in Fmrl mRNA (Handa et al., 2005). A CGG



repeat expansion in the range of 200 or more repeats will most often cause
hypermethylation of CpG islands (cytosine guanine dinucleotides) in the promoter region
and CGG repeat (Pieretti et al., 1991; Hansen et al., 1992). Hypermethylation will lead to
transcriptional silencing of the Fmrl gene and a loss of its protein product, the Fragile-X
Mental Retardation Protein (FMRP) (Pieretti et al., 1991; Hansen et al., 1992). When
cells from individuals affected with the full mutation are karyotyped in folate-deficient
medium the location of the Fmrl gene on the X chromosome appears pale and thin, or
fragile, leading to the terminology now associated with this disorder (Sutherland, 1977).
The expanded CGG repeat accounts for >99% of mutations causing FXS, however this
syndrome also results from other mutations. One such mutation that causes severe FXS is
a missense point mutation of an isoleucine to asparagine within the Fmrl gene (De

Boulle et al., 1993).

1.1.2 Fragile X Mental Retardation Protein (FMRP)

The roots of FXS lay in the loss of FMRP, a protein with 17 exons and 12
different splice variants that has a spectrum of involvement in FXS (Ashley et al., 1993a).
FMRP is an RNA binding protein whose activity can be modulated by phosphorylation
(Ceman et al., 2003; Narayanan et al., 2008). FMRP has been shown to play an important
role in the trafficking of mRNA from the nucleus to the cytoplasm and distal postsynaptic
sites (Zalfa et al., 2003; Bassell and Warren, 2008; Dictenberg et al., 2008) as well as in
mRNA translational control at polyribosomes (Darnell et al., 2005, 2011). FMRP has
been found to associate with the RNA-induced silencing (RISC) complex, suggesting that
FMRP may act through microRNAs (miRNAs) to selectively regulate RNA translation
(Caudy et al., 2002; Ishizuka et al., 2002; Jin et al., 2004). The association of miRNAs
with polyribosomes may also be condusive to translational regulation of FMRP target
RNAs (Kim et al., 2004). Data supporting the association of FMRP with the RISC
complex include the association of FMRP with Dicer and AGO1 (Jin et al., 2004). In
addition, FMRP may be essential for the effects of miR-125b and miR-132 on spine
morphology and may act through miR-125b to translationally regulate the GIuN2A
subunit of the NMDAR (Edbauer et al., 2010). FMRP may also act to regulate the



initiation of mRNA translation through the inhibition of 80S ribosomal complex
assembly, as mRNA in the 80S fraction is significantly reduced in vitro upon the addition
of exogenous FMRP when compared to truncated FMRP (Laggerbauer et al., 2001).
Importantly, the association of FMRP with kinesin binding partners (Dictenberg et al.,
2008) enables it to function in the trafficking of mRNAs to distal post-synaptic sites
where it can function to locally regulate mRNA translation (Comery et al., 1997; Irwin et

al., 2000).

FMRP contains six important functional domains: a nuclear localization signal
(NLS), a nuclear export signal (NES), two coiled-coil domains, two K Homology
domains (KH1 and KH2), and an arginine-glycine-glycine (RGG) box. The presence of a
NLS and a NES suggests that FMRP plays a role in the transport of bound mRNAs from
the nucleus to the cytoplasm (Eberhart et al., 1996), and indeed FMRP has been shown to
be located both in the nucleus and the cytoplasm and has been captured using
immunogold electron microscopy in the probable process of shuttling through nuclear
pores (Feng et al., 1997). FMRP’s coiled coil domains are thought to be involved in
protein-protein interactions. The first coiled coil domain has been shown to interact with
FMRP, Fragile X Mental Retardation Syndrome-Related Protein 1 (FXR1P) and FXR2P
while the second coiled coil domain has been shown to bind to the 60S large ribosomal
subunit (Siomi et al., 1996). The ability of FMRP to bind RNA relies on 3 binding
domains that may mediate RNA-protein interactions: two KH domains and one RGG box
(Bardoni et al., 2006; Melko and Bardoni, 2010), which together bind approximately 4%
of the mRNA in the mammalian brain, including FMRP’s own mRNA (Ashley et al.,
1993b; Brown et al., 1998).

Taken together these findings suggest FMRP is highly involved in the trafficking
and translational regulation of mRNAs and give credence to the hypothesis that FMRP
forms a messenger ribonucleoprotein (mRNP) complex with mRNA in the nucleus and
functions in the trafficking of polyribosomes. Thus FMRP may influence the transport as

well as the translation of bound mRNA.



1.2 Hippocampal Neuropathology in FXS Patients

In human fetal brains, the hippocampus is one of the most strongly labeled
structures for Fmrl mRNA (Abitbol et al., 1993). The hippocampus, in particular the
granular layer of the dentate gyrus, is also one of the highest Fmrl mRNA expressing
areas of the brain in mice (Hinds et al., 1993; See below for a detailed overview of the
hippocampus). This suggests that the Fmrl gene plays an important role in the
hippocampus, a region known to play a critical role in declarative, episodic, and spatial
learning and memory (See Squire, 1992 and Eichenbaum, 2003 for a review), including
memory trace fixation, brain arousal, and modulation of attention needed to process and
register information (Vinogradova, 2001). In agreement, females with FXS have been
found to have a reduced activation of the hippocampus during visual memory encoding

as well as deficits in episodic memory (Greicius et al., 2004).

Athough there is still some controversy over gross hippocampal structural
changes in patients with FXS (Jakéla et al., 1997; Kates et al., 1997; Hazlett et al., 2009,
Lightbody and Reiss, 2009; Greco et al., 2011), differences in hippocampal volume
measurements between studies have been suggested to be due to abnormal brain
development in FXS and a need for more discriminating methodologies to reveal subtle

atypical hippocampal morphology (reviewed in Lightbody and Reiss, 2009).

1.2.1 The Hippocampal Formation

The hippocampus is a C-shaped structure elongated along the dorsal-ventral (also
referred to as septotemporal) axis of the brain from the septal nuclei (dorsally) to the
temporal lobe (ventrally) (see Figure 1 for a gross morphological localization of the
hippocampus in the rodent brain). The term hippocampus was derived from the Greek
word for seahorse and was first coined in 1587 by the Greek anatomist Arantius due to a
striking resemblance of this brain region to the seahorse (Andersen et al., 2006). Other
anatomists compared the arched hippocampal structure of the hippocampus to a ram’s

horn and in 1742, De Garengeot named the hippocampus cornu ammonis, or Ammon’s
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horn, after the ram symbol for the mythological Egyptian god Amun Kneph (Andersen et

al., 2006). Although the hippocampus has retained its initial name, subdivisions of its
structure are commonly termed as abbreviations of Cornu Ammoni areas 1 (CA1), 2
(CA2), and 3 (CA3). The hippocampal formation includes the hippocampus proper (CA1,
CA2, and CA3 sub-regions), the dentate gyrus (DG), subiculum, parasubiculum,
presubiculum, and entorhinal cortex (EC) (Andersen et al., 2006; Figure 1).

Subiculum ™

Figure 1. Gross morphological localization of the rodent hippocampus and basic
anatomy of the in vitro hippocampal slice. Abbreviations: dentate gyrus (DG); cornu
ammonis area 3 (CA3); cornu ammonis area 1 (CA1). Arrows denote the predominantly
unidirectional flow of information through the hippocampus. Information will travel from
the entorhinal cortex projections to the granule cells in the DG (via the perforant
pathway); from the DG to pyramidal cells of the CA3 (via the mossy fiber pathway);
from the CA3 to pyramidal cells in the CA1 (via the schaffer collateral pathway); from



the CA1 to pyramidal cells in the subiculum; and finally from both the CA1 and

subiculum to the entorhinal cortex (not shown) (adapted from Andersen et al., 1971).

1.2.1.1 Functional Connectivity

The functional connections of the hippocampus flow in a predominantly
unidirectional direction starting in the EC (Figure 1). Efferent fibers from the EC form a
compact structure called the angular bundle that travels into the hippocampal formation
(Amaral and Whitter, 1989; Andersen et al., 2006). These fibers form what is known as
the perforant pathway, which is the major path in which neocortical information reaches
the hippocampus (Andersen et al., 2006). The perforant pathway will bend into the
transverse plane of the hippocampus and travel through the pyramidal layer of the
subiculum to enter the dentate gyrus (Amaral and Whitter, 1989). Perforant pathway
fibers bound to innervate the DG molecular layer will bifurcate, sending projections to
the suprapyramidal (upper) and infrapyramidal (lower) blades of the DG (Andersen et al.,
2006). The main cell type in the DG is the granule cell, which extends its dendrites into
the molecular layer where three main tracts of information exist: the medial perforant
path, the lateral perforant path, and the commissural associational path (Andersen et al.,
2006). The medial perforant path originates from the medial aspects of the EC and
synapses onto distal dendrites of granule cells in the middle region of the molecular layer
(Amaral and Whitter, 1989; Andersen et al., 2006; Hunsaker et al., 2007). The lateral
perforant path from the lateral regions of the EC will innervate the granule cell distal
apical dendrites that lie closer to the hippocampal fissure (denoted as the space between
the DG and CA1 region in Figure 1) (Amaral and Whitter, 1989; Andersen et al., 2006).
The commissural associational path is the third path of information traveling to the DG
and originates from efferent connections from the contralateral DG that target proximal

dendrites of granule cells (Andersen et al., 2006).

From the DG, granule cell axons create the mossy fiber pathway that
collateralizes into the hilus region (where glutamatergic interneuron mossy cells will then

feedback to innervate the molecular layer of the DG) (Scharfman, 2007). In addition to



this “feedback excitation”, granular neurons will also target and thus be modulated by
interneuron basket cells in the DG and the hilus (Scharfman, 2007). Basket cells will
release gamma-aminobutyric acid (GABA) in response to granule cell input, forming
what is known as “feedback inhibition” (Scharfman, 2007). Information flow down
perforant pathway fibers will also activate basket cells in the DG, forming what is known
as “feedforward inhibition” (Scharfman, 2007). The mossy fiber pathway will continue
through the hippocampus to target the CA3 region, creating en passant synapses onto
thorny excrescences of CA3 pyramidal cell dendrites (Andersen et al., 2006; Scharfman,

2007; Vogt and Nicoll, 1999).

In the CA3, the axons of pyramidal neurons will give rise to the Schaffer
collateral commissural fiber system, which directly innervates the CA1 and collateralizes
within the CA3 (collateral axons are termed the longitudinal association bundle) on the
ipsilateral and contralateral sides of the brain (Amaral and Whitter, 1989; Andersen et al.,
2006; Scharfman, 2007). The CA2 region will also relay CA3 input to the CA1 region
and itself receives input from the EC (Bartesaghi and Gessi, 2004; Chevaleyre and
Siegelbaum, 2010; Shinohara et al., 2012). Within the CA1 there are again three main
tracts of information flow: (1) the stratum lacunosum-moleculare is the layer found most
distal to the pyramidal cell bodies (towards the hippocampal fissure) and is a region
innervated by EC afferents; (2) the stratum radiatum is one of two layers innervated by
the Schaffer Collateral Commissural afferents; and (3) the stratum oriens, located above
the pyramidal cell layer, is also innervated by Schaffer Collateral Commissural afferents
(Andersen et al., 2006). Axonal fibers from CA1 pyramidal cells will project to
pyramidal cells in the subiculum, which also receives input from the EC (Andersen et al.,
2006). From here, axonal projections will be sent to the presubiculum and parasubiculum,

and finally, back to the EC (Andersen et al., 2006).

1.2.1.2 The Trisynaptic Circuit and the Lamellar Hypothesis

The flow of information from the EC through the DG, CA3, and CA1 has

historically been referred to as the trisynaptic circuit, in reference to the three main sites



of synaptic connections this pathway creates (Andersen et al., 1971; Amaral, 1993) . In
1971, Per Andersen et al. noted that it was possible to cut thin hippocampal slices in a
direction transverse to the hippocampal longitudinal axis in such a way as to preserve its
fiber orientation. This idea that the hippocampal circuit was organized into strips of
functionally independent parallel circuits was the basis of the lamellar hypothesis
(Andersen et al., 1971). As Amaral and Witter (1989) reviewed, the major hippocampal
fibers are more divergent than separate distinct lamellae (except possibly the mossy fiber
pathway) and we now know that many transverse connections do exist in the
hippocampus. The hippocampal lamella hypothesis was revisited by Per Andersen et al.
in 2000, where they concluded that cells located within a lamellae in the hippocampus
will be the most activated by afferent connections within this transverse plane. Although
there may be divergent connections outside of this transverse axis of the hippocampus,
the lamellar hypothesis and the relatively intact connections that exist along the
transverse plane of the hippocampus have allowed for the extensive use of in vitro slice

preparations to investigate hippocampal functioning.

1.3 Synaptic Plasticity

One of the key contributions to our understanding of possible memory
mechanisms was the discovery of long-term potentiation (LTP) by Lomo and Bliss in the
laboratory of Per Anderson (Bliss and Lomo, 1973; Lemo, 2003). LTP and its reverse,
long-term depression (LTD), are now known as forms of synaptic plasticity, defined as
the ability of synapses to alter the efficiency of their synaptic communication. A model
whereby the connections between neurons could be strengthened by activity was first
popularized by Hebb (1949) and synaptic plasticity is now thought of as the leading
neurobiological model for the mechanisms underlying learning and memory. Although a
consensus has not yet been attained regarding the exact contribution of synaptic plasticity
for learning and memory, LTP in particular has been postulated to play a role in memory
formation as an attention or arousal device, rather than a mechanism per se for memory

retrieval and storage (Shors and Matzel, 1997).



1.3.1 Glutamatergic Receptors

There are three major receptors that are involved in synaptic plasticity in the
hippocampus. These include the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor (AMPAR), the N-methyl-D-aspartate receptor (NMDAR), and the metabotropic
glutamate receptor (mGluR). As glutamate is the main excitatory neurotransmitter in the
hippocampus, it is no surprise that all three receptors bind glutamate to modulate their

activity (Andersen et al., 2006).

The AMPAR is composed of four subunits (GluA1-4) and gates a cation-selective
channel that fluxes sodium and potassium (Hollmann and Heinemann, 1994). AMPARs
can be developmentally regulated (Pagliusi et al., 1994) and are impermeable to calcium
in postnatal life (Kumar et al., 2002). In hippocampal pyramidal neurons AMPARSs are
either GluA1/2 or GluA2/3 tetramers (Wenthold et al., 1996). AMPARSs exhibit fast
binding kinetics, a high open probability with rapid deactivation, and are important for
the majority of fast excitatory neurotransmission in the brain (Andersen et al., 2006;

Kumar et al., 2002; Wenthold et al., 1996).

The NMDAR is an ionotropic glutamate receptor that mainly exists as a
heteromeric tetramer, possessing two obligatory GluN1 subunits and two regulatory
GIuN2 (GluN2A-D) or GluN3 (GluN3A-B) subunits (Cull-Candy and Leszkiewicz,
2004). In the hippocampus, GluN3 subunits do not appear to play an important role in
synaptic plasticity (Anderson et al., 2006). While the regulatory GluN2 subunits contain
the binding site for glutamate, the obligatory GluN1 subunits contain the binding site for
the co-agonist glycine or D-serine (Cull-Candy and Leszkiewicz, 2004; Paoletti and
Neyton, 2007). Along with permeability of monovalent cations such as sodium and
potassium, NMDARs are also highly permeable to calcium ions and therefore play a
large role in many forms of synaptic plasticity. A unique feature of the NMDAR is it
functions as a molecular coincidence detector, as its channel will only open if glutamate
binds to the receptor while depolarization of the post-synaptic membrane occurs (Cull-

Candy and Leszkiewicz, 2004). This voltage dependence arises from an intrinsic
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magnesium block within the NMDAR channel pore (Johnson and Ascher, 1990). The

necessity of dual input allows the NMDAR to function as a molecular coincidence
detector, only responding to signals occurring when both pre-synaptic glutamate release
and post-synaptic depolarization occur simultaneously (as happens during synaptic
transmission) (Cull-Candy and Leszkiewicz, 2004). As such, NMDARs are able to

distinguish concurrent signals, allowing for greater signaling specificity.

The NMDAR is a critical receptor for a variety of processes. Deletion of the gene
encoding the GluN1 subunit of the NMDAR leads to respiratory failure and death shortly
after birth (Lee et al., 2005). NMDARSs are also critical for the development and proper
orientation of pre-synaptic terminal arbors as well as post-synaptic dendritic branching
(Lee et al., 2005), thus playing a crucial role in the proper development of neuronal
circuitry. The subunit composition of the NMDAR may vary across different brain
regions and as a function of animal age and neuronal activity levels (Cull-Candy and
Leszkiewicz, 2004). The GluN1 subunit is obligatory and almost ubiquitously expressed
in the brain (Moriyoshi et al., 1991). The hippocampus expresses large amounts of the
GIluN2A and GluN2B subunits (Monyer et al., 1994). During early neuronal development
the GluN2B subunit is predominantly expressed and as neuronal development progresses
GluN2A expression increases, resulting in GluN2A becoming the predominant subunit at

maturity (Monyer et al., 1994; Lopez de Armentia and Sah, 2003).

GluN1 subunits have eight functional isoforms (each made up of three splice
varients), which differentially influence the inhibition of the NMDAR by protons and
zinc or its enhancement by polyamines (Cull-Candy and Leszkiewicz, 2004). Complexes
with either GluN1 or GluN2 subunits alone do not form functional channels ( Pérez-
Otand et al., 2001). GIuN2A and GIuN2B subunits act to functionalize NMDARSs in the
DG, regulating such properties as channel kinetics (deactivation time), affinity for
glutamate, sensitivity to magnesium, and calcium permeability (Cull-Candy and
Leszkiewicz, 2004). The GluN2A and GIuN2B subunits of the NMDAR are thought to
play important roles in synaptic plasticity (Yashiro and Philpot, 2008) and are able to
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interact with different intracellular signalling pathways through their cytoplasmic

domains (Kim et al., 2005).

mGluRs are also glutamate-binding receptors but are distinct from ionotropic
AMPARs and NMDARs. mGluRs contain seven transmembrane domains and are
coupled to G proteins that mediate intracellular signaling cascades (Kunishima et al.,
2000). mGluRs are found as dimers that exist in a dynamic equilibrium between an active
and an inactive state; binding of a glutamate molecule will stabilize the active state
(Kunishima et al., 2000). mGluRs have three distinct subtypes. Group I mGluRs
(mGlIuR1 and mGluRS5) are mainly found at the post-synaptic membrane in the
perisynaptic region (Lujan et al., 1996). Their activation elicits excitatory effects through
a phospholipase C (PLC) pathway that can activate inositol trisphosphate (IP3) and
diacylglycerol (DAG) (Coutinho and Knopfel, 2002). However, depending on the
conditions, group I mGluRs may also act to depress excitatory postsynaptic currents
(Rodriguez-Moreno et al., 1998). Group II (mGluR2 and mGIluR3) and group III
(mGluR4, 6, 7, and 8) receptors are mainly located in pre-synaptic membranes (Coutinho
and Knopfel, 2002) and act to decrease excitatory transmission (Bushell et al., 1996;
Macek et al., 1996; Coutinho and Knopfel, 2002).

1.3.2 Long-term Synaptic Plasticity Mechanisms

The mechanisms leading to the expression of LTP start with the synaptic release
of glutamate that will diffuse across the synaptic cleft to bind to AMPARSs and
NMDARs. Binding of glutamate will cause a conformational change in the AMPAR that
permits the flow of monovalent cations into the intracellular space (Nakagawa et al.,
2005), thus depolarizing the postsynaptic membrane and releasing the intrinsic
magnesium block of the NMDAR. This depolarization in addition to the binding of
glutamate and D-serine will allow the NMDAR to undergo a conformational change,
causing the influx of monovalent cations and calcium (Jahr and Stevens, 1987). This
local rise in calcium will activate protein kinases, such as calcium calmodulin-dependent

protein kinase II (CaMKII) and protein kinase C (PKC), which will phosphorylate Ser-
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831 on the GluA1 subunit of the AMPAR (Barria et al., 1997; Lee et al., 2000).

Phosphorylation of Ser-831 will increase AMPAR conductance as well as AMPAR
insertion into the post-synaptic membrane from an intracellular pool (Lu et al., 2001;
Malenka and Bear, 2004). Pre-synaptic mechanisms may also contribute to LTP, such as
a change from ‘kiss-and-run’ vesicle neurotransmitter release to full fusion of the vesicle

with the pre-synaptic membrane (Lisman and Raghavachari, 2006).

Neurons must be able to bidirectionally modify the strength of their synaptic
connections in order to respond effectively to changes in synaptic activity, and as such,
they also have the capacity to undergo LTD in addition to LTP. This form of synaptic
plasticity may also require both AMPAR and NMDAR activation, however a slow and
small change in post-synaptic calcium levels (as opposed to the quick rise necessary for
the induction of LTP) will induce LTD (Mulkey and Malenka, 1992). This calcium influx
may preferentially activate protein phosphatases, such as the calcium sensitive
Ca*"/calmodulin-dependent protein phosphatase (calcineurin) which activates protein
phosphatase 1 by inactivating inhibitor-1 (Mulkey et al., 1994). Interestingly, LTD is
associated with the dephosphorylation of Ser-845 of the GluA1 subunit of the AMPAR, a
PKA substrate (Lee et al., 2000; Malenka and Bear, 2004). Dephosphorylation of Ser845
will decrease AMPAR channel open probability (Banke et al., 2000) and activate clathrin
and dynamin-mediated mechanisms to internalize AMPARSs (Lee et al., 2002).

mGluRs can also be involved in LTD, further decreasing AMPAR post-synaptic
expression and leading to a reduction in the ability of the post-synaptic cell to respond to
stimuli. During LTD, group I mGluRs mediate the activation of PLC through G-protein
coupled signaling, causing the production of DAG and IP; (Schoepp et al., 1994;
Gladding et al., 2009). DAG can lead to activation of PKC while IP; will activate calcium
release from internal stores (Pin and Duvoisin, 1995). In the hippocampus, group I
mGluR activation has been shown to activate a pathway involving a phosphoinositide 3-
kinase (PI3K), the serine/threonin-specific protein kinase Akt, and the mammalian target
of rapamycin (mTor), in addition to a parallel pathway involving extracellular signal-

related kinase (ERK) activation (Gallagher et al., 2004; Hou and Klann, 2004). Another
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cascade involved in the induction of mGluR-mediated LTD in the hippocampus may
involve a mitogen-activated protein kinase (P38 MAPK) signaling pathway (Bolshakov
et al., 2000; Huang et al., 2004). Retrograde signaling may also help to induce mGluR-
LTD in the hippocampus, such as the diffusion of endocannabinoids across the synaptic
cleft acting to reduce the probability of presynaptic neurotransmitter release (Varma et

al., 2001).

1.3.3 Short-term Synaptic Plasticity

In addition to post-synaptic modulation of long-term plasticity, the pre-synaptic
terminal can also play a role in synaptic plasticity. Here, neurotransmitter release will
occur in response to calcium influx through voltage-dependent calcium channels (Zucker
and Regehr, 2002). Once neurotransmitters are released into the synaptic cleft, calcium
ions in the presynaptic cytoplasm will be disposed of by calcium buffers and extrusion
mechanisms. However, this can take several minutes to achieve (Andersen et al., 2006).
Successive stimulation of the pre-synaptic afferents can therefore increase the
effectiveness of transmitter release due to an additive effect of calcium influx and
residual calcium in the pre-synaptic terminal (Zucker and Regehr, 2002). This increase in
the effectiveness of transmitter release in response to successive stimulation will be
influenced by the probability of release from the readily releasable pool of
neurotransmitters located near the pre-synaptic membrane. This can be influenced by
previous incomplete fusion of vesicles with the pre-synaptic membrane in response to an

initial stimulation (Andersen et al., 2006; Zucker and Regehr, 2002).

At many synapses, synaptic depression, rather than facilitation, can occur in
reponse to rapid successive stimulation of the pre-synaptic terminal. A depression of the
response can be observed if the readily-releasable pool of vesicles has been depleted, the
release of modulatory substances from pre-synaptic or post-synaptic terminals act to
inhibit the release of neurotransmitter, or ligand-gated receptors desensitize, thereby
reducing the ability of the pre-synaptic terminal to respond to activity (Zucker and

Regehr, 2002). Pre-synaptic vesicle transmitter release thus has an ability to undergo
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short-term plasticity, or use-dependent plasticity, in response to stimulation. These short-
term changes in vesicle release probability may last up to a few minutes and have the

ability to increase or decrease transmission (Andersen et al., 2006).

1.4 The Fmrl KO Mouse

An important advance in the understanding of FXS was the development of the
Fmrl knock-out (KO) mouse by the Dutch-Belgium Fragile X Consortium (1994). This
transgenic mouse was created using homologous recombination in embryonic stem cells
of a vector containing a neomycin cassette targeted to exon 5 of the Fmrl gene (Bakker
et al., 1994). The Fmrl KO mouse lacks FMRP but maintains normal fertility and health
(Bakker et al., 1994). Adding to the success of this mouse model is the fact that the Fmrl
gene is highly conserved between human and mouse, having 97% homology at the amino
acid level (Ashley et al., 1993b). At the nucleic acid level, the human and murine Fmrl
genes have 95% homology, both possessing the same number of introns and exons
(Kirkpatrick et al., 2001). Though intron size varies, exon size is identical between the
murine and human Fmrl gene with the exception of exons 1, 11, and 17 (Kirkpatrick et
al., 2001). Exons 1 and 17 correspond to the first and last exon and have not been found
to correspond to the functional motifs FMRP uses (Kirkpatrick et al., 2001). Exon 11 also
does not correspond to functional motifs of FMRP and has been shown to not affect
RNA-binding activity in vitro (Price et al., 1996; Kirkpatrick et al., 2001). Importantly,
the expression level and pattern of Fmrl mRNA and FMRP is similar between humans
and mice (Hinds et al., 1993), making the Fmrl KO mouse a good model in which to

study the neurobiological ramifications of FXS.

Though Fmrl KO mice lack FMRP they still contain an intact Fmrl gene
promotor. This may lead to aberrant transcription and the production of abnormal RNA
species in this mouse model (Bakker et al., 1994; Yan et al., 2004). It must be
remembered however that although there is Fmrl mRNA produced in the Fmrl KO
mouse model, a large fraction of human subjects with FXS may also have varying levels

of Fmrl mRNA even though a full length hypermethylated CGG repeat expansion is
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present with little to no FMRP being produced (Tassone et al., 2001). Although previous

studies have not shown mRNA produced in human subjects, mRNA was found to be
present with a more robust PCR protocol (Tassone et al., 2001). The CGG repeat
expansion was found to also be resistant to cleavage by enzymes that are sensitive to
DNA methylation (Tassone et al., 2001). This suggests that enzyme resistance and
absence of FMRP may not necessarily indicate a transcriptionally silent Fmrl gene and

therefore the Fmrl KO mouse model is still a viable model to use for FXS research.

1.4.1 Hippocampal Behavioral Deficits in the Fmrl KO mouse

Fmrl KO mice show clear alterations in behaviours associated with proper
functioning of the hippocampus. These behavioural alterations include a decrease in basal
anxiety levels (Peier et al., 2000; Qin et al., 2002; Spencer et al., 2005; Bilousova et al.,
2009; Eadie et al., 2009; Liu and Smith, 2009; Min et al., 2009; Yuskaitis et al., 2010), an
increase in anxiety in response to social situations (Spencer et al., 2005), and
abnormalities in social interactions with lower levels of response to social novelty
(Spencer et al., 2005; Liu and Smith, 2009). Passive avoidance is another task that has
been linked to hippocampal functioning (Isaacson and and Wickelgren, 1962; Lorenzini
et al., 1996) and has been shown to be impaired in Fmrl KO mice (Liu and Smith, 2009;
Qin et al., 2002; Yuskaitis et al., 2010 but also see Bakker et al., 1994). Another
behavioural task that requires the hippocampus is contextual fear conditioning (Phillips
and LeDoux, 1992; McEchron et al., 1998). Although Paradee et al. (1999) found
impaired contextual fear conditioning in Fmrl KO mice these results have not been
supported by more recent research (Dobkin et al., 2000; Peier et al., 2000; Van Dam et
al., 2000).

Other tasks dependent on hippocampal functioning include spatial and contextual
learning and memory. While Fmrl KO mice have been found to have deficits in spatial
learning and memory (Van Dam et al., 2000; Mineur et al., 2002), conflicting results
exist. In the Morris water maze spatial learning task (Morris et al., 1982; Morris, 1984),

reversal learning seems to be more affected by the loss of FMRP (Bakker et al., 1994;
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D’Hooge et al., 1997; Gantois et al., 2001), suggesting reduced behavioural flexibility of

Fmrl KO animals. However, later studies have not found spatial learning deficits in the
Morris water maze task using Fmrl KO animals (Paradee et al., 1999; Peier et al., 2000;
Eadie et al., 2009) and differences in genetic background may contribute to these
discrepancies (Paradee et al., 1999; Dobkin et al., 2000). Finally, Fmrl KO mice also
show impairments in context dependent learning and memory (Eadie et al., 2010).
Interestingly, the context discrimination task is normally dependent on functional
NMDARs in the DG (McHugh et al., 2007), a region of the hippocampus that shows
abnormalities in NMDAR function in the Fmrl KO mouse (Eadie et al., 2010; Yun and
Trommer, 2011).

In addition to alterations in hippocampal dependent cognitive functioning, the
male Fmrl KO mouse also shows other phenotypic similarities to FXS in human
individuals, including progressive macroorchidism with testicular development (Bakker
et al., 1994; Kooy et al., 1996; Slegtenhorst-Eegdeman et al., 1998). Although genetic
background may influence the behavioural phenotype of FXS in the mouse, a
dysregulation of neurologic function as a result of a loss of FMRP is similar to that seen
in human individuals, supporting the use of the Fmrl KO mouse in the assessment of

hippocampal functioning in FXS.

1.4.2 Structural and Synaptic Plasticity Dysregulation in the Fmr1 Null
Mouse Hippocampus

The DG region of the hippocampus is one of the few regions of the brain where
neurogenesis (the creation of new cells from a pool of multipotent progenitor cells)
continues to occur throughout adulthood (Altman and Das, 1965). As granular neurons
mature, the complexity and size of their dendrites increases as they connect within the
existing hippocampal network (Zhao et al., 2006). As neurogenesis may be subtly
impacted by the loss of FMRP (Eadie et al., 2009), so too may the normal development
of neuronal circuits that are crucial for proper cognitive functioning. Indeed, structural

deficits have been revealed in the hippocampus of Fmrl KO mice, including an immature
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dendritic spine morphology and increased spine density (Grossman et al., 2006, 2010;

Levenga et al., 2011).

1.4.2.1 Long-Term Synaptic Plasticity in the CAl

In the CA1 subfield of the Fmrl KO hippocampus, high-frequency and theta burst
stimulation- (TBS) induced LTP appears intact (Godfraind et al., 1996; Paradee et al.,
1999; Li et al., 2002; Larson et al., 2005; Lauterborn et al., 2007; Zhang et al., 2009;
Connor et al., 2011; Lee et al., 2011). The threshold for the induction of LTP in this
hippocampal region may be altered however. While 10 trains of TBS does not reveal
impairments in LTP in the CA1l, 5 trains of TBS have been shown to unmask LTP
deficits (Lauterborn et al., 2007; Lee et al., 2011). Alterations have also been found in
other forms of synaptic plasticity, such as impairments in glycine-induced LTP (Shang et
al., 2009) and increases in B-adrenergic-dependent excitatory heterosynaptic LTP

(Connor et al., 2011).

The loss of FMRP may also disproportionately impair synaptic plasticity in the
CA1 of juvenile Fmrl KO mice. Impaired LTP in the CA1 region of the hippocampus of
young Fmrl KO mice has been revealed in association with decreased GluA1 AMPAR
subunit expression (Hu et al., 2008). Pilpel et al. (2009) also found increased NMDAR-
dependent LTP associated with a decreased AMPA/NMDA ratio using a low-frequency
stimulation pairing protocol in Fmrl KO2 mice at 2 weeks postnatal. These changes in
the Fmrl KO2 mouse were lost by 6-7 weeks of age (Pilpel et al., 2009). In the CA1,
mGluR priming of LTP shows similar results in both Fmrl KO and WT slices, although
priming requires protein synthesis only in WT slices (Auerbach and Bear, 2010). In 2002,
Bear and colleagues discovered normal low-frequency-induced LTD in the CA1 of the
juvenile Fmrl KO mouse but abnormally increased metabotropic glutamate receptor-5
(mGluRS5)-dependent LTD (Huber et al., 2002). This finding has been supported (Hou et
al., 2006; Zhang et al., 2009; Sharma et al., 2010) and recently extended to adult animals
(5—6and 9 — 11 months old) (Choi et al., 2011). In the CA1 region of Fmrl KO mice
mGluR-mediated LTD is protein synthesis independent (Nosyreva and Huber, 2006;
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Zhang et al., 2009), which is in contrast to WT animals (Hou et al., 2006; Nosyreva and

Huber, 2006; Zhang et al., 2009). Increased M1 muscarinic acetylcholine receptor-
mediated LTD has also been found in the Fmrl KO mouse CA1(Volk et al., 2007).

1.4.2.2 Long-Term Synaptic Plasticity in the DG

Recent experiments focusing on the DG region of the hippocampus in the young
adult male Fmrl KO mouse have shown robust alterations in synaptic plasticity.
Significant impairments have been found in HFS and TBS-induced LTP (Eadie et al.,
2010; Yun and Trommer, 2011) as well as an attenuation of LFS-induced LTD (Eadie et
al., 2010). Interestingly, the impairments in LTP and LTD were shown to be dependent
on NMDARs (Eadie et al., 2010; Yun and Trommer, 2011) and have been associated
with NMDAR hypofunction in this brain region (Eadie et al., 2010; Yun and Trommer,
2011).

1.4.2.3 Short-Term Plasticity and Measures of Cellular Function

Pre-synaptic and short term plasticity changes have also been found in the Fmrl
KO mouse. In the CA1 of 2 week old Fmrl KO mice, a less developed presynaptic
phenotype has been revealed with a smaller synaptic structure, a reduced number of
vesicles per cluster surface, and an increased fraction of docked vesicles per total number
of vesicles (Klemmer et al., 2011). Accelerated vesicle recycling and larger vesicle pools
have also been revealed in the CA1, with an increase in cumulative calcium influx
through voltage gated calcium channels (Deng et al., 2011). At lower stimulus intensities
however, paired-pulse facilitation was found to be decreased in Fmrl KO mice
(Klemmer et al., 2011). Idrissi et al (2010) also found abnormal paired pulse plasticity in
the CA1 of Fmrl KO slices, which revealed paired-pulse depression at a comparable
inter-stimulus interval that evoked paired-pulse facilitation in WT slices. However, no

significant difference in paired-pulse plasticity has been found in other studies (Huber et
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al., 2002; Larson et al., 2005; Hou et al., 2006; Zhang et al., 2009; Choi et al., 2011;

Deng et al., 2011). Short-term synaptic depression has also been shown to be decreased
in amplitude in Fmrl KO slices (Deng et al., 2011) while short term potentiation is not
altered (Godfraind et al., 1996). Although there has not been extensive research into
presynaptic afferents that may modulate synaptic plasticity in the DG of Fmrl KO mice,
paired-pulse plasticity has so far been found to be comparable to controls (Eadie et al.,
2010; Yun and Trommer, 2011). However, the loss of presynaptic FMRP may result in a
reduction in functional excitatory connections from the DG to the CA3 region (Hanson

and Madison, 2007).

Braun and Segal (2000) have examined basal synaptic function in the Fmrl KO
mouse and revealed intact miniature AMPAR-mediated currents once primary
hippocampal neuronal cultures had established synaptic connections. Other laboratories
have also found no differences in baseline synaptic responses (Huber et al., 2002; Larson
et al., 2005; Hou et al., 2006; Zeier et al., 2009; Zhang et al., 2009; Choi et al., 2011;
Klemmer et al., 2011). Another study using organotypic hippocampal slice cultures found
a slight alteration in mEPSC frequency as well as AMPAR and NMDAR-mediated
EPSCs only when pairs of cells were patched within the same slice (Fmrl KO and post-
synaptic FMRP expressing Fmrl KO neurons) (Pfeiffer and Huber, 2007). Early
postnatal Fmrl KO2 mice have been shown to have a decrease in AMPAR-mediated
EPSCs in the CA1 when compared to controls, which is not found when investigated in
adulthood (Pilpel et al., 2009). When examining DG efferent connections to the CA3
there seem to be altered distribution and sizes of both intrapyramidal mossy fiber
terminal fields (mossy fibers terminating within the pyramidal cell layer) and
infrapyramidal mossy fiber terminal fields (mossy fibers terminating below the pyramidal
cell layer to mainly basal dendrites) in Fmrl KO mice (Ivanco and Greenough, 2002;
Mineur et al., 2002). Recent work in the DG itself has revealed intact responses to
increasing stimuli strength as well as intact AMPAR-mediated currents (Eadie et al.,

2010; Yun and Trommer, 2011).
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1.5 Objectives

As our laboratory recently revealed impaired bidirectional synaptic plasticity in
the DG region of the male Fmrl KO mouse model (Eadie et al., 2010), this thesis aimed
to extend field electrophysiological investigation to the DG region of female Fmrl Het
and Fmrl KO mice. Synaptic plasticity deficits previously shown in the CA1 region of
the Fmrl KO male mouse may be due to an increased threshold for proper activation of
otherwise intact circuitry (Chen et al., 2010). This thesis therefore made use of a more
sustained HFS conditioning stimulation protocol to determine whether impairments in

LTP in the DG could be rescued by a more powerful stimulation protocol.

Although mGluR-mediated LTD has been intensely investigated in the juvenile
Fmrl KO CAT1 hippocampus, at the time of experimentation there was a lack of research
into mGluR-mediated LTD in the adult hippocampus. This thesis therefore aimed to
investigate mGluR-mediated LTD in the CA1 region of the young adult hippocampus in
both male and female Fmrl mutant animals. These investigations were also extended into

the DG region of the hippocampus in male and female animals.

Further investigation will be required to expand our understanding of FXS and
fully elucidate the mechanisms behind altered synaptic plasticity in the hippocampus. Our
results suggest that NMDARSs may be poised as important contributors to hippocampal
pathophysiology in FXS.
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2. Materials and Methods

2.1 Transgenic Mice

C57Bl/6J male Fmrl KO and WT littermate mice were generated by breeding a
Fmrl Het female with either a WT or Fmrl KO male mouse from our well established
breeding colony. Founders for our breeding colony were originally provided by Dr. Mark
Bear (Massachusetts Institute of Technology, Cambridge, Massachusetts, USA) and are a
C57Bl/6 backcrossed strain originally derived from the Fmrl KO mouse detailed in
Bakker et al. (1994). C57B1/6J female Fmrl KO and Fmrl Het mice were generated by
breeding a Fmrl Het female mouse with a Fmrl KO male mouse. WT and Fmrl Het
female mice were generated by breeding a Fmrl Het female mouse with a WT male
mouse. The C57BI1/6] strain was used as it shows robust hippocampal synaptic plasticity
(Nguyen, 2006). All mice were sexed, weaned, and ear-punched at post-natal day 24 and
housed with minimal enrichment (tubes and nesting material). Animals were genotyped
using a standard genotyping protocol (see below). The experimenter was blinded to the
group identity of all mice throughout the course of the experiments. All experiments were
carried out in accordance with international standards on animal welfare and guidelines
set by the Canadian Council on Animal Care, and the Animal Care Committees at the
University of British Columbia and the University of Victoria. All efforts were made to

minimize pain and discomfort for all animals.

2.2 Genotyping

Genotyping was performed as previously described (Eadie et al., 2010). Ear or tail
tissue from each animal was obtained and stored at -20°C until processing. Briefly, tissue
was placed in 180 pl digestion buffer and 20 ul Proteinase K in a DNAse and RNase-free
tube and incubated overnight in a thermomixer at 55°C (while agitated at 300 RPM). The
samples were then centrifuged at 21,000 RCF for a total of 3 minutes. The supernatants

were removed and transferred into a new tube, followed by the addition of 20 ul of
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RNase A. Samples were then vortexed and incubated for 2 minutes at room temperature.
200 pl of lysis buffer was then added to each tube followed by the addition of 200 pl of
100% ethanol and vortexing. The lysate was transferred to a new spin column and
centrifuged at room temperature for 1 minute at 9300 RCF. The spin column was then
placed in a fresh tube and washed by adding 500 pl of Wash Buffer I and centrifuging for
1 minute at 9300 RCF at room temperature. This process was repeated with 500 pl of
Wash Buffer II and the spin column was centrifuged for 3 minutes at 21,000 RCF at
room temperature. 100 pl of Elution Buffer was then added and incubated at room
temperature for 1 minute followed by centrifugation for 1 minute at 21,000 RCF using
new collection tubes. DNA in collection tubes was used directly in PCR or stored at -

20°C.

The PCR reaction was performed by mixing 2 ul DNA with 2.5 pl 10X PCR
Reaction Buffer, 11 pl nuclease-free H,O, 2.0 pl (2.5 mM) dNTP, 2.5 ul (50 mM) MgCl,,
1.25 pl (1 uM) of each forward and reverse primer, and 0.5 ul Taq DNA polymerase
(Invitrogen, Burlington, Ontario, Canada). The cycling parameters for PCR were as
follows: One cycle of 5 minutes at 94°C was followed by 35 cycles of 60 seconds at
94°C, 90 seconds at 65°C and 150 seconds at 72°C. This was followed by an infinite
hold at 4°C. Primers M2= 5" ATCTAGTCATGCTATGGATATCAGC 3' and N2 = 5'
GTGGGCTCTATGGCTTCTGAGG 3’ were used to probe for the Fmrl KO allele
(fragments amplified were 800 base pairs). Primers S1 =5’
GTGGTTAGCTAAAGTGAGGATGAT 3"and S2 =5’
CAGGTTTGTTGGGATTAACAGATC 3’ were used to probe for the WT allele
(amplified fragments were 465 base pairs). PCR products were run on a 1.5% agarose
gel. 10,000x SYBR-safe was used (1:13,333 in 1x TAE) and DNA bands were visualized
using a BioRad Gel-Doc trans-illuminator (BioRad, Mississauga, Ontario, Canada). A
WT band without a KO band indicated homozygosity for the WT allele; a WT band and a
KO band indicated heterozygosity; and a KO band without a WT band indicated

homozygosity for the KO allele. Animals with ambiguous bands were re-genotyped.
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2.3 Electrophysiology

Young adult (2-4 month old) male and female mice were briefly anesthetized with
inhalant isoflurane, immediately decapitated, and their brains removed directly into
oxygenated (95% 0,/5% CO,), ice-cold artificial cerebrospinal fluid (ACSF) consisting
of (in mM) 125 NaCl, 2.5 KCl, 1.25 NaHPO4, 25 NaHCO3, 2 CaCl2, 1.3 MgCl2, and 10
dextrose at a pH of 7.3.

2.4 Estrus Cycle

Variation in blood levels of gonadal hormones across the estrus cycle has been
well-documented in humans and rodents, and it is becoming increasingly apparent that
gonadal hormones influence structural and functional plasticity in the brain (Woolley,

1998).

To ensure that all female mice used in these experiments were in the same stage
of their estrus cycle, animals were subjected to vaginal lavage immediately before
decapitation followed by Papanicolaou (PAP) histochemistry. Vaginal lavages were
performed with 0.9% saline and samples were immediately transferred onto superfrost ®
plus microscope slides (Erie Scientific Company, Portsmouth, New Hampshire, U.S.A.)
and left to dry for a minimum of 24 hours. Staining consisted of a 30 second — 1 minute
immersion under a minimal stream of lukewarm tap water after which slides were
immersed into Gills hemotoxylin solution 1 for 3 minutes, washed in tap water, immersed
in Scott’s tap water substitute (0.3 % sodium bicarbonate and 2 % anhydrous magnesium
sulfate in distilled water) for 20 seconds, and then immersed in PAP stain (equal parts of
Orange G6 and Eosin-azure 50; Sigma-Aldrich, Oakville, Ontario, Canada) for 3
minutes. The slides were then immersed two times in 100% ethanol for 30 seconds each
followed by 2 5-minute incubations in a xylen substitute (Citrisolv; Fisher Scientific
Company, Ottawa, Ontario, Canada). Coverslipping was performed using permount

mounting medium (Electron Microscopy Sciences, Burlington, Ontario, Canada).
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All samples were analyzed by conventional light microscopy using an Olympus
microscope (Model BX51TF, Olympus Corporation, Center Valley, Pennsylvania,
U.S.A., using a 20X objective lens. Pictures were obtained with a Q-colour camera and
Image Pro Plus software (MediaCybernetics Inc., Bethesda, Maryland, U.S.A.). Picture
colour and contrast was enhanced using CorelDraw X3 Graphics Suite (Corel
Corporation, Ottawa, Ontario, Canada). As proestrus has been associated with alterations
in structural and functional plasticity (Warren et al., 1995), all female mice in proestrus

were removed from the experiments and subsequent analyses.

2.5 Preparation of Sections

Following removal of the brain, the cerebrum was longitudinally hemi-sected and
blocked for sectioning (frontal lobe and cerebellum were removed). Transverse
hippocampal slices (350 um) were obtained using continuously oxygenated ACSF that
was maintained at 4°C using a cooled Vibratome 1500 (Ted Pella Inc., Redding,
California, U.S.A.). Slices were incubated in continuously oxygenated ACSF at 30°C
and kept in order using a custom modified 24-well plate. Slices were allowed to rest for a

minimum of 1 hour before recordings commenced.

2.6 Electrophysiological Recordings

All recordings were obtained in oxygenated ACSF at 30°C. Slices were perfused
at a rate of approximately 2 ml / minute. All drugs used were dissolved in ACSF before
bath application. Medial perforant path and schaffer collateral commissural path evoked
field excitatory post-synaptic potentials (fEPSPs) were obtained using a concentric
bipolar stimulating electrode (FHC Inc., Bowdoin, Maine, USA) and a glass recording
electrode (0.5-1.5 MQ) filled with ACSF and placed in the medial molecular layer or the
stratum radiatum, respectively. Field EPSPs were collected using an Axon MultiClamp
700B amplifier connected to a Windows computer running Clampex 10.2 software

(Molecular Devices, Sunnyvale, California, U.S.A.). Electrodes were placed under the
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visual guidance of a microscope. The slope from a single fEPSP trace was calculated
from the initial slope of the fEPSP relative to the slope of the 10 ms interval immediately
preceding afferent stimulation. The current magnitude (10-50 pA) was delivered through
a digital stimulus isolation amplifier (Getting Instruments Inc., San Diego, California,
USA) and set to elicit a fEPSP approximately 40-50% of maximum for synaptic
potentiation experiments and 50-60% for synaptic depression experiments. A stable
baseline (for a minimum of 20 minutes) was obtained by delivering single pulse
stimulation at 15 second interstimulus intervals. In male animals, 30 or 15 second
interstimulus intervals were utilized during chemically-induced mGluR-mediated LTD
and 30 second interstimulus intervals were utilized during synaptically induced LTD).
The medial perforant pathway was distinguished from the lateral perforant pathway by
source-and-sink analysis, where the stimulating electrode was placed briefly into the
lateral perforant path and the recording electrode into the medial perforant path. This
elicited an upward slope of the fEPSP as ions moved from the external solution
surrounding the recording electrode into the dendrites of the lateral perforant path and
thus ensured proper placement of electrodes in the medial perforant path during

electrophysiological recordings.

2.7 Synaptic Plasticity Induction Protocols and Basal Measures of
Physiological Parameters

LTP of fEPSPs was induced using a conditioning stimulus (CS) consisting of 4
trains of 50 pulses at 100 Hz, 30 s apart (high-frequency stimulation; HFS). An additional
experiment with an HFS conditioning protocol of 4 trains of 100 pulses at 100 Hz, 60 s
apart was employed to assay the response of male Fmrl KO slices to a stronger HFS
stimulation protocol. LTD of fEPSPs was induced using a low-frequency conditioning
stimulus (LFS) consisting of 900 pulses delivered at 1Hz over 15 minutes. HFS-LTP and
LFS-LTD in the DG were conducted in the presence of 5 uM bicuculline methiodide
(BIC; Sigma-Aldrich, Oakville, Ontario, Canada) to block the inhibitory effects of the
gamma-aminobutyric acid receptor type A (GABA,) on synaptic plasticity in this region

of the hippocampus. BIC was bath applied for a minimum of 10 minutes prior to and
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during the CS. Experiments assessing the role of the NMDAR in HFS-LTP and LFS-

LTD were also conducted in the presence of (2R)-amino-5-phosphonovaleric acid (APV;
Sigma-Aldrich, Oakville, Ontario, Canada). BIC (5 uM) was bath applied for a minimum
of 5 minutes before the application of a mixture of both BIC (5§ uM) and APV (50 uM)
(which was then bath applied for a minimum of 5 minutes before and during the

respective CS).

mGluR-mediated LTD was examined using both a chemical and synaptic
conditioning stimulation induction protocol. Chemical induction of mGluR-mediated
LTD was performed with a 5 minute bath application of 100 uM (RS)-3,5-
Dihydroxyphenylglycine (DHPG; Tocris Bioscience (cedarlane), Burlington, Ontario,
Canada) and 50 pM APV. Synaptic CS induction of mGluR-mediated LTD was
conducted using 900 pairs of stimuli (50 ms interstimulus interval) delivered at 1 Hz over
15 minutes (PP-LFS). For PP-LFS induction of LTD, APV (50 uM) was bath applied to
the slice to antagonize NMDARSs for a minimum of 5 minutes before and during the

application of PP-LFS CS.

Input-output experiments were conducted to measure basal dendritic excitation in
response to increasing applied current in ACSF (using an increasing pulse width from 30
to 300 ps with 30 ps interstimulus intervals). Paired-pulse recordings were also utilized
to measure presynaptic release probability in naive slices. Paired-pulse recordings
consisted of 5 sets of two pulses each with an interpulse interval of 50 ps (20 s between
paired stimuli) delivered in ACSF. Any slices which showed population spikes in the
fEPSP were removed from the paired-pulse dataset and any subsequent analyses in order
to measure presynaptic release probability without the confounds of feedback inhibition

or excitation.

2.8 Analyses of Electrophysiological Recordings

Evoked fEPSP responses were digitized and the initial slope of the fEPSP was
analyzed using pClamp 10 software (Molecular Devices, Union City, California, USA).
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All data are represented as percentage change from the initial average baseline fEPSP

slope, which was defined as the average slope obtained for the 20 minutes prior to CS
application. Percentage potentiation or depression was calculated as follows: (average
fEPSP 50 to 60 minutes post-CS) / (average fEPSP between -20 to 0 minutes pre-CS) x
100. A single recording was considered a single sample due to the relatively high

variability between recordings.

2.9 Statistical Analyses

Data are presented as means + standard error of the mean (SEM). Differences
between the mean values of experimental groups were compared with a one or two-tailed
Student’s t test or the nonparametric Mann-Whitney U Test using Statistica 7.0 software
(StatSoft, Tulsa, OK, USA). The same electrophysiological data obtained from female
WT slices was analysed with Fmrl Het and with Fmrl KO data in different statistical
tests. Input-output curves were compared using a repeated-measures analysis of variance

(ANOVA). Statistical significance was set at P < 0.05.
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3. Results

3.1 Synaptic plasticity in the DG subfield of WT and Fmr1 KO Mice.

3.1.1 Basic Physiological Parameters in the Dentate Gyrus of Male WT and Fmrl
KO Mice.

Paired-pulse stimulation and input/output curves were utilized to gain an
understanding of whether basal physiological parameters were altered in the dentate
gyrus of the male Fmrl KO mouse. Paired-pulse stimulation was assessed in ACSF and
used as a measure of presynaptic neurotransmitter release. Paired-pulse depression was
seen in WT animals in the medial perforant path (Pulse 2 =92.9 + 2.4 % of pulse 1; n =
12; Figure 2) but in Fmrl KO animals the same paired-pulse protocol induced paired
pulse facilitation (Pulse 2 =107.2 + 3.1 % of pulse 1; n = 22; Figure 2). There was a
significant difference between WT and Fmrl KO responses to paired-pulse assay of
presynaptic release probability (t test; t32) =-3.150, P =0.004) that suggests Fmrl KO

animals may have a lower probability of neurotransmitter release.

Input/Output (I10) functions were performed to assess stimulus response curves in
ACSF in the medial perforant path (MPP) of the DG region of the hippocampus in young
adult (2 - 4 months old) WT and Fmrl KO littermate male mice (Figure 2). The slope of
the fEPSP increased significantly when the applied current was elevated from a pulse
width of 30 to 300 pus (WT n =12, KO n = 11; repeated measures ANOVA: F 168) =
213.700, P <0.001). No statistical differences were found between genotypes (repeated
measures ANOVA: F »1)=0.000, P =0.833).
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Figure 2. Input/output functions and paired-pulse stimulation in the DG of male
WT and Fmrl KO mice. (A) Synaptic responses to single pulse stimuli at predetermined
incremental intensities in 2 — 4 month old Fmrl KO animals are not significantly
different from those observed in WT animals. (B) Conversely, Fmrl KO male mice are
more likely to show a small degree of paired-pulse facilitation in the medial perforant

path than their WT counterparts (P<0.05).

3.1.2 Synaptic Plasticity in the Dentate Gyrus of Male WT and Fmr1 KO Mice.

To determine whether young adult (2 - 4 months old) male Fmrl KO animals had
the same capacity for LTP and LTD in the DG as control animals, a high frequency
conditioning stimulus (4 trains of 50 pulses at 100 Hz) and a low frequency conditioning
stimulus (900 pulses given at 1 Hz over 15 minutes) were applied. HFS was delivered in
the presence of 5 uM BIC (applied for a minimum of 10 minutes prior to and during the
CS) and produced a robust LTP of the slope of the fEPSP in WT animals when measured
50 to 60 minutes after conditioning stimulation (WT = 69.8 + 16.2 % of baseline
response to stimulation; n = 8; Figures 3A/B). The same conditioning stimulation
protocol induced significantly less LTP in Fmrl KO animals (KO: the size of the
response increased by 19.0 + 13.4 %; n = 7; Figures 3A/B; Mann-Whitney U Test: U(13)
=7.000, Z = -2.430, P = 0.015). The bath application of the NMDAR antagonist APV

(50 uM) for a minimum of 5 minutes before and during the HFS conditioning stimulation
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protocol (applied in the presence of 5 uM BIC) attenuated LTP to the same level in both

WT (WT: 3.5 £ 6.7 % response; n = 4) and Fmrl KO animals (KO =3.7+2.4 %
response; n = 5; Mann-Whitney U Test: U(7) = 10.000, Z = 0.000, P = 1.000; Figure 3C).
This data suggests that the LTP induced through HFS in both WT and Fmrl KO slices
was predominantly NMDAR dependent.

LFS produced LTD of the slope of the fEPSP in WT animals when measured 50
to 60 minutes after conditioning stimulation (WT = the size of the response decreased by
26.2 4.1 %; n=9; Figures 3D/E). The same conditioning stimulation protocol induced
significantly less LTD in Fmrl KO animals (KO: the size of the response decreased by
15.4 £3.5 %; n=11; one-tailed t test; t(j9) = 2.049, P = 0.028; Figures 3D/E). The bath
application of the NMDAR antagonist APV (50 uM) for a minimum of 5 minutes before
and during the LFS conditioning stimulation protocol (applied in the presence of 5 uM
BIC) decreased LTD to the same level in both WT (WT =-7.2 £+ 6.4 % response; n = 5)
and Fmrl KO animals (KO =-6.3 + 3.9 % response; n = 4; t test; t) = 0.416, P = 0.688;
Figure 3F). This data suggests that the LTD induced through LFS in both WT and Fmrl
KO slices was predominantly NMDAR dependent.
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Figure 3. Male Fmrl KO mice exhibit impaired bidirectional synaptic plasticity in
the DG. Blockade of the NMDAR abolishes synaptic plasticity differences. (A) The
magnitude of LTP (HFS applied at time zero) is significantly decreased in the DG of 2 —
4 month old Fmrl KO animals when compared to controls at (B) 50 — 60 minutes after
conditioning stimulation (P<0.05). (C) Application of a selective NMDAR antagonist
(APV) ameliorates differences between WT and Fmrl KO animals. (D) The magnitude
of LTD (LFS applied at time zero) is significantly decreased in the DG of Fmrl KO
animals when compared to controls at (E) 50 — 60 minutes after conditioning stimulation
(P<0.05). (F) Application of a selective NMDAR antagonist (APV) abolishes differences
in LTD between WT and Fmrl KO animals.
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To determine whether a more robust NMDAR-dependent stimulation protocol

may improve the amplitude and reliability of calcium signalling through NMDARSs in the
male Fmrl KO DG, an additional conditioning stimulus protocol was used. This CS
protocol was also carried out in 5 uM BIC as previously described and consisted of 4
trains of 100 pulses at 100 Hz, 60 seconds apart (Fmrl KO 100 pulses). As seen in Figure
4, increasing the duration of the 100 Hz conditioning protocol did not alter the amount of
LTP observed in slices from Fmrl KO mice (Fmrl KO 50 pulses: 19.0 + 13.4 % of
baseline reponse to stimulation; n = 7; Fmrl KO 100 pulses: 24.6 + 14.8 % of baseline
reponse to stimulation; n = 8; Mann Whitney U Test: U(13) =25.000, Z =0.347, P =
0.728; Figure 4).

50,
L
&0
§ 40
O
£ 30
2
S 20
[7 5]
% 10]
i

0

Fmrl KO Fmrl KO
50 pulses 100 pulses

Figure 4. Increased intensity of HFS stimulation does not alter LTP in the DG of
Fmrl KO male mice. A more robust HFS CS consisting of 4 trains of 100 pulses given
at 100 Hz (Fmrl KO 100 pulses) was not able induce a greater magnitude of LTP in 2 — 4
month old Fmrl KO animals than a 50 pulse CS paradigm when measured 50 — 60

minutes after the CS.

A chemical induction using a solution of 100 uM DHPG (a type I mGIuR agonist)
and 50 uM APV was bath applied for 5 minutes to examine mGluR-mediated LTD in the
DG of the male Fmrl KO mouse without the influence of NMDARs. mGluR-LTD was
elicited in the DG of both WT and Fmrl KO slices (Figures SA/B) and analyzed 50 - 60
minutes after application of the DHPG/APV solution (WT: =-19.7 = 4.1 % of baseline
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response to stimulation; n = 17; KO = -19.004 + 3.532 % of baseline response to

stimulation; n = 11; Figure 5B). The same chemical induction protocol induced
equivalent levels of mGluR-mediated LTD in WT and Fmr1 KO slices (Mann Whitney U
Test: U(26) = 90.000, Z =-0.165, P = 0.869).

Separate experiments were carried out to investigate mGluR-mediated LTD in the
Fmrl KO mouse with the use of a synaptic paired-pulse LFS (PP-LFS) CS protocol
(Figure 5C/D). 50 uM of APV was bath applied for a minimum of 5 minutes before and
during PP-LFS, which consisted of 900 pairs of stimuli (50 ms interstimulus interval)
delivered at 1 Hz. The application of the PP-LFS CS was also able to induce LTD in the
DG of both WT and Fmrl KO slices (WT: =-16.8 £ 5.7 % of baseline response to
stimulation; n = 9; KO =-19.6 + 10.4 % of baseline response to stimulation; n = 12;
Figures 5C/D) and no significant differences were observed between WT and Fmrl KO
slices when measured at 50 - 60 minutes post CS (Mann-Whitney U Test: U(19) =
58.000, Z =0.132, P = 0.895; Figure 5D). This suggests that mGluR-mediated LTD is
intact in the DG of the male Fmrl KO animal.
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male Fmrl KO animals. (A) The magnitude of LTD induced by a 5 minute application

of DHPG and APV at time zero in 2 — 4 month old animals is similar in both Fmrl KO

and control slices when compared at (B) 50 — 60 minutes after conditioning stimulation.

(C) The application of PP-LFS at time zero in the presence of the selective NMDAR

antagonist APV (50 pM) also reveals similar LTD in the Fmrl KO slices when compared

to controls.
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3.2 Synaptic plasticity in the CA1 subfield of WT and Fmr1 KO Mice.

3.2.1 Basic Physiological Parameters in the CA1 subfield of WT and Fmr1 KO Male
Mice.

10 functions to measure basal dendritic excitation in response to increasing
applied current in the Schaffer Collateral Commissural Pathway (SCP) was performed in
ACSF in the stratum radiatum of the CA1 region of the hippocampus in young adult (2 -
4 months old) wild-type (WT) and Fmrl KO (KO) littermate mice. The slope of the
fEPSP significantly increased when the applied current was increased from a pulse width
of 30 to 300 pus (WT n =10, KO n = 10; repeated measures ANOVA: F 144y = 112.700,
P <0.001; Figure 6A). No statistical differences were found between genotypes (repeated
measures ANOVA: F; i5)=0.200, P = 0.684; Figure 6A).

Paired-pulse conditioning stimulation (50 ps interpulse interval) was used as a
measure of presynaptic neurotransmitter release in ACSF. Paired-pulse facilitation was
seen in WT animals in the SCP (Pulse 2 = 136.4 + 5.1 % of pulse 1; n=9) as well as in
Fmrl KO animals (Pulse 2 = 142.3 £ 5.9 % of pulse 1; n = 12). There was no significant
difference between WT and Fmrl KO responses to paired-pulse assay of presynaptic
release probability in the CA1 (Mann-Whitney U Test: U(19) = 52.000, Z =-0.142, P =
0.887; Figure 6B). This data suggests that Fmrl KO animals have intact presynaptic
release probability as assessed using the paired-pulse stimulation protocol in the CA1

region of the hippocampus.
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Figure 6. Intact input/output functions and paired-pulse responses in the CA1 of
male Fmrl KO mice. (A) Synaptic responses to single pulse stimuli at predetermined
incremental intensities in 2 — 4 month old Fmrl KO male animals are not different from
those observed in WT animals in the CA1. (B) Fmrl KO male mice show similar degrees

of paired-pulse facilitation in the Schaffer Collateral Pathway when compared to controls.

3.2.2 Synaptic Plasticity in the CA1 of Male Fmrl KO Animals.

A HFS of 4 trains of 50 pulses at 100 Hz produced a robust LTP of the slope of
the fEPSP in the CA1 SCP (stratum radiatum) of both WT and Fmrl KO slices (Figures
7A/B) when measured 50 to 60 minutes after conditioning stimulation (WT = 54.9 +
13.4% of baseline response to stimulation; n = 8; KO = 75.5 + 10.2 % of baseline
response to stimulation; n = 8; Figure 7B). The same conditioning stimulation protocol
induced equivalent levels of LTP in WT and Fmrl KO slices (Mann-Whitney U Test:
U(14) =22.000, Z = -1.050, P = 0.294 (Figures 7A/B).

A LFS of 900 pulses given at 1 Hz over 15 minutes induced LTD of the slope of
the fEPSP in the CA1 SCP of both WT and Fmrl KO slices (Figures 7C/D) when
measured 50 to 60 minutes after conditioning stimulation (WT = -13.4 + 5.1% of baseline
response to stimulation; n = 6; KO =-16.1 + 2.5 % of baseline response to stimulation; n

= 6; Figure 7D). The same conditioning stimulation protocol induced equivalent levels of
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LTD in WT and Fmrl KO animals (Mann-Whitney U Test: U(10) = 17.000, Z = -0.160,

P =0.873). This data suggests that HFS induced LTP and LFS induced LTD are intact in
the CA1 of the young adult male Fmrl KO animal.
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Figure 7. Normal bidirectional synaptic plasticity in the CAl of male Fmrl KO
mice. (A) The magnitude of LTD induced by HFS CS application at time zero is similar
in 2 — 4 month old Fmrl KO and WT animals when compared (B) 50 — 60 minutes after
conditioning stimulation. (C) The application of a LFS protocol at time zero also revealed
similar LTD in the Fmrl KO slices when compared to controls (D) 50 — 60 minutes after
the CS.
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mGluR-mediated LTD was also investigated in the SCP of the CA1 region of the

Fmrl KO mouse. The previously described (Section 2.7) protocols of chemical and
synaptic induction of mGluR-mediated LTD were utilized. Baseline stimulation consisted
of a stimulus that was set to induce 50-60% of the maximum response of the tissue given
at an interstimulus interval of 15 or 30 seconds for all experiments utilizing DHPG and
30 seconds for all PP-LFS experiments. Chemical induction of mGluR-mediated LTD
with DHPG and APV elicited LTD of the slope of the fEPSP in the CA1 of both Fmrl
KO and control animals (WT: =-19.1 + 4.0% of baseline response to stimulation; n = 18;
KO =-19.1 £5.1 % of baseline response to stimulation; n = 16; Figures 8A/B) but was
not significantly different between WT and Fmrl KO slices when measured 50 - 60
minutes after application of the CS (two-tailed t test; t32) = 0.074, P = 0.942; Figure 8B).
The application of PP-LFS CS also induced LTD in the CA1 (WT: =-21.1 £5.1 % of
baseline response to stimulation; n = 8; KO =-19.0 + 4.6 % of baseline response to
stimulation; n = §8; Figures 8C/D) but was not significantly different between WT and
Fmrl KO slices when measured 50 - 60 minutes after application of the CS (two-tailed t
test: t4y =-0.343, P = 0.737; Figure 8D). This data suggests that mGluR-mediated LTD
is intact in the CA1 of the young adult male Fmrl KO animal.
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Figure 8. Intact DHPG (A/B) and PP-LFS (C/D) induced mGluR-mediated LTD in
the CA1 of male Fmrl KO animals. (A) The magnitude of LTD induced by a 5 minute
DHPG and APV application at time zero is similar in 2 — 4 month old Fmrl KO and
control animals when compared at (B) 50 — 60 minutes after conditioning stimulation.
(C) The application of PP-LFS at time zero in the presence of the selective NMDAR
antagonist APV (50 pM) also reveals similar LTD in the Fmrl KO slices when compared
to WT slices.
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3.3 Synaptic Plasticity in Female Fmrl Mutant Mice

In this study, we have used two independent female models of FXS to investigate
synaptic functioning: Fmrl Het female mice and Fmrl KO female mice. FXS-affected
females exhibit mosaicism due to random cellular X inactivation (McMahon et al., 1981).
As such, Fmrl Het female mice will contain variable expression of FMRP depending on
which tissue has preferential activation of the mutant or wild-type Fmrl gene on the X
chromosome. To attain a more in depth picture of the role of FMRP in synaptic plasticity
in the female brain, we have also used Fmrl KO female mice in which the Fmrl gene is

inactivated in all tissues.

3.3.1 Determination of Estrus Cycle in Female Mice.

To ensure that animals used in these experiments were not in the proestrus stage
of their estrus cycle, which has been associated with alterations in functional plasticity
(Warren et al., 1995), all female animals were subjected to vaginal lavage immediately
before decapitation while under the influence of inhalent isoflurane. Vaginal lavages
were processed for the PAP staining and representative examples of each stage of the
estrus cycle are shown in Figure 9. All female animals that were in proestrus at the time

of decapitation were excluded from all subsequent experiments and analyses.
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Figure 9. Female Estrus cycle. Representative photomicrographs of the (A) proestrus,
(B) diestrus, (C) estrus, and (D) metestrus phases of the mouse estrus cycle obtained from

2 — 4 month old mice. Scale bar denotes 75 pm.

3.3.2 Determination of Input/Output curve and Paired-Pulse Analysis in Female WT
and Fmrl Mutant Mice.

10 functions to measure basal excitation in response to increasing applied current
were performed in ACSF in the MPP of the hippocampal DG in young adult (2 - 4
months old) WT and Fmrl Het littermate female mice. The slope of the fEPSP
significantly increased when the applied current was increased from a pulse width of 30
to 300 us (WT n =7, Het n = 6; repeated measures ANOVA: Fggg) = 109.300, P <0.001;
Figure 10A). No statistical differences were found between genotypes (repeated measures

ANOVA: F,11)=0.100, P = 0.805; Figure 10A).

Paired-pulse conditioning stimulation (50 ps interpulse interval) was used as a

measure of presynaptic neurotransmitter release. Paired-pulse depression was seen in WT
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animals in the medial perforant path (Pulse 2 =97.7 + 1.9 % of pulse 1; n = 6) but in

Fmrl Het animals paired pulse responses to the first and second pulse were
approximately equivalent (Pulse 2 = 98.4 + 3.3 % of pulse 1; n = 3; Figure 10B). There
was no significant difference between WT and Fmrl Het responses to paired-pulse assay
of presynaptic release probability (Mann-Whitney U Test: U(7) = 10.000, Z = 0.114, P =
0.909; Figure 10B), suggesting that WT and Fmr1l Het female mice have an equal

probability of neurotransmitter release.
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Figure 10. Intact basal synaptic transmission and short-term synaptic plasticity as
assessed by a paired pulse conditioning stimulus paradigm in the DG of Fmrl Het
female mice. (A) Synaptic responses to single pulse stimuli at predetermined incremental
intensities in 2 — 4 month old Fmrl Het animals are not different from those observed in
WT animals. (B) Fmrl Het mice show a similar degree of paired-pulse response to

paired-pulse stimulation in the medial perforant path as controls.

IO functions to measure basal excitation in response to increasing applied current
were performed in ACSF in the MPP of the DG in young adult female WT and Fmrl KO
littermate mice. The slope of the fEPSP significantly increased when the applied current
was elevated from a pulse width of 30 to 300 pus (WT n =7, KO n = 9; repeated measures
ANOVA: F.112)=278.300, P <0.001; Figure 11A). No statistical differences were
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found between genotypes (repeated-measures ANOVA: F; 14 = 0.100, P = 0.764; Figure

11A).

Paired-pulse conditioning stimulation (50 ps interpulse interval) was used as a
measure of presynaptic neurotransmitter release in ACSF. Paired-pulse depression was
seen in WT animals in the medial perforant path (Pulse 2 =97.7 + 1.9 % of pulse 1; n=
6; Figure 11B) but in Fmrl KO animals paired pulse responses to the first and second
pulse were approximately equivalent (Pulse 2 =97.3 + 8.6 % of pulse 1; n = 5; Figure
11B). There was no significant difference between WT and Fmrl Het responses to
paired-pulse assay of presynaptic release probability (Mann-Whitney U Test: U(9) =
15.000, Z = 0.406, P = 0.685; Figure 11B), suggesting that WT and Fmrl KO animals

have an equal probability of neurotransmitter release.
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Figure 11. Intact basal synaptic transmission and short-term synaptic plasticity as
assessed by a paired pulse conditioning stimulus paradigm in the DG of Fmrl KO
female mice. (A) Synaptic responses to single pulse stimuli at predetermined incremental
intensities in 2 — 4 month old Fmrl KO female mice are not different from those
observed in WT female mice. (B) Fmrl KO female mice show a similar degree of paired-
pulse response to paired-pulse stimulation in the medial perforant path as their WT

counterparts.
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3.3.3 Synaptic Plasticity in the Dentate Gyrus of WT and Fmrl Female Mice

A HFS consisting of 4 trains of 50 pulses at 100 Hz produced a robust LTP of the
slope of the fEPSP in WT animals (WT = 92.3 + 15.3% of baseline response to
stimulation; n = 10; Figures 12A/B). The same conditioning stimulation protocol induced
significantly less LTP in female Fmrl Het animals when measured 50 to 60 minutes after
conditioning stimulation (Het: 40.7 + 6.5 % of baseline response to stimulation; n = 10;
Mann-Whitney U Test: U(18) = 16.000, Z =2.570, P = 0.010; Figure 12A/B). The bath
application of the NMDAR antagonist APV (50 uM) for a minimum of 5 minutes before
and during the HFS conditioning stimulation protocol (applied in the presence of 5 uM
BIC) attenuated LTP to the same level in both WT (WT =-4.3 = 11.4 % of baseline
response to stimulation; n = 7) and Fmrl Het animals (Het = -4.3 £ 4.6 % of baseline
response to stimulation; n = 7; t test: t;)=-1.778, P = 0.103; Figure 12C). This data
indicates that the LTP induced through HFS in both WT and Fmrl KO slices was
predominantly NMDA receptor dependent.

A LFS consisting of 900 pulses given at 1 Hz over 15 minutes produced LTD of
the slope of the fEPSP in WT animals (WT = -29.7 + 4.1 % of baseline response to
stimulation; n = 11; Figures 12D/E). The same conditioning stimulation protocol induced
significantly less LTD in Fmrl Het animals when measured 50 to 60 minutes after
conditioning stimulation (Het: -12.2 + 4.1% of baseline response to stimulation; n =9;
Mann-Whitney U Test: U(19) = 8.000, Z = -3.153, P = 0.002; Figure 12D/E). This
suggests that, similar to that seen in male Fmrl KO animals, bidirectional synaptic

plasticity is also impaired in the DG of the female Fmrl Het animal.
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Figure 12. Female Fmrl Het mice exhibit impairments in bidirectional synaptic
plasticity in the DG. Blockade of the NMDAR abolishes differences in LTP. (A) The

magnitude of LTP (HFS applied at time zero) is significantly decreased in the DG of 2 —

4 month old Fmrl Het female animals when compared to controls at (B) 50 — 60 minutes

after conditioning stimulation (P<0.05). (C) Application of the selective NMDAR

antagonist (APV) ameliorates differences between WT and Fmrl Het animals. (D) The

magnitude of LTD (LFS applied at time zero) is significantly decreased in the DG of

Fmrl Het animals when compared to controls at (E) 50 — 60 minutes after conditioning

stimulation (P<0.05).
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HFS (4 trains of 50 pulses at 100 Hz) produced a robust LTP of the slope of the

fEPSP in both WT and Fmrl KO female slices (WT =92.3 + 15.3 % of baseline response
to stimulation; n=11; KO = 73.6 £ 11.9 % of baseline response to stimulation; n = 15;
Figures 13A/B). The same conditioning stimulation protocol induced equivalent levels of
LTP in female WT and Fmrl KO animals when measured 50 to 60 minutes after
conditioning stimulation (two-tailed t test; t4) = 0.746, P = 0.462; Figure 13B). The bath
application of the NMDAR antagonist APV (50 uM) for a minimum of 5 minutes before
and during the HFS conditioning stimulation protocol (applied in the presence of 5 uM
BIC) attenuated LTP to the same level in both WT (WT =-4.3 £ 11.4 % of baseline
response to stimulation; n = 7) and Fmrl KO animals (KO =-5.7 £ 6.1 % of baseline
response to stimulation; n = 7; t test; t2)=0.114, P = 0.911; Figure 13C). This data
suggests that LTP induced through HFS in both WT and Fmrl KO slices was
predominantly NMDA receptor dependent.

LFS (900 at 1 Hz) produced a robust LTD of the slope of the fEPSP in both WT
and Fmrl KO female slices (WT =-29.7 + 4.1 % of baseline response to stimulation; n =
11; KO =-25.3 £ 6.3 % of baseline response to stimulation; n = 10; Figures 13D/E). The
same conditioning stimulation protocol induced equivalent levels of LTD in WT and
Fmrl KO animals when measured 50 to 60 minutes after conditioning stimulation
(Mann-Whitney U Test: U(19) = 50.000, Z = 0.352, P = 0.725; Figure 13E). In contrast
to the impaired bidirectional synaptic plasticity seen in the DG of male Fmrl KO and
female Fmrl Het animals, this data suggests that the magnitude of bidirectional synaptic

plasticity in the DG is normal in female Fmrl KO animals.
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Figure 13. Female Fmrl KO mice exhibit normal bidirectional synaptic plasticity in
the DG. Blockade of the NMDAR attenuates LTP. (A) The magnitude of LTP (HFS
applied at time zero) is similar in the DG of 2 — 4 month old Fmrl KO female animals
when compared to controls at (B) 50 — 60 minutes after conditioning stimulation
(P<0.05). (C) Application of the selective NMDAR antagonist (APV) attenuates LTP in
both WT and Fmrl KO animals. (D) The magnitude of LTD (LFS applied at time zero) is
also similar in the DG of Fmrl Het animals when compared to controls at (E) 50 — 60

minutes after conditioning stimulation (P<0.05).
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A chemical induction with DHPG was used to elicit mGluR-mediated LTD in the

MPP of the DG of WT, Fmrl Het, and Fmrl KO female mice. A solution of 100 uM
DHPG and 50 uM APV was bath applied for a total duration of 5 minutes as the CS.
Baseline stimulation consisted of a stimulus set to induce 50 — 60% of the maximum

response of the tissue given at an interstimulus interval of 30 seconds.

LTD of the slope of the fEPSP was observed in the DG of both WT and Fmrl Het
slices (WT =-12.0 = 4.0 % of baseline response to stimulation; n = §; Het =-12.7 + 3.2
% of baseline response to stimulation; n = 12; Figures 14A/B). The same chemical
induction protocol elicited equivalent levels of mGluR-mediated LTD in WT and Fmrl
Het slices when measured 50 - 60 minutes after application of the CS (two-tailed t test:
tag) = 0.141, P = 0.890; Figure 14B). A chemical induction with DHPG was also used to
elicit mGluR-mediated LTD in the MPP of the DG in Fmrl KO mice. LTD of the slope
of the fEPSP was observed in the DG of WT and Fmrl KO slices (WT =-12.0 £4.0 % of
baseline response to stimulation; n = 8; KO = -13.8 + 4.0 % of baseline response to
stimulation; n = 9; Figures 14C/D). The same chemical induction protocol induced
equivalent levels of mGluR-mediated LTD in the DG of WT and Fmrl KO slices when
measured 50 - 60 minutes after application of the CS (two-tailed t test: t5) = 0.359, P =
0.725; Figure 14D). This data suggests that mGluR-mediated LTD is intact in the DG of

female Fmrl transgenic animals.
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Figure 14. Intact DHPG induced mGIluR-mediated LTD in the MPP of the DG of
female Fmrl Het and KO mice. (A) The magnitude of LTD induced by a 5 minute
DHPG (100 pM) and APV (50 uM) co-application at time zero is similar in 2 — 4 month
old female Fmrl Het and WT animals when compared at (B) 50 — 60 minutes after
conditioning stimulation. (C) The co-application of DHPG and APV at time zero also
reveals similar LTD in 2 — 4 month old female Fmrl KO slices when compared to

controls (D) 50 — 60 minutes after conditioning stimulation.
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3.4 Synaptic Plasticity in the CA1 of WT and Fmr1 Female Mice

3.4.1 Basic Physiological Parameters in the CA1 of WT and Fmr1 Female Mice

IO functions to measure basal dendritic excitation in response to increasing
applied current in the SCP were performed in ACSF in the stratum radiatum of the CA1
region of the hippocampus in young adult (2 - 4 months old) WT and Fmr1 Het littermate
female mice. The slope of the fEPSP significantly increased when the applied current was
elevated from a pulse width of 30 to 300 pus (WT n = 6, Het n = 7; repeated measures
ANOVA: Fgs3)=190.100, P < 0.001; Figure 15A). No statistical differences were found
between genotypes (repeated measures ANOVA: F(; g3y = 0.000, P = 0.894; Figure 15A).

IO functions to measure basal dendritic excitation in response to increasingly
applied current in the SCP were also performed in young adult (2 - 4 months old) WT
and Fmrl KO littermate female mice. The slope of the fEPSP significantly increased
when the applied current was increased from a pulse width of 30 to 300 pus (WT n =6,
KO n =7; repeated measures ANOVA: F3ss)=145.000, P = 0.931; Figure 15B). No
statistical differences between genotypes were found (repeated measures ANOVA: F( 11

=0.000, P =0.931; Figure 15B).
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Figure 15. Intact basal synaptic transmission in the CA1 of Fmrl Het and Fmrl KO
female mice. Synaptic responses to single pulse stimuli at predetermined incremental
intensities in 2 — 4 month old (A) Fmrl Het and (B) Fmrl KO animals are not different
from those observed in WT animals in the Schaffer Collateral Pathway of the CA1.

3.4.2 Synaptic Plasticity in the CA1 of WT and Fmrl Female Mice

A chemical induction using DHPG was used to elicit mGluR-mediated LTD in
the SCP of the CA1 in WT, Fmrl Het, and Fmrl KO mice. A solution of 100 uM DHPG
with 50 uM of APV was bath applied to the slice for 5 minutes as the CS. Baseline
stimulation consisted of a stimulus that was set to induce 50 — 60% of the maximum
response of the tissue given at an interstimulus interval of 30 seconds. LTD of the slope
of the fEPSP was observed in the CA1 of both WT and Fmrl Het slices (WT =-24.374 £+
8.694 % of baseline response to stimulation; n = 7; Het = -19.9 & 6.4 % of baseline
response to stimulation; n = 7; Figures 16A/B) and was not significantly different
between WT and Fmrl Het slices when measured 50 - 60 minutes after application of the
CS (two-tailed t test; t(12)=0.432, P = 0.674; Figure 16B). LTD of the slope of the fEPSP
was also observed in the CA1 of WT and Fmrl KO slices (WT = -24.4 £ 8.7 % of
baseline response to stimulation; n = 7; KO = -21.8 &+ 4.8 % of baseline response to

stimulation; n = 8; Figures 16C/D) and was not significantly different between WT and
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Fmrl KO slices when measured 50 - 60 minutes after application of the CS (two-tailed t

test; t(13) =-0.281, P = 0.783; Figure 16D). This data suggests that mGluR-mediated LTD

is intact in the CA1 of female Fmrl transgenic animals.
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Figure 16. Normal DHPG induced mGIuR-mediated LTD in the CAL of female
Fmrl Het and Fmrl KO mice. (A) The magnitude of LTD induced by a 5 minute
DHPG (100 uM) and APV (50 uM) co-application at time zero is similar in 2 — 4 month
old female Fmrl Het and control animals when compared at (B) 50 — 60 minutes after
conditioning stimulation. (C) The co-application of DHPG and APV at time zero also
reveals similar LTD in 2 — 4 month old female Fmrl KO slices when compared to

controls (D) 50 — 60 minutes after conditioning stimulation.
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4. Discussion

4.1 NMDAR-Mediated Synaptic Plasticity in the Dentate Gyrus

Although males are hemizygous for the Fmrl mutation, human females with FXS
are usually heterozygous for this mutation. This causes the symptoms of FXS to be
characterized by a wide range of phenotypic severity in females. Thus, in this thesis we
have investigated bidirectional synaptic plasticity in the DG of male Fmrl KO mice as
well as female mice that were either heterozygous or homozygous for the Fmr1 mutation.
These experiments are the first to examine and to observe selective abnormalities in the
capacity for DG plasticity in a young adult female mouse model of FXS. In particular, we
have shown that female Fmrl Het mice display reduced LTP that is dependent on the
NMDA receptor. Female Fmrl Het mice also display a reduced LTD when compared to
WT controls. Surprisingly however, female Fmrl KO animals reveal normal levels of

synaptic plasticity.

4.2 Synaptic Plasticity in the Dentate Gyrus of male Fmrl KO and female
Fmrl Het Mice

NMDA receptors have recently come into the spotlight as a novel target in the
search for cognitive dysfunction in FXS (Eadie et al., 2010; Krueger et al., 2011; Yun
and Trommer, 2011). FMRP has been found to traffick and stabilize key molecules
involved in the maintenance of synaptic structure and function, including the NMDAR
subunits GluN1, GIuN2B (Schiitt et al., 2009), and GluN2A (Edbauer et al., 2010).
Although we (Figure 7) and others have found normal NMDAR-dependent bidirectional
synaptic plasticity in the CA1 subregion of the hippocampus in Fmrl KO mice
(Godfraind et al., 1996; Huber et al., 2002), the loss of FMRP may have greater
functional consequences on NMDAR-dependent plasticity in the DG. In agreement with

this hypothesis, we found that both male Fmrl KO animals and female Fmrl Het animals



54
show impaired NMDAR-dependent LTP and LTD in this brain region (Figure 3 and

Figure 12, respectively). Importantly, prior research has also revealed impaired NMDAR-
mediated currents in the DG of young adult male Fmrl KO mice (Eadie et al., 2010; Yun
and Trommer, 2011).

It may be that FMRP is particularily important during the development of
hippocampal circuitry. In agreement, impaired NMDAR-dependent LTP has been found
in the CA1 of 2 week old (Hu et al., 2008; Pilpel et al., 2009), but not 6 — 7 week old,
Fmrl KO mice (Pilpel et al., 2009). As new neurons continue to mature and integrate into
DG circuitry throughout young adulthood in both male and female mice (van Praag et al.,
2002), FMRP may continue to play a crucial role in the proper functioning of this

hippocampal subregion after development.

Previous research in the mouse prefrontal cortex (PFC) found that attenuated
spike-timing-dependent LTP in Fmrl KO animals was rescued by stronger post-synaptic
activity (Meredith et al., 2007). However, in our hands, a stronger HFS conditioning
stimulus protocol was not able to increase the amount of LTP in the Fmrl KO DG
(Figure 4; 100 pulses given at 100 Hz). This may be due to differences in protein
expression levels of the NMDAR, as current research in our laboratory has revealed a
global deficit in the expression of NMDARSs (GluN1, GluN2A, and GluN2B subunits) in
the DG of male Fmrl KO mice using Western-Blotting (unpublished observations). This
decrease in NMDAR numbers may underlie decreases in NMDAR-mediated currents and
synaptic plasticity deficits seen in the DG of male Fmrl KO animals (Eadie et al., 2010;
Yun and Trommer, 2011; Figure 3) and female Fmrl Het animals (Figure 12). A
reduction in NMDARs may create a ceiling effect on the amount of LTP that can be
maintained in the Fmrl KO system. Further research warrants the use of a more robust
NMDAR-dependent stimulation protocol to conclusively determine whether more
powerful activation may improve the amplitude and reliability of calcium signalling

through NMDARSs in the male Fmrl KO DG.



55

4.3 Paired-Pulse Plasticity in the Dentate Gyrus

Our findings of intact neuronal responses to increasing stimulus strength in the
male Fmrl KO mouse support previous research (Eadie et al., 2010; Yun and Trommer,
2011; Figure 2) and we have now extended these findings to female Fmrl transgenic
mice (Figure 10; Figure 11). However, the results obtained for presynaptic release
probability as assessed through response to a paired-pulse plasticity induction protocol in
the male Fmrl KO mouse, diverge from the results obtained by Eadie et al. (2010) and
Yun and Trommer (2011). Although overall paired-pulse depression was seen in WT
slices, Fmrl KO animals did not display the paired-pulse depression that was seen in
Eadie et al. (2010) and Yun and Trommer (2011). Instead, Fmrl KO animals displayed
paired-pulse facilitation in response to the same stimulation parameters used in control

slices and in Eadie et al. (2010) and Yun and Trommer (2011).

These discrepancies may be due to the number of slices used in Eadie et al. (2010)
and the background strain of animals utilized in Yun and Trommer (2011). Yun and
Trommer (2011) used the FVB background strain while our study used the C57Bl1/6
background strain. As the strain of inbred mice used during electrophysiological
examinations of DG functioning can affect the outcome of synaptic plasticity protocols
(Bampton et al., 1999), the potential interaction of the background strain in the knock-out
phenotype must be taken into account for the interpretation of electrophysiological data.
Although the measurement of fEPSP recordings suggests that the mechanisms of paired-
pulse facilitation in the perforant path input to the hilus is grossly similar across control
inbred mouse strains (Bampton et al., 1999), it is not clear whether the medial perforant
path input to granule cell dendrites has similar paired-pulse plasticity in these two genetic
strains, as genetic differences between mouse strains can drastically affect the phenotypes
induced by the knockout of other genes (Sibilia and Wagner, 1995; Threadgill et al.,
1995). Indeed, the silencing of the Fmrl gene has been shown to differentially influence

a host of phenotypes depending on the background strain examined (Spencer et al.,
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2011), including performance on a hippocampal dependent visuospatial task (Paradee et

al., 1999; Dobkin et al., 2000).

An important note in reconciling the differences between the paired-pulse ratio
found in the present study and the one by Yun and Trommer (2011) is that these authors
included fEPSPs with population spikes in their analyses. When the first pulse of a pair of
stimuli is of a sufficient strength to evoke a population spike (a positive inflection in the
fEPSP derived from the field current change as action potentials are fired from the soma
of the cell) feedback inhibition and feedback excitation will contribute to measures of
synaptic function (Andersen et al., 2006). As such, the paired-pulse ratios in Yun and
Trommer (2011) may reflect feedback inhibition and feedback excitation in addition to
pre-synaptic changes in neurotransmitter release probability. In fact, the paired-pulse
ratio can be modulated by the use of low or high stimulus intensity, with higher stimulus
intensities that generate population spikes eliciting a statistically larger depression of the
second fEPSP slope than that seen with low stimulus intensities (Tamura et al., 2011). In
this thesis, the low stimulation strength and the removal of responses that showed
neuronal firing may better assess the contribution of the silencing of the Fmrl gene on
pre-synaptic release probability without the extraneous confounds of feedback inhibition

or feedback excitation on the interpretation of paired-pulse plasticity results.

A difference between the current study and that of Eadie et al. (2010) may be the
use of a pharmacological agent that blocks GABA, receptors. Eadie et al. (2010) utilized
bicuculline methiodide to block the influence of GABA4 receptors on synaptic activity
during paired-pulse recordings while such procedure was not employed in the present
work. However, studies suggest that GABA, receptors may not act to modulate the
paired-pulse ratio in an in vitro slice preparation at low stimulus intensities (Andreasen
and Hablitz, 1994; Peterson et al., unpublished results). Although Eadie et al. (2010)
utilized the same mouse colony used in the present study, the discrepancies between the
paired-pulse plasticity results may be due to sample sizes. The total number of recordings
of paired-pulse plasticity in Eadie et al. (2010) included 6 WT and 5 male Fmrl KO

slices. In contrast, this thesis made use of 12 WT and 22 male Fmrl KO slices to assess
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paired-pulse plasticity. As the paired pulse plasticity in this thesis contained a larger
cohort of animals than that assessed by Eadie et al. (2010), it may be that a larger sample
size was necessary to reveal alterations in presynaptic release probability. These
alterations observed in male Fmrl KO animals may be mediated through alterations in
presynaptic NMDARs or voltage-gated calcium channels. Supporting the loss of power
with a small sample size is the results of the same PP plasticity paradigm in female Fmrl
Het animals (with a sample size of only 2 animals and 3 slices). With this sample size no
difference was seen in PP plasticity, although these animals mimic male Fmrl KO

animals in all other aspects of DG plasticity examined.

4.4 Potential Mechanisms Underlying Intact Synaptic Plasticity in the
Female Fmrl KO Mouse

Although female Fmrl Het mice displayed altered synaptic plasticity when
compared to their WT counterparts, female Fmrl KO mice did not show reduced levels
of synaptic plasticity when compared to WT mice. The significance of this result may lie
in the estrogen receptor. The estrogen receptor alpha (ERa) and the estrogen receptor
beta (ERp) are thought to mediate the physiological effects of estrogen on the cell (see
Hall et al., 2001 for a review) and estrogen’s ability to exert rapid effects on synaptic
plasticity has been suggested to be mediated by membrane bound ERa and ERP (Ishii et
al., 2007; Mukai et al., 2007).

Importantly, ERa and ERP are both found in the dentate gyrus (Shughrue et al.,
1997) and estrogen can be locally synthesized in adult hippocampal neurons at basal
levels 6 — 8 fold higher than that seen in blood plasma (Kawato et al., 2002). Estrogen
synthesis will increase in response to synaptic transmission (Kawato et al., 2002; Shibuya
et al., 2003; Ish et al., 2007; Mukai et al., 2007) and will act to increase intracellular
calcium transients (Pozzo-miller et al., 1999). These findings, in addition to the
localization of ERa to spines in the hippocampus, is suggestive of an ability of ERs to
rapidly modulate synaptic plasticity in this region in response to activity dependent
signaling (Ishii et al., 2007; Mukai et al., 2007). Importantly, estradiol may upregulate the
response of NMDARs to stimuli (Weiland, 1992; Woolley et al., 1997; Daniel and
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Dohanich, 2001; El-Bakri et al., 2004) and has been found to increase the concentration

of GluN1 protein in the hippocampus (Gazzaley et al., 1996). Estrogen has also been
found to rescue corticosterone supression of NMDAR synaptic transmission, mimicking
the effects of ER agonists (Ooishi et al., 2012). Thus estrogen may act to sensitize the
neuronal network to NMDAR-mediated transmission. This may act to decrease the
induction threshold for NMDAR-mediated synaptic plasticity in the hippocampus
(Pozzo-Miller et al., 1999) of the female Fmrl KO mouse, resulting in intact levels of

synaptic plasticity.

Upregulation of brain-derived neurotrophic factor (BDNF) may also contribute to
intact synaptic plasticity in the female Fmrl KO mouse. Studies have validated a putative
estrogen-response-element in the gene encoding BDNF (Sohrabji et al., 1995) and ERa
has been found to colocalize with BDNF during development of the hippocampus (Solum
and Handa, 2002). Estrogen upregulates the expression of BDNF mRNA and protein in
numerous brain regions including the DG (Singh et al., 1995) and BDNF is important for
hippocampal LTP (Korte et al., 1995). Increases in endogenous BDNF signaling may be
able to rescue deficiencies in LTP stabilization (Rex et al., 2007), which has been found
to be abnormal in the male Fmrl KO mouse (Chen et al., 2010). In fact, application of
BDNF has been found to rescue impaired TBS-induced LTP (5 trains) in the CA1 of the
Fmrl KO mouse (Lauterborn et al., 2007). Thus an increase in endogenous BDNF levels
may also act to contribute to the maintenance of synaptic plasticity in the female Fmrl
KO. Further research is needed to determine whether basal levels of BDNF are in fact
altered in the female Fmrl KO animal and whether this may contribute to intact synaptic

plasticity in the DG.

Of relevance to FXS is the finding that ERa possesses a stable G-quadruplex
motif in its mRNA transcript (Balkwill et al., 2009). This G-quadruplex motif is involved
in the modulation of the efficiency of its mRNA translation (Balkwill et al., 2009). FMRP
is known to recognize and bind with high affinity to G-quartet and G-quadruplex motifs
in target mRNAs in order to regulate their translation (Moine and Mandel, 2001; Melko
and Bardoni, 2010). Although further research is warranted to determine whether FMRP

may bind and translationally regulate the expression of ERa or ERB, in the female Fmrl
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Het and WT mice variable expression of FMRP may function to translationally repress
ER mRNA. In the female Fmrl KO mice however, a loss of FMRP may allow for
abnormally increased expression of the ERa and ERp, leading to a compensatory
mechanism that may act to bolster synaptic plasticity. Further experiments are warranted
to determine whether the levels of ERa and ER in the hippocampus of the female FXS
mouse model do indeed differ and whether this could account for the relatively intact

synaptic plasticity seen in the hippocampus of the female Fmrl KO mouse.

4.5 mGluR-Mediated Plasticity in the DG

The most influential hypothesis in the search for the neurobiological
underpinnings of FXS may be the mGluR theory (Bear et al., 2004). This theory posits
that activation of type I mGluRs causes the translation of mRNA important for synaptic
plasticity. Normally, this translation is limited by the FMRP also produced by mGluR
activation. In the Fmrl KO mouse, the lack of FMRP leads to the loss of inhibition of
protein synthesis, causing aberrant mGluR-dependent synthesis of LTD-related proteins
and increased mGluR-dependent LTD in the CA1 region of the hippocampus (reviewed
in Bear et al., 2004).

There has been a paucity of research into whether increased mGluR-mediated
LTD occurs in regions of the Fmrl KO brain other than the CA1 region of the
hippocampus and the cerebellum (Huber et al., 2002; Bear et al., 2004; Koekkoek et al.,
2005; Hou et al., 2006; Nosyreva and Huber, 2006; Sharma et al., 2010). Importantly,
mGluR-mediated LTD has been found to occur in the DG region of the hippocampus
through the application of DHPG (Camodeca et al., 1999; Wang et al., 2007). Using the
same protocol as Huber et al. (2002) for both DHPG and PP-LFS induced mGluR-LTD,
our results suggest that both of these protocols have the ability to induce mGluR-
mediated LTD in the DG of male and female animals (Figure 5, 8, 14, and 16). As the
induction of LFS-induced LTD in the DG may also involve the activation of group 1

mGluRs, intact mGluR-mediated LTD in the DG of Fmrl transgenic mice suggests that
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impaired LFS-induced synaptic plasticity in this hippocampal region may be due to

NMDAR hypofunction and not alterations in group I mGluRs.

4.6 Synaptic Plasticity in the CA1l

In agreement with previous research, no changes in NMDAR-mediated LTD or
LTP were seen in the CA1 of male Fmrl KO animals (Huber et al., 2002; Figure 7).
Similarily, no changes were seen in either female or male genotypes in the ability of
neurons to respond to increasing stimuli strength or on a paired-pulse measure of pre-
synaptic function in the CA1 region (Hou et al., 2006; Huber et al., 2002; Choi et al.,
2011; Figure 6; Figure 15). Interestingly, intact mGluR-mediated LTD was found in all

genotypes and brain regions investigated.

4.7 mGluR-Mediated Plasticity in the CAl

The majority of research behind the mGluR theory of FXS has focused on
aberrant mGluR-dependent LTD in the CA1 region of the juvenile Fmrl KO
hippocampus (Huber et al., 2002; Bear et al., 2004; Hou et al., 2006). Interestingly, only
two studies have characterized mGluR-LTD in the CA1 of young adult Fmrl KO animals
(Choi et al., 2011; Westmark et al., 2011). These authors found enhanced mGIluR-LTD in
adult Fmrl KO animals with application of DHPG. In this thesis, mGluR-mediated LTD
was examined in the CA1 and DG of young adult male and female animals. There was no
difference seen in the levels of mGIuR-LTD obtained in FXS mouse models when
compared to control animals using PP-LFS with APV or when using the co-application of
DHPG and APV. This is notable, as when mGluR-mediated LTD is chemically induced
by DHPG in juvenile animals, LTD is enhanced in Fmrl KO animals whether the
induction is carried out in the presence or absence of APV (Huber et al., 2002; Hou et al.,
2006; Nosyreva and Huber, 2006; Sharma et al., 2010). This may be due to differences in
mGluR-mediated LTD induction mechanisms with age (Kumar and Foster, 2007; Moult
et al., 2008). The pharmacology of mGluRs in the CA1 of juvenile animals differs from
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that in adults, suggesting a developmental regulation of mGluR subtypes may occur in
the CA1 region (Baskys and and Malenka, 1991). Our results suggest that the
involvement of NMDARs in mGluR-mediated LTD in the Fmrl KO animal may be

developmentally regulated.

It has recently come to light that mGluR receptors have the ability to both
facilitate and inhibit NMDARSs to precisely regulate their contributions to synaptic
plasticity (Gerber et al., 2007). Activation of NMDARSs can also modulate mGluR
activity (Alagarsamy et al., 2002, 2005). Applying an mGluR agonist such as DHPG can
lead to an enhancement of NMDAR EPSCs evoked by application of NMDA (Harvey
and Collingridge, 1993; Dorri et al., 1997; Awad et al., 2000; Snyder et al., 2001) and a
depression of NMDAR-currents assessed through synaptic stimulation (Baskys and
Malenka, 1991; Snyder et al., 2001; Watabe et al., 2002; Ireland and Abraham, 2009).
Whether evoked through NMDA application or synaptic stimulation, DHPG application
will act to depress NMDA responses by 60 minutes after treatment, possibly through
NMDAR internalization (Snyder et al., 2001). The likelihood of inducing mGluR-LTD
and the magnitude of DHPG-induced mGluR-LTD has been found to be increased by
removal of inhibitory input or removal of Mg”" that can act to block the NMDAR
channel (Harvey et al., 1996; Palmer et al., 1997). mGluR5 may be the mGIluR subtype
responsible for altering NMDAR responses (Mannaioni et al., 2001; Kotecha and
MacDonald, 2003; Kotecha et al., 2003), and has been found to colocalize and
coimmunoprecipitate with GluN2B (Guo et al., 2004). Type 1 mGluRs may also have the
ability to regulate the phosphorylation of both GluN2A and GluN2B NMDAR subunits
(Heidinger et al., 2002; Guo et al., 2004). Our results suggest a role for NMDARSs in
mGIuR-LTD in the hippocampus of adult Fmrl mutant mice.

A developmental regulation of NMDAR involvement in mGluR-mediated LTD
may in fact exist. In rats, the same PP-LFS induction protocol that was used in this thesis
(50 ms paired-pulse interval, 900 pairs of stimuli) or the application of DHPG have been
reported to produce an mGluR-dependent (NMDAR independent) LTD in the adult CA1
(Kemp and Bashir, 1999; Kemp et al., 2000; Lee et al., 2005; Kumar and Foster, 2007).



62
Conversely, PP-LFS produces an NMDAR dependent mGluR-LTD in juvenile rats less

than 50 days old (Kemp et al., 2000). Although mGluR-LTD may still be induced in the
presence of APV in juvenile rats (Huber et al., 2000), these findings suggest there may be
a developmental down-regulation of NMDAR involvement in mGluR-LTD in the adult
rat. Furthermore, in aged rats, mGluR-LTD induced with DHPG not only becomes
NMDAR dependent, but also increases in magnitude when compared to adult rats
(Kumar and Foster, 2007). The NMDAR-dependence of mGluR-LTD protocols may be
different in mice than rats however, as the same PP-LFS protocol was sensitive to
NMDAR antagonism in the CA1 of adult mice (Lee et al., 2003) and DHPG-induced
LTD was insensitive to NMDAR antagonism in younger mice (Watabe et al., 2002). This
suggests that with age, other signaling mechanisms may be involved in the induction of
mGIuR-LTD. As PP-LFS induced mGluR-LTD occludes DHPG-induced mGIluR-LTD,
these two forms of mGluR-mediated LTD may utilize a common mechanism (Huber et
al., 2001). Although further experiments are needed, our data suggests that in young adult
FXS mice, mGluRs may lead to an exaggerated mGluR-mediated LTD through a
developmentally regulated NMDAR-dependent mechanism.



63

5. Conclusions and Future Directions

Our laboratory has recently revealed impaired bidirectional synaptic plasticity in
the DG region of the male Fmrl KO mouse model (Eadie et al., 2010). Importantly, the
research in this thesis has corroborated and extended this finding by also evaluating
synaptic plasticity in female Fmrl transgenic mice. Eadie et al. (2010) correlated deficits
in DG bidirectional synaptic plasticity in male mice with NMDAR hypofunction and
impaired performance in a behavioural task thought to depend on NMDAR function in
the DG (McHugh et al., 2007). The results of the present study indicate that altered
functioning of NMDARSs may also lead to impaired synaptic plasticity in the female
Fmrl Het model of FXS. Further research is warranted to determine whether NMDAR-

mediated currents are also altered in Fmrl transgenic neurons within the Fmrl Het DG.

An increased HFS stimulation protocol was not able to increase LTP in the male
Fmrl KO DG, suggesting that NMDAR hypofunction may create a ceiling effect on the
amount of LTP that can be maintained in this system. However, further research is
necessary and may include the use of a more robust NMDAR-dependent stimulation
protocol to conclusively determine whether more powerful activation may improve the
amplitude and reliability of calcium signalling through NMDARSs in the male Fmrl KO
and female Fmrl Het DG.

Interestingly, female Fmrl KO mice did not show impaired LTP or LTD in the
DG, suggesting the existence of a compensatory mechanism. Future studies are warranted
to elucidate these mechanisms. Western blotting or an enzyme-linked immunosorbent
assay (ELISA) would allow the investigation of whether estrogen receptor levels or basal
BDNEF levels are altered in the DG of the female Fmrl KO animal. Whole-cell patch
clamp recording with excised portions of membrane may also lead to a clearer picture of
whether estradiol signaling is able to differentially affect the female Fmrl KO system.
Application of estradiol to excised patches of membrane and removal of membrane
patches to an environment without estradiol may allow a closer look at whether estradiol

is able to differentially affect synaptic signalling and NMDAR-mediated currents in the
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Fmrl KO slice when compared to Fmrl Het and control animals. If so, this finding may

point to altered estrogen and NMDA receptor functionality in this system.

As estrogen may improve the sensitivity of cells to NMDAR signalling through
an alteration of NMDAR current or NMDAR numbers, techniques such as western
blotting or ELISA using proteins obtained from synaptosomal fractions should be used to
determine whether numbers of NMDARSs are altered at the synapse. These techniques,
used in conjunction with the electrophysiological measurement of NMDAR-mediated
charge transfer, would give a clearer picture of whether the current transferred through
NMDARSs or the number of NMDARSs are altered in the female Fmrl KO DG, possibly
leading to the seemingly normal levels of bidirectional synaptic plasticity found in this
region. If estrogen mediated signalling pathways do indeed lead to an increase in the
ability of neurons to undergo bidirectional synaptic plasticity, this may have potential for
the development of therapeutic interventions involving estradiol to target impaired

cognitive functioning in FXS.

Our results also suggest an age-dependent involvement of NMDARs in the
aberrant mGluR-mediated LTD previously seen in the CA1 of Fmrl KO animals. Further
research is warranted to determine whether, in our hands, we also see enhanced mGluR-
mediated LTD when an NMDAR antagonist is not included during the induction

protocol.

Although further investigation will be required to expand our understanding of
this devastating neurological syndrome and fully elucidate the mechanisms behind altered
synaptic plasticity in the DG, our results suggest that NMDARs may be important
contributors to hippocampal pathophysiology in FXS.
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